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PREFACE

Karl A. GSCHNEIDNER, Jr.,, and LeRoy EYRING

These elements perplex us in our rearches [sic}, baffle us in our speculations, and haunt
us in our very dreams. They stretch like an unknown sea before us — mocking, mystifying,
and murmuring strange revelations and possibilities.

Sir William Crookes (February 16, 1887)

In this volume of the Handbook the authors sample the gamut of rare-earth-element
involvement on the planet. From the magnetic characteristics of atomic nuclei, to the
electronic antenna effects of ligands on encapsulated atoms, to the effects on spectral
properties of neighboring atoms in a crystalline array, to the chemical combination of
the rare-earth elements with phosphorus, to the chemical constitution of vapor species of
their halides, to the distribution of these elements in the waters that envelope the earth.

Forsberg initiates this progression in his review of NMR studies of paramagnetic
lanthanide complexes and shift reagents. The use of chemical shifts induced in reagents of
the rare-earth elements has been studied for 25 years. In this chapter Forsberg summarizes
recent developments in this field for paramagnetic lanthanide complexes including the
application of several new shift reagents. One of the more important developments that
has evolved from the research in this area is the use of lanthanide complexes in magnetic
resonance imaging (MRI) in the medical field.

When Eu** and Tb*" ions are encapsulated in cage-type ligands having chromophoric
groups, energy transfer from excitation of the ligand to the metal ions can occur.
This antenna-to-ion energy transfer results in metal luminescence that is much more
intense than could otherwise be obtained. Sabbatini, Guardigli and Manet discuss the
theory and application of the consequences of this phenomenon and its relationship to
supramolecular chemistry. Applications of these complexes in fluoroimmunoassays and
DNA hybridization assays are also discussed.

The Rationalization of crystal field parametrization is considered in a pedagogical
context by Gorller-Walrand and Binnemans. This chapter continues an on-going treatment
of the spectroscopic properties of the rare-earth elements in the Handbook. The authors
emphasize the symmetry aspects of the crystal field and the parametrization of the energy
level scheme. “This parameter set is the greatest possible reduction of the experimental
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data and it allows one to reconstruct the energy level scheme of the 4f” configuration and
even to make predictions about energy regions which cannot be probed experimentally.”

Kuz’'ma and Chykhrij present a systematic and encyclopedic discussion of the
phosphides of the binary, ternary and quaternary rare earths. Their coverage includes
preparation, phase diagrams, structure, as well as chemical and physical properties. The
crystallochemical regularities, the nature of the interaction between components in ternary
systems, and structural relationships also constitute important aspects of this review.

Metal-containing vapor species such as the simple rare-earth halide vapors and
the vapor complexes MX-RX; and MX;-RX3 are finding increasing use in halogen
lamps and energy storage media for high-power laser systems and for development
of recycling/separation processes. Boghosian and Papatheodorou consider this and
pay particular attention to thermodynamic and structural trends, and to characteristic
experimental techniques such as absorption and fluorescence spectroscopy.

Byrne and Sholkovitz review the lanthanide composition of the ocean and the processes
that control their distribution. Particular attention is given to research on the lanthanide
geochemistry of marine hydrothermal vent systems. They find that the lanthanides are
good indicators of the reactions between hydrothermal fluids and basalt and between iron
particles and sea water, but these reactions are not quantitatively significant with respect
to river water fluxes and oceanic cycles and inventory.
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List of symbols

A hyperfine coupling constant

B, intensity of external magnetic field
C; Bleaney-factor for metal j

G; geometric-factor for nucleus i

g Landé g-factor

h Planck constant

resultant spin and orbital angular
momentum quantum number

Boltzmann constant

total orbital angular momentum
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Avogadro constant

internuclear distance
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agreement factor Oy pseudocontact shift in ppm

total spin angular momentum Sv¥? line width at half-height in Hz

quantum number . .

y gyromagnetic ratio

S, tion valu -spi . .
(S2) expectati f_: of .electron Spil ey effective electron magnetic moment

along the field direction

) ) T, correlation time
T temperature in Kelvin
o . . 7, electron-spin relaxation time
T, longitudinal nuclear relaxation time
o T residence time of coordinated ligand
T, transverse nuclear relaxation time
) L T, rotational correlation time

Try trace of the magnetic susceptibility

tensor 7} angle between r and principal

magnetic z-axis
B Bohr magneton &
i ibility ¢ [} angle between the principal magnetic

magnetic susceptibility tensor x-axis and the projection of r to the
x traceless part of the magnetic plane perpendicular to the magnetic

susceptibility tensor z-axis

spin—orbit coupling parameter

ure

Xxxs Xyys Xz Components of the magnetic
Xsys Xxzs Xy Susceptibility tensor

S, contact shift in ppm

1. Introduction

Following Hinckley’s (1969) communication, several hundred publications appeared
within a few years, demonstrating the ability of R(thd); and R(fod); chelates' to form
adducts with a variety of Lewis bases and to induce chemical shifts (LIS) in the
proton NMR spectra of the organic substrates. Early studies included qualitative spectral
simplification, characterization of the stoichiometry and geometry of the shift reagent
adducts in both solution and the solid state, and theoretical studies of the origin of the
LIS. By 1973, nine review articles on the application of lanthanide shift reagents had
been published (Forsberg 1981), including reports by Sievers (1973), Horrocks (1973),
Reuben (1973), and Cockerill et al. (1973). A chapter on shift reagents and NMR of
paramagnetic lanthanide complexes appeared in volume 4 of this Handbook (Reuben and
Elgavish 1979a). Wenzel (1987) has published a comprehensive review on the use of
classical shift reagents, such as R(fod); and R(thd);, used for spectral simplification and
the conformational analysis of organic substrates. In this chapter, I provide a summary of
recent developments in the field of NMR studies of paramagnetic lanthanide complexes,
including the application of several new shift reagents. The review of the literature is
selective rather than comprehensive.

The introduction of high-field NMR instrumentation has diminished the need for
lanthanide shift reagents for spectral simplification of organic substrates. The commercial

' thd, 2,2,6,6-tetramethyl-3,5-heptanedione; fod, 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione.
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development during the 1980’ of Gd(dota)™ (dota“‘, 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetate) and Gd(dtpa)’~ (dtpa®, diethylenetriaminepentaacetate) as relax-
ation agents in magnetic resonance imaging, as well as the recent discovery by Morrow
et al. (1992) that lanthanide complexes provide efficient catalytic cleavage of RNA,
have stimulated new interest in NMR studies of lanthanide complexes. Whereas the
majority of shift reagent adducts are labile on the NMR time scale, the R(dota)” and
R(dtpa)*~ complexes, as well as most other lanthanide complexes being investigated
as potential MRI agents, are stereochemically rigid in solution. Thus a major focus
of this chapter is a review of LIS methodologies for determining three-dimensional
structures of stereochemically rigid complexes in solution (sect. 4). A new method
of analyzing LIS data has been reported by Kemple et al. (1988), which has been
expanded on by Forsberg et al. (1995). These new procedures, which also include new
methods of separating the LIS values into their contact and pseudocontact components,
are presented in the section on theory (sects. 2.2 and 2.3), together with a review
of traditional methods of analyzing LIS data. The applications and limitations of 2D
NMR techniques to aid in spectral assignments and to the study of the dynamics of
exchange between stereoisomers of paramagnetic lanthanide complexes are presented in
sect. 2.5. 2D NMR techniques have proven most useful in the study of stereochemically
rigid complexes, thus several applications of these techniques are included in sect. 4.
Continuing interest has been maintained in the use of chiral lanthanide shift reagents
for determining enantiomeric excess (ee) in asymmetric organic syntheses and the
determination of absolute configuration of optically active organic molecules. New
developments in this area are reviewed in sect. 5. New lanthanide shift reagents for
alkali metal cations have been discovered that allow intra- and extracellular cations to be
distinguished by NMR spectroscopy (sect. 6). Although much interest is maintained in the
application of paramagnetic lanthanide ions or complexes as probes in other biological
systems (see review by Sherry and Geraldes 1989), such as calcium binding proteins
{Lee and Sykes 1980, Morishima et al. 1986, Berliner et al. 1987, Marsden et al. 1989,
Ming 1993), bile salts (Mukidjam et al. 1986, 1987), nucleotides (Yokoyama et al. 1983,
Geraldes and Ascenso 1984), and single-stranded DNA binding domains of gene V
proteins (van Duynhoven et al. 1993), these topics are outside the scope of this review.

2. Theory

The binding of a ligand to a paramagnetic lanthanide ion induces frequency shifts in
the NMR spectrum (LIS) of the ligand relative to that observed for the corresponding
diamagnetic complex. The LIS has two contributions, the Fermi contact (d.) and the
dipolar or pseudocontact shifts (Opc):

LIS = 8¢ + Ope. (D

Contact shifts are discussed in sect. 2.1, methods of evaluating pseudocontact shifts
are presented in sect. 2.2, and methods used to separate the contact and pseudocontact
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components of the LIS are presented in sect. 2.3. The goodness of fit obtained in analyzing
LIS data for i nuclei is given by the agreement factor, R, defined as (Willcott et al. 1972,
Davis and Willcott 1972)

2

R= [Zl ((Sobs - 6obs)? v
i (Bons);

2.1. Contact shifts

The contact shift is given by

() (1)

where 8 is the Bohr magneton, & is the Boltzmann constant, y is the gyromagnetic
ratio, A/h is the hyperfine coupling constant in frequency units, and (S;) is the electron
spin expectation value. Positive contact shifts are to higher frequency (downfield). Since
the values of (S,) are used in procedures to separate the contact and pseudocontact
components of the LIS (sect. 2.3), a discussion of these values is warranted. The values of
(S.) (table 1) reported by Golding and Halton (1972), which take into account population
of excited states, are those most commonly used. Pinkerton et al. (1985) recalculated the
values of (S,) using the equations given by Golding and Halton, but substituted different
sets of values for the spin—orbit coupling parameter, &. Except for Sm** and Eu’*, the
values of Pinkerton (table 1) are within 1% agreement of those of Golding and Halton,
revealing that the values of (S,) are relatively insensitive to the value of & chosen for the
calculation. Furthermore, with the exception of Sm>*, Pinkerton reports that the values
of (S,) are relatively insensitive to temperature and that the values calculated at 300K
can be used without correction over temperature ranges normally associated with NMR
experiments. The value of (S,) calculated for Sm®* is very sensitive to both temperature
and the value of £. Thus (S,) values for Sm*" must be calculated at the temperature
corresponding to that used in recording the NMR spectrum, and then the reliability of the
calculated value still depends on the accuracy of £. The value of (S,) reported for Eu*" is
problematic. The ground state of this ion (’Fo) has no defined g value (L=S, J =0). The
value of (S,) (10.68) reported by Golding and Halton was calculated using an assumed
g value of 5.0 for the ground state. Pinkerton determined an average value (S) =7.500 for
Eu** by fitting experimental LIS data to eq. (12) (see sect. 2.3). This value corresponds
to g=4.4 for the ground state of the Eu®* ion. The uncertainties associated with values
of (S,) for Sm** and Eu?* can make it difficult to obtain accurate contact shifts for nuclei
of complexes derived from the lighter members of the series (Ce—Eu) (see sect. 2.3).
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Table |
Values of (S,) at 300K

R** Golding and Halton? Pinkerton et al., set 1° Pinkerton et al., set 2°

L (em™) (S:)  (em™) (S2) £ (em™) ()
Ce 737 ~0.979 696.41 -0.9736 624.28 —0.9654
Pr 879 -2.972 820.22 -2.956 766.09 -2.939
Nd 1030 —4.487 950.51 ~4.452 896.38 —4.425
Pm 1190 —-4.014 1091.46 -3.944 1037.33 -3.899
Sm 1361 0.063 1243.60 0.224 1189.47 0.307
Eu 1436 10.682°¢ 1407.71 7.5694 1353.58 7.658¢
Gd 1755 31.500 1584.45 31.500 1530.32 31.500
Tb 1965 31.818 1774.46 31.853 1720.33 31.864
Dy 2189 28.545 1998.44 28.565 1944 .31 28.572
Ho 2436 22.629 2197.06 22.642 2142.93 22.646
Er 2700 15.374 2431.00 15.382 2376.87 15.384
Tm 2817 8.208 2680.97 8.210 2626.84 8.211
Yb 3288 2.587 2947.69 2.589 2893.56 2.589
* From Golding and Halton (1972). ¢ Calculated for gy =5000 for the ground state.
® From Pinkerton et al. (1985). 4 Calculated for g,=4.4 for the ground state.

2.2. Pseudocontact shifts

Structural information is obtained from the pseudocontact shift, which is given by

2 9_ 1 12
550 = D, (3cos ) in, [<sm 60052¢>av}, @

y3 p3

where &, is the pseudocontact shift (positive sign is to higher frequency), r, 8, and
@ are the spherical coordinates of the resonating nucleus in the principal magnetic
axis system with the lanthanide ion at the origin; Dy = 1/3N [Xzz - %( Hrx + ny)] and
Dy, =1/2N [Xxx - ny] , where .., Xx, and ), are the principal molecular susceptibilities
and N is Avogadro’s constant (Horrocks and Sipe 1972). In the case of axial symmetry,
Xxx = Xy, and D, =0. Most studies involving adducts of shift reagents, such as R(thd);
or R(fod)s, reveal that the first term of eq. (4) adequately describes the pseudocontact
shifts induced in the NMR spectrum of the Lewis base substrate, even though it is
not likely that the adducts are axially symmetric. Furthermore, it is assumed that the
principal magnetic axis coincides with the metal-donor atom bond of the substrate.
The coordination numbers and geometries of lanthanide complexes are due primarily
to the steric requirements of the ligands. Due to their relatively large size, lanthanide
ions generally form complexes having high coordination numbers (7 to 10). The
stereochemical lability of these high coordinate complexes is well established, and
interconversion between geometrical isomers is generally rapid on the NMR time scale.
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Horrocks (1974) showed that if the LSR adducts exist in solution as an ensemble
of many (order of 30 or more) rapidly interconverting geometrical isomers, with the
additional proviso that the substrate, through its influence on the ligand field in the
individual isomers, exhibits a statistical bias to lie in proximity to an axis of maximum
or minimum susceptibility, then the net shifts conform reasonably well to the first
term of eq. (4). Hawkes et al. (1973a) regarded the question of orientation of the
principal magnetic axis in a study of R(fod); adducts of stereochemically rigid alcohols
(R(fod);-L; R=Pr, Eu; L=Dborneol, isoborneol). Assuming an axial model, but without
any assumptions regarding the location of the principal magnetic axis, they showed that
the best fit between calculated and observed LIS values was obtained when the oxygen—
metal bond in the adducts is collinear with the magnetic z-axis.

Recently Kemple et al. (1988) introduced a new procedure for analyzing LIS data,
which makes no assumptions regarding the location of the principal magnetic axes or
symmetry of the complex. The equation for the pseudocontact shift is written as

C1 ] .
8o = 5N {5 K g~ gTrx) (3cos”0 — 1) + (Xxx — Xyy) (sin® 6 cos 2(1))}

(5)
+Xy (sin® O8in 20) + ¥, (sin 26 cos @) + ¥y, (sin 26 sin ¢)},

where », 0 and ¢ are as defined for eq. (4) and g, the magnetic susceptibility tensor, is
taken to be a symmetric tensor, with Tr ¥ = X + Xy + Xz- In the principal magnetic axis
system, the last three terms of eq. (5) vanish (x is diagonal in the principal axis system),
and becomes equivalent to the expression given in eq. (4). Only the first term remains
for the special case of axial symmetry (Xxx=JX,y). Following the Kemple procedure,
geometric factors are calculated in the molecular coordinate system, then a five parameter
(Xzz - %Tr x) R (Xxx —ny) s Xxy» Xxz» and Y, linear least-squares search minimizes the
difference between calculated and observed &p. values according to the agreement factor
defined in eq. (2). Since &, depends only on the anisotropic (traceless) part (x') of the
susceptibility tensor y, the determination of these five fitting parameters is sufficient to
determine the principal values of x’. The principal directions of x’ (and x) are then
determined by diagonalization of x’. It should be noted that the procedure used here
differs significantly from the procedure employing eq. (4). Since eq. (4) is written in the
principal axis system, in addition to using D and D; as fitting parameters, it 1s necessary
to vary the principal directions in the molecular fixed frame by using the three Euler
angles, which relate the two coordinate systems, as fitting parameters. Thus for a complete
fit, the latter operation requires a total of five fitting parameters, the same number used in
the Kemple procedure. However, the procedure based on eq. (4) is necessarily nonlinear,
since a change in direction of the axes requires recalculating the angular functions. In
nonlinear fitting procedures, there are uncertainties regarding whether the true minimum
has been found. It is often the case that an unequivocal assignment of the peaks in a
spectrum of a paramagnetic complex is not possible, especially when there are a large
number of equally intense, featureless peaks. Forsberg et al. (1995) have shown that it
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is possible to allow a computer program to permute LIS values over any number of
selected nuclei by using a linear least-square fitting of the data according to eq. (5),
thereby determining the assignment of peaks that gives the best fit to the LIS data (cf.
sect. 4.2.3).

2.3. Separation of contact and pseudocontact shifts

Before attempting to use LIS data to determine the geometry of a complex or shift reagent
adduct in solution, it is necessary to separate the contact shift contribution from the
LIS. In much of the early work reported on the application of shift reagents, contact
shifts were assumed to be negligible in proton NMR, and reasonable fits of calculated
and observed shifts for the Lewis base were obtained under this assumption. However,
Birnbaum and Stratton (1973) reported sizeable contact shifts in their 'H NMR study of
solutions of R(en)3* complexes in acetonitrile. An awareness of the importance of contact
shifts in 1*C spectra of lanthanide shift reagent adducts was reported in the same year
(Gansow et al. 1973a, Gansow et al. 1973b, Hawkes et al. 1973b). The most commonly
used procedure for separating the LIS into contact and pseudocontact components is
the temperature independent method introduced by Reilley et al. (1975, 1976). Based
on the theoretical approach developed by Bleaney (1972) (for controversy regarding this
approach, see Golding and Pyykko 1973, Stout and Gutowsky 1976, Horrocks 1977), J,.
is expressed as

(Spc = CjGi; (6)

where C; are constants (Bleaney factors) characteristic of each Ln*" ion, and G; for the
ith nucleus is given by

ri t

6, (1) ¢ (oot 6-1) . s peos20)] ?

where C and C’ are constants, which include the crystal field coefficients, 243 (+?) = B}

and 243 (r*) = B3, respectively. In the case of axial symmetry, C’=0. §; may be expressed
as

(Sc:Fi <Sz>ja (8)

where F; represents the collection of constants in eq. (3) for the ith nucleus and (S.); is
the metal dependent parameter previously defined. Since the LIS is the sum of the contact
and pseudocontact components, egs. (6) and (8) can be combined to give

(LIS)y = GiCj + Fi (S:);. 9
Equation (9) can be rearranged into two linear forms:
(LIS); G (LIS); (S2);
s, O\, 8 G et

If it is assumed that the crystal field coefficients are constant and that the series of
lanthanide complexes are isostructural, then a plot of (LIS);/(S,); versus C;/(S,); or
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(LIS);/C; versus (S;);/C; should be linear, with respective slopes of G; or F; and
respective intercepts of F; or G;. Equation (10) is recommended when the pseudocontact
shift predominates, whereas eq. (11) is recommended when the contact shift predominates.
Provided the assumptions are true, eqs. (10) or (11) can be used for complexes with
axial or nonaxial symmetry. Obviously if there are major structural changes across
the lanthanide series, then it is not expected that such plots would be linear. Peters
(1986) reports that even small variations in the lanthanide—donor atom bond distances
resulting from the lanthanide contraction may be sufficient to produce an abrupt break
in the plot along the lanthanide series. Even if an abrupt break is not observed, it
is prudent to make two plots to compensate for the lanthanide contraction, one for
the larger metal ions (Ce—Eu) and one for the smaller ions (Tb—-Yb). However, given
the uncertainties of the values of (S.) for Sm* and Eu** described in sect. 2.1, this
leaves only three reliable values (Ce—Nd) for members of the lighter subgroup. Although
Bleaney’s approximation of expressing the magnetic anisotropy in terms of ligand field
parameters of the second degree appears valid, except at low temperatures, i.e., less than
200K (Stout and Gutowsky 1976), the assumption that the crystal field parameters are
independent of the lanthanide ion may not be valid (Reuben 1982). Reilley et al. (1976)
noted that the contact contribution to the LIS depends on both the absolute value of
the (Sz)j /C; ratio of the metal ion [Eu (2.638), Pm (2.147), Nd (1.081), Ho (0.574),
Er (0.474), Tb (0.373), Dy (0.285), Pr (0.270), Tm (0.157), Ce (0.155), Yb (0.120}], as
well as the F;/G; ratio for a particular nucleus. Thus shift reagents derived from Yb*" are
the best choice if contact shifts are to be ignored, since Yb** has the smallest (S,) ;/C;
ratio, while its relatively large magnetic anisotropy gives rise to a large dispersion range
of LIS values, usually on the order 100 ppm in 'H spectra.

O

adamantanone Fig. 1.

Peters et al. (1985) reported the LIS values for 170, 1*C, and 'H for 1:1 adducts of
adamantanone (fig. 1) with R(fod); shift reagents. Upon calculating the F; and G; values
using eq. (10), the F; values obtained for the 'H nuclei were higher than those for the
adjacent 13C nuclei (cf. table 2, F; values before optimization). Since this is not likely
to be the case, they used an iterative procedure based on eq. (10) to optimize three
parameters, F;, G;, and C;. In the first step, the value of C; for each lanthanide was
held constant using the Bleaney values, while F; and G; were fit to eq. (10) by weighted
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Table 2
F; and G; values for 1:1 R(fod); (R=Pr, Eu, Dy, Yb) adducts with adamantanone (from Peters et al. 1985)

nucleus ¢ Before opt. Three-parameter opt.? Two-parameter opt."

F, G, F, G, F; G,
C=0" -105.58 22.88 —82.39 23.03 ~72.71 19.12
‘C=0 1.51 3.51 0.86 4.90 0.51 5.85
C, -0.10 2.36 -0.16 2.64 -0.16 2.53
G 0.24 1.30 0.20 1.44 0.20 1.36
G, -0.02 0.95 —-0.03 1.07 -0.03 1.05
Cs -0.02 0.72 -0.03 0.80 ~0.03 0.82
H, 0.49 2.11 —-0.01 2.51 0.15 220
Hygn 0.27 1.05 0.02 1.26 0.01 1.27
Hp,i 0.16 0.68 0.00 0.82 —-0.01 0.82
H, 0.16 0.54 0.03 0.65 0.02 0.67
Hy 0.12 0.48 0.01 0.58 0.00 0.59
* Fi, G; and C; were optimized. ® F, and C; were optimized.

least-squares analysis. Then in the second step, the optimized values of F; and G; were
held constant, while C; for each lanthanide, scaled to Bleaney’s value of ~100.0 for Dy**
was optimized by linear regression analysis. This two step procedure was repeated until
no further improvement of the fit between calculated and observed shifts was found.
The agreement factor decreased from 0.292 to 0.046 on optimization of C;. The values
of C; obtained by this procedure (table 3) are in good agreement with the LIS values
of Ha, which are expected to have a negligible contact component (H is six bonds
removed from the lanthanide), but are not in agreement with the Bleaney values. The
F; values determined for each 'H nucleus (cf. table 2, three-parameter optimization) are
now significantly smaller than that of the adjacent '*C nucleus. The sign and magnitude
of the F' value for the 70O nucleus is in good agreement with those observed in other
lanthanide complexes. Geometric factors were determined for each nucleus, using the
solid state structure reported for the europium complex. The optimization procedure
described above was carried out, except that the calculated G; values were not allowed
to vary (cf. table 2, two-parameter optimization). The agreement between these results
and those obtained for the three-parameter optimization is very good, with the exception
of the carbonyl carbon nucleus and Hy. Since actual geometric factors were used in this
procedure, the C; values obtained on optimization correspond to the anisotropy in the
magnetic susceptibility (table 3).

Pinkerton and coworkers reported another method for separating the contact shifts
and evaluating the hyperfine coupling constant 4 for *!'P in NMR studies of a series
of tetrakis lanthanide complexes derived from dithiophosphinates, [R{S,P(CHz);}4]
(Spiliadis and Pinkerton 1982) and esters of dithiophosphoric acid, [R{(X0),PS;}4]
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Table 3
Optimization of C, for 1:1 adducts of R(fod), (R =Pr, Eu, Dy, Yb) with adamantanone (from Peters et al. 1985)

Pr Eu Dy Yb
&H,? ~7.04 6.24 -100.0 27.10
C, (Bleaney)® -11.0 4.0 -100.0 22.0
C,(opt)® -731 6.08 ~100.0 26.97
C,(opt)* ~1111.0 921.0 —15048.0 4030.0

2 Relative values, scaled to a value of —100.0 for Dy.
® Three-parameter optimization.
¢ Absolute magnitudes using two-parameter optimization; units are 10* m?.

(X=C;Hs, Pinkerton and Earl 1978; X =CHj, i-C3H;, Spiliadis and Pinkerton 1983a).
For two nuclei, i and j, in a complex having axial symmetry,

o A (R”Afy’) Ry ( o ) , (12)
K(S;) h hy; K (S,)

where J; and §; are the LIS values, R; is the ratio of the pseudocontact shifts,
K =2mf3/3kT, with the remaining terms defined previously (Pinkerton et al. 1985). For
an isostructural series of complexes, a plot of &;y,/K(S,) versus &;y,/K(S,) is linear of
slope R; and intercept A;/h—(RyA;yi/hy;). If a nucleus j has no contact shift (4,=0),
e.g. a 'H resonance of an alkyl group, then the intercept is 4;/k, and the contact shift of
nucleus 7, e.g. 3'P, is determined. The 'H and 3'P spectra of [R{(XO),PS;}4]" (X =CHj,
i-C3H7) in CD,Cl, were recorded at 302 K (Spiliadis and Pinkerton 1983a). The LIS in
the 'H spectra were shown to be essentially pseudocontact in origin, whereas the LIS in
the 3P spectra have both contact and pseudocontact components (table 4), which were
evaluated according to eq. (12). Although single crystal X-ray data (Spiliadis et al. 1983b)
revealed that complexes representing both the light and heavy end of the lanthanide series
have similar structures, the NMR data were interpreted in terms of two structural types
in solution. The dodecahedral geometry observed in the solid state was proposed for
the structure in solution for R=La to Dy, whereas square antiprismatic geometry was
proposed for R=Ho to Lu. The change in structural type is accompanied by a significant
decrease in magnitude of the *'P:'H pseudocontact shift ratios, e.g., 31.7 to 3.0 for
X=CHj and from 16.4 to 0.55 for X=i-C3H;. The change in structural type is also
accompanied by a reduction in the hyperfine coupling to phosphorus (4/h in MHz): 1.62
to 0.82 for X=CHs; 1.57 to 0.85 for X=i-C3H;. It is important to note, as in the case
of most high coordinate lanthanide complexes, that these molecules are fluxional on the
NMR time scale.

Given the assumptions inherent in the separation procedure proposed by Reilley,
we (Forsberg et al. 1995) sought an alternative procedure for separating the contact
component of the LIS. If we write &; as the LIS for the ith nucleus on the jth metal,
for axial symmetry,

6ij=GiAj+Fi (Sz>j (13)
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Table 4
LIS data (in ppm) for [C;H,),As][{R(X0),PS,},] at 302K (from Spiliadis and Pinkerton 1983a)

R X=CH, X=i-C,H,
5P ? SP, 8P, SP,.° 5P, 6P,

Ce ~104.0 ~74.5 -295 -99.0 ~68.6 ~30.4
Pr ~254.9 -2172 =377 ~2432 ~203.5 -39.7
Nd -333.0 ~3032 -298 ~334.0 ~2947 -39.3
Tb 1375.0 2289.9 -914.9 1413.0 2147.0 ~734.0
Dy 1099.7 2151.8 -1052.1 1121.4 1997.6 -876.2
Ho 790.0 830.0 ~40.0 825.0 836.9 -119
Er 535.0 505.0 30.0 571.5 562.9 8.6
Tm 306.0 257.1 489 321.0 306.1 14.9
Yb 56.0 42.1 13.9 98.8 94.6 42

? OP,,, measured relative to the corresponding lanthanum complex. Downfield shifts are positive.

where G; is the geometric factor for the ith proton and 4; represents )d;.,—Tr x/ for the
Jjth metal from eq. (5), and F; and (S;); are defined in eq. (8). The idea is to find a set
of optimum values of 4;, G;, and F; that minimize R (eq. 2) for the resulting matrix of
ixj simultaneous equations. We showed that there exist linear transformations, eqs. (14)-
(16), dependent on two continuous parameters (a, ¢), which leave the right-hand side of
eq. (13) invariant:

G} = aG,, (14)
F;ZFi+CGi, (15)
1 c
P
4= A= g (16

Consequently, any fitting method, such as least-squares, will give an infinite number
of solution sets for each of the variables, 4;, G;, and F;. However, if values are
preassigned to any two :of the variables, say G;=G? (geometric factor for H;) and
Ay =A? (A?= Koz — %Tr x for metal 1), then the parameters a and ¢ are determined, and
any solution set (G}, F; and 4}) can be brought by the linear transformations to the set
that is scaled to G} and 49, namely G?, 47 and F?. Although this method of separating
LIS values into the contact and pseudocontact components is theoretically sound, there
appear to be two problems if the geal of analyzing LIS data is to provide an independent
means to determine the structure of a complex in solution. First, the geometric factor
for one nucleus is assumed to be known, which is only the case if the structure is
known. Secondly, the magnetic anisotropy ()., ~ %Tr x) for one lanthanide complex is
also assumed to be known from analyzing the LIS data for that complex according to
eq. (5), which requires knowledge of the contact shifts for accuracy. Although it may
be reasonable to assume that the contact shifts are negligible for protons on a ligand
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coordinated to Yb%*, as discussed above, it is best not to make such an assumption. The
efficacy of the procedure lies in the fact that only the product of 4;G; must be known
precisely in order to give a reliable set of F; values. Thus the analysis is carried out,
using as a first approximation for GY, that value obtained from a solid state structure
or a molecular mechanics calculation, then varying A(l) to obtain a minimum value of
R. The same value of R and set of F? values are obtained by choosing an approximate
value of 4y and varying GY. As the structure of the complex is modified to represent the
true structure in solution, a correlation will exist between geometric factors determined
from the separation procedure and those calculated from the structure. Furthermore, a
correlation will exist between the magnetic anisotropy values obtained by analyzing the
LIS data according to eq. (5), and the values obtained using egs. (13)-(16). An application
of this procedure is given in sect. 4.2.3.

2.4. Nuclear relaxation in paramagnetic lanthanide complexes

In addition to acting as shift reagents, it is well established that paramagnetic lanthanide
complexes are effective relaxation agents. Due to the relatively long electron-spin
relaxation time of Gd*", complexes of Gd*" are most effective as relaxation agents,
as evidenced by their commercial development as MRI contrast agents. Paramagnetic
lanthanide ions affect both the longitudinal relaxation rate (decay of the z-component
of magnetization, with a rate constant 77') and the transverse relaxation rate (loss
of coherence of magnetization in the xy-plane, with a rate constant 75'). Transverse
relaxation determines the line width of the resonance (8v"/2=1/xT,, where dvV? is
the line width at half-height). The ability of paramagnetic lanthanide ions to induce
nuclear relaxation through either a dipolar or Curie mechanism (or a combination of
both) provides information regarding internuclear distances. Lanthanide ions generally
are not effective at inducing relaxation in 'H and '*C nuclei through a contact interaction.
Equations for lanthanide-induced relaxation, in terms of 7' and T;', for all three
contributions, are available in the literature (see Kemple et al. 1988). Both the dipolar
and Curie contributions to 7' and T;' have an ~° dependency on the R**-nucleus
distance. The dipolar contribution to 77' and T5' is also a function of the correlation
time, 7., where 77! = 7' +7,! + 1! (7. is the electron-spin relaxation time; t, is the
rotational correlation time; T, is the residence time of the ligand in the coordination
sphere). The correlation time is dominated (except for Gd**) by the very short electron-
spin relaxation times, which are on the order of 107° s (Alsaadi et al. 1980a, 1980b).
Thus, in addition to the »¢ dependency, the values of 7' and T,' for various nuclei
in lanthanide complexes relaxing via a dipolar interaction are dictated by the electron-
spin relaxation time. Although difficult to measure for individual lanthanide complexes,
the electron-spin relaxation times for the lighter members of the lanthanide series (Ce—
Eu) are generally smaller than those for the heavier members (Tb-Yb). Thus line-
broadening (smaller T5' values) is less severe in spectra of complexes of the lighter
lanthanides than in those of the heavier lanthanides (reasonably narrow line widths are
observed for Yb*" complexes). The larger electron-spin relaxation times of the heavier
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members of the series also make it difficult to observe 2D spectra of complexes of these
metal ions (see sect. 2.5). Curie relaxation depends on the rotational correlation time, ;.
It is often assumed that the Curie contribution to 7' and T,' is negligible compared
to the dipolar contribution for relatively small paramagnetic lanthanide complexes, since
Te <K Tp, i€, Ty = 1!, therefore, 7> 7,. However, the Curie contribution to both 77!
and 75! is also proportional to B2 (B, is the magnetic field strength) and 72. Thus at
higher field strengths and lower temperatures, the Curie contribution to both longitudinal
and transverse relaxation becomes more important. Kemple et al. (1988) estimate that
the dipolar and Curie contributions to 7' and T,' are about equal for 'H nuclei in
lanthanide complexes derived from edta-type ligands (see sect. 4.1) at field strengths of
~7T (300 MHz) at room temperature.

It is difficult to use lanthanide-induced relaxation data to obtain accurate distances
between various nuclei and the lanthanide ion. If it can be shown that the dipolar
contribution to either 77! or 75! is dominant, then the difficulty is related to a means to
determine accurate values of the electron-spin relaxation times. If the Curie contribution
can be shown to dominate, then the problem is measuring accurate correlation times.
However, the major difficulty is that the relative dipolar and Curie contributions to 77’
and T,! are generally not known. However, since both the Curie and dipolar contributions
to 77" and T;' have an r° dependency on the R**-nucleus distance, ratios of Ty or
T, values for various nuclei can be used to determine accurate ratios of the internuclear
distances.

2.5. 2D-NMR techniques

Jenkins and Lauffer (1988a,b) introduced 2D NMR spectroscopy, namely COSY and
EXSY (exchange spectroscopy), of paramagnetic Janthanide complexes in their report
on 'H NMR studies of R(dtpa)>” complexes in aqueous solution. The results of their
study are presented in sect. 4.3. In their papers, Jenkins and Lauffer point out some of
the difficulties associated with the use of these techniques in paramagnetic systems. The
major limitation in the use of EXSY spectroscopy to resolve exchange partners is that
of short T'; values (effective longitudinal relaxation). EXSY spectroscopy uses the same
three-pulse sequence as used in NOESY spectroscopy (%n—tl—%n—nn—%n—tz). Due to
chemical exchange, a nucleus whose z-magnetization was modulated by one chemical
shift during ¢; may have the opportunity to migrate to another site during 7, referred
to as the mixing time, and appear with a different chemical shift during ¢, acquisition.
Thus the spectrum has a COSY-like appearance, with cross peaks between the shifts of
exchanging sites. For short T, values, as observed in paramagnetic systems, substantial
cross peak intensity can develop only at very short mixing times relative to diamagnetic
systems. In a simple two-site interchange between symmetry related species, in which
case kex(forward) =k (reverse), where the protons have similar 7'y values, the diagonal
and cross peak intensities can be described as

[(diag) = % [1+exp(—2kexTm)] exp (—;—m> 1o, (17)
1
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I(cross) = % [1—exp(—2kexTm)] exp (—%) 1. (18)
1

Based on these equations, considerable cross peak intensity can develop for mixing
times between 1/k., and 7. Since k., 1s generally not known, a range of 7., values
is usually used in an effort to detect cross peaks. However, there are two practical
limitations to consider. If the exchange rate is too slow (small k), the frequency-labeled
z-magnetization will disappear due to a relatively short T’y characteristic of paramagnetic
systems (see sect. 2.4) before it has a chance to migrate. On the other hand, if the inherent
exchange rate is sufficiently fast (large ke) to allow for the detection of cross peaks
for nuclei with very short T’y values, then it may not be possible to reach the slow
exchange regime of the NMR time scale, a prerequisite for EXSY spectroscopy. Thus
EXSY spectroscopy may. not be possible for complexes of those lanthanides (Tb-Tm)
that most effectively induce nuclear relaxation.

Similar limitations apply to 2D COSY spectra of paramagnetic complexes, where
short T, values (transverse relaxation) lead to rapid decay of phase coherence, which
attenuates cross peak intensity. Since the amount of magnetization transfer is proportional
to [exp(—£,/T7)]sin jt; (J is the nuclear spin—spin coupling constant), once ¢; (the
evolution time) becomes on the order of T, little cross peak intensity will accumulate. As
noted by Jenkins and Lauffer, cross peaks should be detected if T, > 1/5J. If transverse
relaxation has a Curie component (see sect. 2.4), which is proportional to u2;B3/T2#®,
the detection of cross peaks becomes problematic at low temperatures, high fields, short
metal-proton distances, and for complexes derived from metal ions with large effective
magnetic moments, such as the heavier lanthanides, Tb-Tm. An additional problem is the
wide dispersion range of chemical shifts observed in paramagnetic systems, which may
result in inadequate digitization of the cross peaks due to limitation of computer storage
of the data matrix.

3. NMR studies of shift reagents and labile complexes

Although lanthanide shift reagents, such as R(fod); and R(thd);, found widespread use
in separating overlapping multiplets in spectra of organic substrates, the resulting Lewis
base adducts are labile on the NMR time scale. Early work to deduce the structure of
lanthanide shift reagent adducts in solution employed certain assumptions as noted by
Horrocks (1974). Namely, (1) the LIS is pseudocontact in origin; (2) the adduct exists as a
single, stoichiometric species having axial symmetry; (3) only a single geometrical isomer
of the adduct is present and that the substrate ligand exists as a single conformation; and
(4) the principal magnetic axis has a known orientation with respect to the substrate. If
any of the above criteria are not met (as a generalization, none of these criteria are usually
met), then geometric inferences drawn will not be strictly valid. Since the majority of the
adducts are labile on the NMR time scale, the observed shifts are a weighted average of the
shifts of the substrate in the complexed and free states. Therefore, evaluation of the bound
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shifts requires knowledge of the equilibria involved in complexation of the substrate with
the shift reagent. Shift reagents (LR) are known to form several complexes, generally
formulated as LR, S,,, where S represents the organic substrate with n > 1 and m > 1. As
noted by Bovée et al. (1982), it is difficult to extract reliable values for the bound shifts and
equilibrium constants from measured shift data if two or more equilibria are involved.

N
i

Q=

adamantane-1-carbonitrile  Fig. 2.

The problems encountered in structural analysis are well illustrated with the adducts
formed between R(fod)s and adamantane-1-carbonitrile (fig. 2), a highly structured ligand.
Raber et al. (1981) reported a procedure for the evaluation of the structure of the Eu(fod);
adduct using LIS data. Best fit of the LIS data was obtained with a Eu-N bond distance
of 2.1 A. However, using 'H and C spin-lattice relaxation rates induced by Gd(fod)s,
Peters et al. (1982) determined a Gd-N bond distance of 2.6 A, which is more in line with
values expected for R**—N bond distances. Peters suggested that the values of the bound
shifts obtained for the europium adduct were inaccurate due to the presence of complex
equilibria involving the mono and bis adducts, and free substrate, all in fast exchange on
the NMR time scale.

The importance of including both terms of eq. (4) in analyzing LIS data of shift reagent
adducts became clear in a report by Horrocks and Sipe (1972), who used magnetic
anisotropy measurements obtained on single crystals of a series of eight-coordinate
adducts, R(thd);-L, (L =4-picoline), together with geometric factors determined from
the solid state structure, to reproduce the pseudocontact shifts observed experimentally
in solution. This study was followed by a series of papers by Cramer and coworkers
(Cramer et al. 1974, 1975, Cramer and Maynard 1978), who showed that a good fit
between experimental and calculated LIS values for a series of bis adducts, R(thd);-L,
(L =pyridine, 3-picoline, 4-picoline, 3,5-lutidine), could only be obtained using the full
expression given in eq. (4). In these studies, geometric factors for all the protons were
calculated using the solid state crystal structure of the pyridine adduct, which was shown
to have a two-fold symmetry axis. The principal magnetic z-axis was assumed to coincide
with the molecular symmetry axis, while the location of the magnetic x-axis, as well as D,
and D5, were used as fitting parameters. It is important to note that the values found for I,
are generally two to three times larger than the values for Dy, indicating the importance
of the second term in eq. (4).
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Complexes derived from a single multidentate ligand, in which the denticity of the
ligand is incapable of satistying the high coordination number demanded of the lanthanide
ions or totally encapsulating the metal ion, are typically labile on the NMR time scale.
'H NMR studies of paramagnetic R(edta)” complexes, which have been used as aqueous
shift and relaxation reagents (Elgavish and Reuben 1976, 1977, Reuben 1976, Sherry
et al. 1981), for example, reveal an equivalent AX quartet pattern for each of the acetate
protons and a singlet for the ethylene protons, indicating that the R3*~O interactions are
short-lived on the NMR time scale, whereas the R**—N donor interactions are long-lived
with the ethylenediamine chelate ring undergoing rapid interconversion between its two
puckered conformations (Siddall and Stewart 1969, Southwood-Jones and Merbach 1978).
However, given sufficient steric hindrance, stereochemical interconversions that might
otherwise be assumed to be rapid may become slow on the NMR time scale. A case
in point is the 60 MHz 'H NMR study reported by Evans and de Villardi (1978) on
1:1 adducts of N-tetraalkyl substituted ethylenediamines and 1,2-propanediamines with
Pr(fod); in deuterated toluene. These ligands are coordinated in a bidentate manner to the
lanthanide ion, forming a puckered five-membered chelate ring that is chiral, existing in
two enantiomeric forms, » and 8. Generally, ethylenediamine chelate ring interconversion
between the two conformers is rapid on the NMR time scale. However, the spectra of
adducts derived from N,N,N,N'-tetramethylethylenediamine revealed separate resonances
for the axial and equatorial protons of the chelate at —60°C, indicating that chelate ring
interconversion is slow at this temperature. The free energy barrier to ring interconversion
was determined to be 10.1kcal mol™! at —36°C. An even larger barrier to interconversion
is suggested for the adduct derived from N,N,N’N'-tetramethylpropylene-1,2-diamine,
since separate resonances for the four CH;3(N) groups, the CH3(C) group, and the three
ethylenediamine chelate ring protons were observed at 20°C.

Several paramagnetic lanthanide complexes derived from macrocyclic ligands have
been investigated as potential shift reagents. Horrocks and Wong (1976) investigated
the organic solvent soluble lanthanide complexes of tetraarylporphine (tap) having the
general formulation, R(tap)(acac) (acac=acetylacetonate). Paramagnetic shifts (mostly
downfield) are observed for the tap protons of the Eu®>* and Yb*' complexes, whereas
the acac proton resonances are shifted upfield. The pseudocontact shifts induced in
the 'H spectra of the ligands were analyzed using an axial model. The metal ions lie
significantly out of the phorphyrin plane, ~1.8 A (Eu**) and ~1.6 A (Yb**), along the
C, axis of the macrocycle, with the acac ligand coordinating the lanthanide ion in a
bidentate fashion in the axial position. The ytterbium complex serves as a downfield
shift reagent toward heterocyclic amines and alcohols. An eight-coordinate model was
proposed to account for the fact that the resonance shifts of the substrate are in the same
direction as those of the tap ligand, i.e., the substrate protons also lie in the equatorial
region. Horrocks and Hove (1978) reported the synthesis of water soluble lanthanide
complexes derived from tetra-p-sulfonatophenylporphine (tpps), with the general formula,
R(tpps)(imidazole), (x <2; R=Gd-Lu). The LIS 'H data for the thulium complex were
analyzed using an axial model, and it was determined that the metal ion lies ~1.6 A out of
the porphyrin plane along the C4 axis of the macrocycle. The tpps complexes of the latter
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lanthanides (Ho—Yb) serve as potent aqueous solution shift reagents for nuclei of neutral
and cationic substrates (the 4-picoline molecule and N-methylpyridinium cation were
examined) and, to a lesser extent, for the water proton resonance and anionic substrates,
such as the p-toluidate anion. More recently, monophthalocyanine complexes of Pr** and
Eu?* have been reported as selective shift reagents for primary aliphatic amines (Komarov
et al. 1993).

Fig. 3.

Vallarino and coworkers investigated complexes derived from the macrocyclic hex-
aimine ligand (fig. 3) as potential shift reagents (Fonda et al. 1993, Benetollo et al. 1990,
Bombieri et al. 1991). The interaction of [Eu(CH; COO™),L]CI with sodium carboxylates
(formate, acetate, propanoate, butanoate, benzoate, and succinate), in aqueous solution,
produced sizable 'H shifts in the spectrum of the substrate. Substitutional equilibrium is
established between the carboxylate substrate and the acetate ligands of the shift reagent,
with rapid exchange between coordinated and free carboxylate ions on the NMR time
scale. However, neither neutral oxygen donors (acetone, methanol, 1-butanol, 2-methyl
butanol) (Fonda et al. 1993) or N-donor ligands (aminobutane, ethylenediamine, aniline,
pyridine, 1,10-phenanthroline and 2,2'-bipyridyl) (Bombieri et al. 1991) revealed shifts
in the '"H NMR spectrum of the substrate, indicating that the neutral donors could not
compete with the acetate ion for coordination to the lanthanide ion. Interestingly, the
LIS in the 'H spectra of [R(CCH;COO™),L]" (R=Nd, Eu) are strongly solvent dependent
(Benetollo et al. 1990). For example, the ethylene CH, 'H resonance in the europium
complex appears at —7.65ppm in D,0O, at 1.47ppm in DMSO-d, and at 0.62ppm in
CDCls. It was concluded that the folding of the macrocycle is affected by the nature
of the exocyclic ligands (anions or solvent molecules), resulting in different spatial
positions of the hydrogen atoms of the macrocyclic ligand relative to the metal ion. In
an earlier study, Arif et al. (1987) recorded the 'H spectra of the series of RL(NO;);
complexes. The contact and pseudocontact components of the LIS of the various protons
were separated according to eq. (10). Linear plots were observed only for nuclei of
complexes derived for the first three members of the series (Ce—Nd), with poor fitting
results for other members of the series, indicating that a structural change occurs as the
lanthanide series is traversed. It could not be ascertained whether the structural change
is by means of a rapid equilibrium between two or more distinct structures, which is



18 JH. FORSBERG

progressively displaced across the series, or whether only one structure is present for each
metal ion, but progressively alters with ionic radius. In a latter 'H and 3C NMR study
of Eu(CH;COO™),L* at room temperature, Smith et al. (1989) noted that the effective
symmetry of the complex in solution is Doy, suggesting that the bending of the two
diiminopyridine portions of the macrocycle about the diamine bridges is rapid on the
NMR time scale.

As noted above for adducts of shift reagents, labile complexes that are not axially
symmetric may often give reasonable fits of LIS data by assuming axial symmetry. As an
example, the symmetry of the ligand dictates that the complexes, R(bdoda); " (R =Pr,
Eu, Yb; bdoda=benzene-1,2-dioxyacetate; n=1,2), have C; symmetry. However, using
only the first term of eq. (4), 'H and *C LIS data for both the mono and bis complexes
were fit to a geometrical model in which the principal magnetic axis was taken as collinear
with the C,-symmetry axis of the ligand, with the lanthanide ion lying along the axis in
the plane defined by the benzene ring and ether oxygen atoms (Kullberg and Choppin
1977).

It is not surprising that good fits of LIS data are obtained for labile lanthanide com-
plexes derived from nonrigid ligands, in which the structural model has axial symmetry.
Peters et al. (1988a) determined the bound shifts for 'H, 1*C and 70 resonances of eleven
paramagnetic complexes derived from the bidentate glycolate anion, HOCH,COO™,
Plots of the LIS data according to either eqs. (10) or (11) were reasonably linear,
allowing separation of the contact and pseudocontact components in terms of the F;
and G; parameters. Peters and co-workers had previously shown that the values of the
F parameter for lanthanide bound oxygen atoms were all in a rather small range of
—70411 at 73°C (Vijverberg et al. 1980). Based on the F; values obtained for the glycolate
complexes, it was proposed that three water molecules are coordinated to the lanthanide
ion in addition to three glycolate ligands, each coordinating in a bidentate fashion
by one carboxyl oxygen and the hydroxylic oxygen. An optimum fit of experimental
and calculated G values was obtained for a tricapped trigonal prismatic geometry, in
which all coordinated carboxylate oxygens are in the capping positions (6=92°) and
the OH oxygens are at one set of prism vertices (8=>52°), with the water oxygen atoms
occupying the other set of prism vertices (8= 138°) (average metal-oxygen bond distances
are 2.47 A). Peters (1988b) reported 'H, *C and 70O NMR studies of the series of
[R(oda);]*~ (oda=oxydiacetate, "OOCCH,OCH,COO") complexes. Plots of the *C
and 'H LIS data according to egs. (10) or (11) revealed a break between the lighter
(Ce-Eu) and the heavier members of the series. The plots for the lighter members of
the series were relatively linear, allowing separation of the contact and pseudocontact
components of the shifts in terms of the F; and G; values, whereas the plots for the
heavier members of the series were more irregular. The experimental and calculated
G; values were in good agreement with structures having D3 symmetry, corresponding to
the crystal structure of Nas[Ce(oda);]-2NaClO4-6H,0. The crystal structure reveals that
the lanthanide cation is nine coordinate, located in a twisted tricapped trigonal prismatic
coordination polyhedron in which the ether oxygens bond at the capping positions.
Although the complexes are isostructural in the solid state, the break in the plots of the
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LIS data, noted above, suggest that a structural change occurs in solution for heavier
members of the series. Peters proposed that a carboxylate group of one of the oda ligands
is expelled from the coordination sphere on going to the heavier lanthanides, giving
an eight-coordinate complex. Although the eight-coordinate complex should have low
symmetry, no separation of oda signals was observed in the NMR spectra, suggesting
that the ligands are rapidly reorienting on the NMR time scale. Interestingly, though,
separation of the geminal protons of the methylene group are observed for complexes of
Ho—Yb when the temperature is lowered to 6°C.

CH,CO0"

F3

‘0O0CCH,” \ / CHZCOO‘

nota Fig. 4.

Sherry et al. (1986) reported 'H and *C NMR studies of R(nota) (nota® =1,4,7-
triazacyclononane-N,N,N"/-triacetate) (fig. 4). Whereas other complexes derived from
macrocyclic ligands with acetate groups as pendant arms, such as dota (sect. 4.2.1) and
teta (sect. 4.2.4) are structurally rigid on the NMR time scale, the nota complexes are not
rigid. Thus the 'H spectra at 25°C (pH 6) revealed a single resonance for the ethylene
protons, indicating that a rapid interconversion occurs between the A and & conformers
of the ethylenediamine chelate rings, and a single 'H resonance for the acetate protons,
indicating that the carboxyl groups are fluxional in these complexes. With one exception
(R=Pr), the 3C spectra revealed single resonances for the ethylene, carboxyl and acetate
carbons at 25°C. The spectrum of Pr(nota) revealed two *C resonances for the ethylene
group, suggesting that nota forms mixed complexes with early members of the lanthanide
series, perhaps a pentadentate chelated species in equilibrium with a hexadentate chelated
species. The contact and pseudocontact components of the LIS were separated using
eq. (10). A distinct break in the plots occurs between terbium and dysprosium, indicating
a structural change that may result from a combination of changes in hydration number,
conversion to only a hexachelated complex for the smaller ions, or the ability of the
smaller ions to make a closer approach to the triazamacrocycle cavity. Based on "0 data,
Peters (1986) proposed that the number of water molecules coordinated to the complexes
changes from 3 to 2 near the middle of the series. The experimentally determined
G parameters are presented in table 5 for the Pr-Tb and Dy—Yb subgroups, together with
values calculated using the axial symmetry model (eq. 4, D, =0) (Sherry et al. 1986).
The position of the lanthanide ion relative to the center of the triangle formed by the
three nitrogen donor atoms was varied from 2.6 to 1.8 A, corresponding to R3*~N bond
distances of 3.1 and 2.4 A (table 5). For the Pr-Tb subgroup, the agreement is better
for the longer R¥~N distance, whereas for the Dy-Yb subgroup, the agreement is
better for the shorter R**-N bond distance. The ability of the R(nota) complexes
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Table 5
Calculated and observed pseudocontact shift ratios for the R(nota) complexes (Sherry et al. 1986)

Nucleus Relative G values (calculated)? Relative G values (exp.)
D=2.6A D=22A D=18A Pr-Tb Dy-Yb
Cy ~1.42 -1.39 -1.27 -2.19 ~0.51
Hyr -0.57 -0.36 ~0.11 -0.17 ~0.08
Hyrr -1.00 -1.00 ~1.00 -1.00 -1.00
H, 0.36 0.60 0.77 -0.13 0.06
(0.94) (1.24) (1.34)
Cy 0.31 0.88 1.33 0.42 0.53
Co 4.67 4.18 2.84 2.50 342
(1.25) (147) (1.49)

* Shift ratios calculated using axial symmetry model. The ratios are reported relative to Hy because this
nucleus is least sensitive to the R-N distance. G values for H, and C, are given for both gauche and eclipsed
(parentheses) rotamers of the acetate protons relative to the -CH,-N-CH,— bonds of the macrocyclic ring.

® D is the distance between the lanthanide cation and the center of a triangle formed by the three nitrogen
atoms of nota. These distances correspond to R—N bond lengths of 3.1, 2.7, and 2.4 A, respectively.

to act as aqueous shift reagents and relaxation probes is demonstrated with mixed
complexes formed with the mononucleotide adenosine 5’-monophosphate and endo-cis-
bicyclo-[2.2.1]hept-5-ene-2,3-dicarboxylic acid (Geraldes et al. 1987). The use of R(nota)
complexes as aqueous shift reagents for 2Na' nuclei is presented in sect. 6.

4. Studies of stereochemically rigid complexes

It is apparent that reliable structural information would be best obtained on those
complexes that are not only thermodynamically stable, but more importantly, also
stereochemically rigid on the NMR time scale. Furthermore, studies of stereochemically
rigid systems best provide support for theoretical models used in explaining the origin
of the LIS, as well as separation of the contact and pseudocontact components of
the LIS. Although steric hindrance is probably the most important factor in dictating
stereochemical rigidity in lanthanide complexes, it 1s now recognized that high denticity
ligands, such as the octadentate ligands dota (sect. 4.2.1) and dtpa (sect. 4.3) that are
capable of totally encapsulating the metal ion, are rigid on the NMR time scale. Other
complexes in which the lanthanide ion is totally encapsulated, such as the [2.2.1] cryptates
(Gansow et al. 1979, Gansow and Kausar 1983, 1985) and the amine cage complexes
prepared by Raymond and coworkers (Smith et al. 1988), appear to be rigid on the NMR
time scale. However, a complete analysis of the LIS data has not been carried out on
these systems. Stereochemical rigidity also can be imparted by constraints on the ligand
to bind the metal, e.g., dpa (sect. 4.4.1) or hbpz (sect. 4.4.2), or the rigid nature of
the ligand itself, e.g., texaphyrins (sect. 4.4.3) or porphyrins (sect. 4.4.4). NMR studies
representing each of these types of stereochemically rigid systems are summarized in the
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following sections. Each system is presented with sufficient detail to provide an insight
to the potential of using paramagnetic lanthanide ions as NMR probes for determining
the structure of complexes in solution and to characterize the dynamic intramolecular
reorientation of ligands that occurs in the coordination sphere.

4.1. Complexes derived from indole-edta (1) and benzyl-edta (2)

CH, —EDTA CH,—EDTA

1 2 Fig. §.

Kemple et al. (1988) reported 'H NMR studies of lanthanide complexes derived from
indole-edta (R=La, Pr, Nd, Eu, Yb) and benzyl-edta (R=La, Pr, Yb, Lu) (fig. 5) in
D,0 over the temperature range 5-60°C. Although the LIS data are limited to three
paramagnetic lanthanide ions (R =Pr, Nd, Eu), the new method introduced for analyzing
the LIS data, which uses a linear least-squares fitting of the data to expressions involving
elements of the magnetic susceptibility tensor, is an important contribution to the
field (sect. 2.2). All proton resonances were resolved in the spectra of the diamagnetic and
paramagnetic complexes derived from the lighter lanthanides (line broadening precluded
complete resolution of peaks in the case of ytterbium). No proton equivalencies were
observed, indicating that the complexes are totally asymmetric in solution and presumably
rigid on the NMR time scale (the authors note that the contribution of molecular motion to
the structural studies, which are described below, is difficult to ascertain). It is interesting
to note that the stereochemical rigidity proposed for these systems is not observed in
paramagnetic lanthanide complexes derived from edta (Elgavish and Reuben 1976, 1977,
Reuben 1976, Sherry et al. 1981). The assignment of the resonances, which are presented
in the original literature, were based on proton decoupling experiments, 2D COSY spectra,
Ty and T, measurements, and LIS analyses. The structures for the complexes were
determined by molecular mechanics calculations using the MM2 force field (see fig. 6).
Since MM2 parameters are not defined for lanthanide—donor atom bonds, crystal structure
data for the lanthanum complex derived from edta provided atomic coordinates for the
heavy atoms. The carboxylate oxygen atoms and the lanthanum ion were held fixed at the
crystallographic coordinates, while the remainder of the system, including all hydrogen
atoms, was allowed to fully relax during energy minimization. The structures reveal that
the metal ion is located approximately at the center of a nearly planar trapezoid of four
oxygen atoms (O-2, O-8, O-9 and O-15). The z-axis of the molecular coordinate system
was chosen to pass through the metal ion, perpendicular to a plane that was least-squares
fit to the four oxygen atoms. The x- and y-axes in the molecular coordinate system
were taken to be roughly bisecting the sides of the trapezoid. The coordinates of the
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Fig. 6. Structures of La-1 and La-2 from molecular mechanics calculations showing the atom numbering system
used (Kemple et al. 1988).

hydrogen atoms in the molecular axis system, obtained from the molecular mechanics
calculations, were used in the LIS analysis. Initially the LIS values were assumed to be
purely pseudocontact in origin. Analyses were carried out using the expression given in
eq. (5), with the 13 aliphatic protons, 22-29, 38, 40-43, serving as the basis. The aromatic
moieties were not included in the analyses, since these groups are subject to rotation about
the bond connecting C-39 and C-44 (see fig. 6). No assumptions were made regarding the
orientation of the molecular coordinate system and the principal magnetic axis system.
As noted in sect. 2.2, the pseudocontact shifts depend only on the traceless part ¢’ of the
susceptibility tensor x. Diagonalization of x’ gives a set of Euler angles that relates the
principal axis system of ¥’ (and y) to the arbitrarily defined molecular coordinate system.
The fits obtained for complexes derived from indole-edta, without correcting the LIS for
contact shifts, were not deemed reasonable [R= 0.143-0.158 (Pr’*), 0.348-0.349 (Nd**),
and 0.685-0.825 (Eu’")]. Introducing contact shift parameters into the fitting procedure
requires consideration of the following factors. Unless required by symmetry, each proton
in the molecule could have a different contact shift. On the other hand, no more than
eight contact shift parameters may be introduced in order that the total number of fitting
parameters (including the five susceptibility parameters) does not exceed the number of
LIS values, which is 13. Otherwise, fits of the LIS values with reduced deviations will
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Table 6
Magnetic susceptibility parameters for fits of R-1 and R-2 complexes to the LIS data (from Kemple et al. 1988)

T (°C) How® X i 0. ) .. () Oy () R
Pr-1

5 -2112 1797 0.702 942 84.2 7.2 0.026
30 -1837 1566 0.704 93.5 84.4 6.6 0.032
60 -1563 1320 0.689 92.4 34.8 5.7 0.043
Nd-1

5 —1520 1499 0.973 101.3 72.6 21.0 0.039
30 -1249 1209 0.936 100.4 73.8 19.4 0.031
60 —981 909 0.854 98.9 75.0 17.5 0.024
Eu-1

5 -2512 1431 0.139 29.3 61.1 94.8 0.052
30 -1850 1012 0.093 114 98.3 97.8 0.031
50 -1339 870 0.299 334 120.9 101.5 0.092
Pr-2

5 -2242 1962 0.750 92.9 82.5 8.0 0.031
30 -1962 1723 0.756 92.2 82.6 7.8 0.038
60 -1671 1451 0.737 91.2 83.0 7.1 0.048

% In units of ppm A%. Uncertainties in the susceptibility parameters are ~10%.

result without improving the determination of the susceptibility parameters and thus the
flexibility needed for accurate evaluation of the geometry-dependent parameters is lost. To
limit the number of contact shift parameters, the authors divided the eight acetate protons
into two groups of four, 22-25 and 26-29, the rationale being that, although both sets have
the same bonding network to the lanthanide ion, the attachment of the indolyl or benzyl
fragment at C-16 introduces asymmetry into the molecule, which might lead to differing
contact shifts for the acetate protons on the two sides of the ligand. Similar rationale was
used to assign separate contact shift parameters to the bridge protons 38, 40, and 41.
The results of the fitting procedure (table 6) are expressed in terms of the susceptibility
parameters and principal directions u, v, w of ', where u, v, and w are chosen such that
|| > 10| > 10,1 An asymmetry parameter, defined as n=(x}, — X)Xt i also
presented, together with values of 8,., 8,,, 0., the angles between the u-, v-, w-axes and
the molecular z-axis. Contact shifts obtained from the analyses are recorded in table 7.
From the data in table 6, it is clear that axial symmetry (n=0) does not hold for these
complexes in solution. Furthermore, there are deviations of the directions of each of the
principal axes of ' from the initially chosen x-, y-, and z-axes. In addition, the directions
of the principal axes are not coincident among the different complexes derived from the
same ligand and also show some variation with temperature. The asymmetry parameter,
which is equivalent to the quotient C/C’ in eq. (7) (cf. sect. 2.3), varies considerably
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Table 7
Contact shifts determined as fitting parameters from LIS analysis of R-1 and R-2 (from Kemple et al. 1988)?

T (°C) Protons 22-25  Protons 26-29 Proton 38 Proton 40 Proton 41
Pr-1

5 3.32 (1.17) 5.13 (1.96) -3.80 (1.99) —-0.75 (1.93) 3.64 (1.92)
30 337 (1.27) 3.54 (2.12) -3.65 (2.15) —1.57 (2.09) 2.65 (2.08)
60 3.37 (1.46) 2.15 (2.43) -3.14 (2.47) -2.38 (2.39) 1.88 (2.38)
Nd-1

5 5.70 (1.04) 7.31 (1.74) -9.68 (1.77) 6.42 (1.71) 7.05 (1.70)
30 5.35 (0.70) 5.44 (1.17) -7.39 (1.19) 4.27 (1.15) 5.93 (1.14)
60 4.77 (0.44) 3.71 (0.73) -5.44 (0.75) 2.20(0.72) 4.85 (0.72)
Eu-1

5 -16.54 (1.57) —-13.30 (2.63) 6.51 (2.67) —-1.74 (2.58) —-14.28 (2.57)
30 -15.17 (0.76) -10.47 (1.27) 7.76 (1.29) -0.49 (1.25) —-12.83 (1.25)
60 —14.08 (1.95) -8.10 (3.26) 8.50 (3.31) 0.80 (3.21) —11.48 (3.19)
Pr-2

5 3.19 (1.49) 6.65 (2.38) -2.42 (2.43) 1.45 (2.39) 5.58 (2.36)
30 3.23 (1.58) 4.94 (2.53) -2.31 (2.58) 0.48 (2.54) 4.40 (2.50)
60 3.23 (1.74) 3.24 (2.78) —1.97 (2.83) -=0.67 (2.79) 3.27 (2.75)

 Standard errors in the parameters based on the fits are given in parentheses.

among the three ions examined. Since the susceptibility tensor of a paramagnetic ion
is dependent on the energy levels and states of the particular ion of the complex, the
observation that the principal values and directions of x' bear no particular relation from
one ion to the next, even in an isostructural series of complexes, may be due to changes
in the crystal field parameters. Although the author’s rationale used to assign contact
shift parameters to groups of protons is reasonable, the resulting improvement in the
agreement factor does not necessarily reflect better definition of the susceptibility tensor or
geometrical parameters. The conclusion that the principal values and directions of ' have
no relation from one complex to another would be better supported if the contact shifts
had been determined by an independent method. The authors applied Reilley’s separation
procedure (eq. 10), but had data for only three complexes, one of which is the europium
complex, for which the (S;) value is not well-defined (see sect. 2.1). The resulting
contact shifts did not agree with the values obtained as fitting parameters. However, the
latter are meaningful only if the susceptibility tensor is well-defined. Uncertainties in
the geometric factors, which were determined by molecular mechanics calculations, or
uncertainties introduced due to reorientation of the ligand in the coordination sphere,
lead to uncertainties in the components of the susceptibility tensor.
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4.2. Complexes derived from macrocyclic ligands with pendant arms

The commercial development of Gd(dota)™ as a magnetic resonance imaging relaxation
agent, as well as the demonstrated ability of lanthanide complexes to catalytically
cleave RNA, have stimulated research into the synthesis of complexes derived from
macrocyclic ligands with pendant arms. NMR studies have been carried out on many
of the paramagnetic complexes derived from this class of ligands, which are reviewed in
the following sections.

4.2.1. R(dota)~ complexes’
"00CH,C_ /—\ ,CH,CO0-
[N N]
IN N\
"00CH,C¢” \—/ "CH,C00-
dota Fig. 7.

The crystal structure of [Eu(dota)H,O]  revealed that the europium ion is nine
coordinate, encapsulated by the octadentate dota ligand, which binds through the four
nitrogen atoms and four carboxyl oxygen atoms (fig. 7) (Spirlet et al. 1984a). The
coordination polyhedron is described as a distorted capped square antiprism, with the
water molecule forming the cap. The 'H spectra of the R(dota)- (R=Pr, Eu, Yb)
complexes in aqueous solution at 0°C revealed six equally intense resonances, four of
which are assigned to the ethylenic groups and two to the acetate groups (Desreux
1980). These observations indicate that, in solution, the complex has a C4 symmetry
axis, which is consistent with the solid state structure, and that the interconversion
between the A and 0 forms (fig. 8) of the ethylenediamine chelate rings is slow on
the NMR time scale. As the temperature is increased, interconversion of the A and

H H,
Hy N N Hy
R = ¢
/ \
H, N N H,
Hy H,
A 0 Fig. 8.

? dota* =1,4,7,10-tetraazacyclododecane-N, N, N". N -tetraacetate.
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& conformers exchanges the axial proton H; with the equatorial proton H; and the
axial proton Hs with the equatorial proton Hj, leading to two signals in the fast
exchange limit. At the same time, the two acetate protons become equivalent and
appear as a singlet. Two '3C resonances are observed for the ethylenic groups in
the slow exchange limit, which coalesce on increasing the temperature. The following
kinetic parameters at 300 K were obtained by line-shape analysis of the coalescence of
the '*C resonances in the diamagnetic lanthanum complex: AG* =60.741.2 kI mol™';
AH*=59.440.8kImol™!; AS*=—-4.64+3.3JK " mol™; E,=61.9+1.2kImol™!. Using the
geometric factors calculated from the solid state structure of the europium complex, the
LIS values (not corrected for contact shifts) of the ytterbium complex were fit to the first
term of eq. (4) (Brittain and Desreux 1984). The value of the agreement factor (R=0.036)
indicates that the solid state structure is a good approximation for the structure observed
in solution. In the analysis, the value of D, was determined as 50824209 ppm A%. Aime
et al. (1992a) obtained an agreement factor of R=0.009, with D; =5300424 ppm A3, in
their analysis of the LIS 'H data for the ytterbium complex, in which they allowed the
internal coordinates of the ligand to change within a relatively narrow range around the
average values obtained from the crystal structure of the europium complex. In another
study, Aime et al. (1992b) assumed relaxation occurred via the Curie mechanism (cf.
sect. 2.4) and used longitudinal and transverse relaxation times of the 'H resonances of
the terbium, dysprosium, and holmium complexes, together with rotational correlation
times 7., to determine proton—R** distances in the complexes. The values are in accord
with those obtained for the crystal structure of the europium complex. Low-temperature
limiting 'H and '*C NMR spectra of 12 R(dota)” complexes (R=La, Pr, Nd, Sm, Eu,
Tb, Dy, Ho, Er, Tm, Yb, Lu) revealed the presence in aqueous solution of a small
concentration of a second isomer (Aime et al. 1992a), which supported the observations
of Brittain and Desreux (1984). 2D EXSY spectra of the ytterbium system, recorded at
25°C (1, =5ms), revealed three cross peaks for each signal, one cross peak showing
correlation between two protons in a given isomer, e.g., H; with Hs (fig. 8), and two
cross peaks showing correlation to the corresponding protons in the other isomer. At 0°C,
the 2D EXSY spectrum revealed only those cross peaks correlating the acetate protons
of the two isomers. Based on these observations, Aime and coworkers concluded that
two isomerization processes were involved, one involving a concerted interconversion
of all the ethylenediamine rings of the macrocycle, which was slower on the NMR
time scale, and a more rapid process involving a concerted motion of the acetate arms,
which changes the rotation of the pendant arms from clockwise to counterclockwise (or
vice versa) around the C, symmetry axis. These workers also reported analysis of the
LIS data obtained for the minor isomer of the ytterbium complex, supposedly locating
the protons of the acetate groups. However, as noted by Jacques and Desreux (1994),
the values of the shifts calculated for the acetate protons of the minor isomer cannot
be reproduced using the geometric factors and the D, values reported by Aime and
coworkers. In their paper, Jacques and Desreux (1994) reported on the kinetics of
exchange within and between the two isomeric forms of the ytterbium complex, which
were measured using 2D EXSY spectroscopy. Although the EXSY spectrum (fig. 9) at
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Fig. 9. EXSY spectrum of Yb(dota)™ at 303 K (Jacques and Desreux 1994). The assignments are from Brittain
and Desreux (1984).

303K is similar to that reported by Aime and coworkers, the kinetics measurements
suggest that no distinction can be made between the dynamic behavior of the macrocyclic
ring and acetate arms. Furthermore, these authors proposed that both isomers exist as a
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Fig. 10. Schematic presentation of the conformational processes in the Yb(dota)~ chelate, The symbols M and
m designate the major and the minor isomers, respectively. The metal ions are left off for clarity (Jacques and
Desreux 1994). The atom labeling is taken from Brittain and Desreux (1984).

pair enantiomers, and that exchange can occur between either mirror images or major
and minor isomers (fig. 10). The activation energy for the major to minor exchange
is higher than that for the minor to major exchange (AG*=65.6 vs 61.4kImol™),
presumably because of the greater steric crowding in the minor isomer. However, no
detailed geometrical analysis of the LIS data for the minor isomers was reported.

4.2.2. R(dotp)> complexes’

Geraldes et al. (1992) recorded 'H, *C, and *'P LIS spectra for eleven paramagnetic
R(dotp)*™ complexes (fig. 11) in aqueous solution at 298 K. The high structural rigidity
of these complexes is evidenced by an activation energy for ethylenediamine chelate
ring interconversions of approximately 100kJmol™!, which is considerably higher than
the value of 61.9kImol™" reported for the analogous R(dota)~ complexes (sect. 4.2.1).
The contact and pseudocontact contributions to the LIS values were separated by the
Reilley procedure using eqs. (10) or (11). F; values are in the ranges of 0.56 to —1.17
for protons and —1.95 to ~3.68 for '*C, while the value for >'P is —4.63. Geometric
factors for each nucleus were determined from molecular mechanics calculations using
the MMX force field. Since lanthanide parameters for empirical force fields remain

?* dotp~=1,4,7,10-tetraazacyclododecane-N, N, N, N”’ -tetra-(methylene phosphonate).
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undetermined, the R-N and R—O bond distances of 2.70 and 2.35 A used in the molecular
mechanics calculations were based on the crystal structure of the analogous Eu(dota)~
complex. A comparison of calculated and experimental LIS values, given in the original
literature, showed good agreement.

The host-guest complex formed in aqueous solution between y-cyclodextrin (y-CD)
and Tm(dotp)>~ was examined by 'H NMR (Sherry et al. 1994). The y-cyclodextrin
molecule is a cyclic oligosaccharide consisting of eight D-glucose units. The molecules
are pail-shaped with the two secondary hydroxyl groups (2- and 3-positions) on each
glucose ring situated at the mouth of the wider opening and the one primary hydroxyl
group (6-position) on each ring situated at the mouth of the narrower opening. When
Tm(dotp)®~ was titrated into a D,O solution of y-CD, the proton resonances of the host
were shifted. The magnitude of the shift was sensitive to the amount of Tm(dotp)>
added, indicating that free and bound y-CD were in rapid exchange on the NMR time
scale. The LIS ratio for each y-CD proton relative to a reference proton (H,) was used
to determine the best position of the Tm(dotp)®~ complex relative to the host. A best
fit (R=0.054) was obtained when the complex was situated above the wider opening
along the Cy symmetry axis of the cyclodextrin, with the hydrophobic ethylenediamine
protons of the complex nestled inside the y-CD basket. After locating the position of
the complex, geometric factors for each proton of y-CD in the host—-guest complex were
determined using the published crystal structure data. Multiplying the geometric factors
by Dy (D =17 854 ppm A?) gives the fully bound LIS value for each proton in y-CD (H,,
LIS in ppm): H; (=7.48), Hy (-16.32), H3 (—43.65), Hy (-6.55), Hs (29.10), Hg (22.10),
He (11.09).

4.2.3. Complexes with 1,4,7,10-tetrakis(N,N-diethylacetamido)-1,4,7,10-
tetraazacyclododecane

Recently we reported 'H and '*C NMR studies of the diamagnetic and paramagnetic
lanthanide complexes derived from 1,4,7,10-tetrakis(V,N-diethylacetamido)-1,4,7,10-
tetraazacyclododecane (fig. 12; referred to as 3 below) in deuterated acetonitrile (Forsberg
et al. 1995). The complexes demonstrate dynamic behavior that is similar to the
analogous dota complexes, with slow interconversion between the two enantiomeric
conformers of each ethylenediamine chelate ring of the macrocycle (cf. sect. 4.2.1).
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(Et)zNC(O)CHz\N /—\N,CHZC(O)N(E‘:)Z
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(Et),NC(O)CH” N— CH, C(O)N(EY),

3 Fig. 12.

The '3C spectrum confirms the structurally rigid nature of the lanthanum complex at
room temperature: ¢ (ppm) C;, 50.3; C,, 55.2; C;, 58.3; C4, 173.4; Cs, 43.3; Cg, 44.1;
Cy, 14.4; Cg, 13.4 (see fig. 13 for atom assignments). As the temperature is increased, the
two resonances assigned to the macrocyclic ring carbon atoms coalesce. Complete line-
shape analysis yielded the activation parameters: AG*, 58.8 kI mol™'; AH?, 52.1kJ mol!;
AS*, -22.5JK mol™!; k=300s7" at 298 K). Comparison of these data with that obtained
for [Ladota]” (AG?, 60.7kJ mol™! at 300 K) reveals that increasing the steric bulk of the
pendant arms has little effect on the dynamics of interconversion between the A and &
conformers of the chelate rings.

The 'H NMR spectrum of solutions of each paramagnetic 1:1 chelate (R =Pr, Nd, Sm,
Eu, Tb, Dy, Ho, Er, Tm, Yb) in deuterated acetonitrile revealed 12 peaks, consistent with
a sterically rigid, eight-coordinate complex having a C, symmetry axis, suggesting that
the donor atoms are located at the vertices of a square antiprism. Interestingly, each of the
methylene protons (H7, Hs, Ho, Hjo) of the ethyl groups are also nonequivalent, indicating
that sufficient steric hindrance exists between the pendant arms to restrict free rotation
about the N-C(5) and N—C(6) bonds. The LIS values for the ten protons are given in
table 8. 2D COSY spectra (R=Pr, Nd, Sm, Eu, Yb) revealed cross peaks for each pair of
geminal protons and, in addition, the methylene protons of the ethyl group also revealed
cross peaks to the methyl protons, which allow H;, Hg, Hy, and Hj, to be distinguished
from the other, equally intense, proton resonances. Cross peaks were not observed in the
COSY spectra of complexes derived from the other lanthanide ions (Tb3*~Tm?") due to
effective transverse relaxation. The 1*C spectra (R =Pr, Nd, Sm, Eu) revealed eight peaks,
consistent with complexes having C; symmetry.

Following the procedure of Kemple et al. (1988) (cf. sect. 2.2), we have written a
program SHIFT ANALYSIS, which takes advantage of the graphical interface of the
Macintosh computers, to analyze the LIS data. As is often the case in the spectra
of paramagnetic complexes, several, equally intense, featureless peaks were observed,
precluding an unequivocal assignment. By using a linear least-squares fitting of the data,
we showed it is possible to allow the program to permute LIS values over any number
of selected nuclei using a suboptimal procedure (described in the original literature) that
we termed the JOLT method, thereby determining which particular assignment of peaks
gives the best fit to the LIS data. In order to achieve a correct assignment of peaks
using the JOLT method, the contact shifts must be small and a reasonable geometrical
model must be chosen for the complex. Thus the LIS analysis was initiated with the



PARAMAGNETIC LANTHANIDE COMPLEXES AND SHIFT REAGENTS 31

Fig. 13. Structure of R(3)** complexes from molecular mechanics calculations showing numbering scheme
for carbon and hydrogen atoms. The symmetry related hydrogen atoms are not shown for clarity (Forsberg
et al. 1995).

ytterbium complex, since ytterbium has the largest ratio of pseudocontact to contact
shifts. Cartesian coordinates for each of the protons were determined using molecular
mechanics calculations based on Allinger’s MM2 force field, which had been augmented
to include parameters for the ytterbium ion. However, since the coordination numbers and
geometries of lanthanide complexes are dictated by the steric requirements of the ligands,
it is unlikely that a set of parameters involving lanthanide ions will provide reliable
minimizations for all complexes. Thus, for a first approximation, the atomic positional
coordinates reported for the structure of Na[Eu(dota)H,0)]-4H,O (Spirlet et al. 1984a)
were used to locate the donor atoms at the vertices of a distorted square antiprism (see
fig. 13). The donor atoms were kept locked in position during energy minimization, while
the rest of the ligand molecule was allowed to relax. The resulting coordinates for H;—H,
were entered into the SHIFT ANALYSIS program and the LIS analysis was carried out
using the JOLT method to assign the LIS values to the 40 hydrogen atoms of the ligand.
Criteria for a correct assignment are that the symmetry-related protons are assigned
the same LIS value, that the LIS values for geminal protons are consistent with the
2D COSY spectrum, and that the assignments are consistent with the longitudinal (771)
and transverse (7;') relaxation rates, which reveal an ¢ dependency on the proton—
metal distance. Since the calculations were carried out using the full expression given in
eq. (5) (five parameter fit), the results prove that the complex is axially symmetric, e.g., for
the ytterbium complex, xx, =0.10, x,:=0.07, xy. =—0.07, Xx =Xy =—1969 VVk mol~!,
(Xzz—Trx)=3269 VVkmol'. Furthermore, diagonalization of the tensor provided a set
of Euler angles that relate the principal magnetic axis system to the molecular coordinate
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system; 8=0.001° (tilt of C4 symmetry axis from the principal magnetic z-axis), and
¢=45° y=-T2° (the combined values of ¢ and y indicate that the principal magnetic x-
and y-axes are rotated —27° from the molecular x- and y-axes (the molecular x- and y-axes
were chosen to coincide with the projection of the R-N bonds in a plane containing the
R3* jon, which is perpendicular to the C, symmetry axis). The assignments of H;—Hj,
in the spectra of the other complexes can be based on the observation that most spectra
reveal the same pattern of peaks as observed in the spectrum of the ytterbium complex.
However, it is interesting to note that, with the exception of the neodymium and europium
complexes, which have the largest contact to pseudocontact shift ratios, the JOLT method
also gave a consistent set of assignments for each of the complexes without correcting the
LIS values for a contact shift. In order to refine the molecular geometry, the contact shifts
must be separated from the LIS values. The contact shifts were determined by a linear
least-squares analysis of the data according to egs. (13)—(16) (cf. sect. 2.3) and the results
are given in table 8. Molecular mechanics calculations were then carried out using a range
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Table 9
Lanthanide—donor atom bond distances and bond angles (from Forsberg et al. 1995)

R R-N R-O N-R-N O-R-0 R-N (plane)  R-O (plane) R®
(A) 4) ©) © N (4)
Pr 2.82 2.47 102 153 1.74 0.63 0.033
Nd 2.82 2.47 102 153 1.74 0.63 0.078
Sm 2.78 2.41 103 150 1.73 0.64 0.026
Eu 2.74 2.30 104 147 1.69 0.68 0.053
Tb 2.64 2.30 109 145 1.54 0.70 0.030
Dy 2.60 2.28 110 142 1.49 0.75 0.035
Ho 2.62 2.30 109 143 1.46 0.78 0.050
Er 2.64 2.33 109 145 1.46 0.79 0.027
Tm 2.54 2.26 112 137 1.41 0.83 0.042
Yb 2.56 2.21 111 138 1.45 0.79 0.034

* Agreement factor using H,—Hg.

of metal-donor atom bond distances. After each minimization, the resulting coordinates
of Hi~Hg (H;—H;¢ were used to refine the position of the pendant arms) were entered into
the SHIFT ANALYSIS program and the goodness of fit of the calculated and observed
LIS values, as measured by R?, was determined. Plots of R*> vs. R-N and R-O bond
distances reveal minima corresponding to the bond distances that best fit the LIS data
(fig. 14). A summary of the metal-donor atom bond distances for each of the complexes
and the corresponding values of R obtained by this procedure are given in table 9.
Although not monotonic, a general decrease in M~L donor bond distance is noted across
the lanthanide series. Furthermore, the decrease corresponds roughly to that expected
for the decrease in ionic radius across the series for eight-coordinate lanthanide ions:
N&@*-N=2.82A, Yb**-N=2.56 A (9.2% decrease), Nd**~0=2.47 A, Yb>*-0=221A
(10.5% decrease) versus an 11.2% decrease in ionic radius. With decreasing radius, the
metal ion sinks further into the cavity of the macrocyclic ring, allowing the pendant
arms to further encapsulate the ion. The result is a decrease in the distance of the metal
ion to the mean plane of the nitrogen atoms, with a concomitant increase in the N—
R-N bond angles, while the distance to the mean plane of the oxygen atoms increases
producing smaller O-R—O angles (table 9). Since the donor atoms were locked in place
during minimization, it was also necessary to vary the R-N-C(3)-C(4) dihedral angle,
which effects rotation of the square pyramid containing the oxygen atoms relative to the
square pyramid containing the nitrogen atoms about their common vertex (the R** ion).
In the optimal structures, this angle is 32+1° for each complex, producing a rotational
angle of 47° (versus 45° in the square antiprism). Note that on refining the molecular
structure, good agreement is observed between both the sets of G? values (table 10) and
AJQ= Kzz— %Tr x values (table 11) obtained by the two independent methods of analysis,
i.e., least-squares analysis of the data using egs. (13)—(16) and those obtained from the
SHIFT ANALYSIS program. The self-consistency of the results provides support for
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Table 10
Geometric factors for complexes derived from 3 obtained by two methods of analysis (from Forsberg et al.
19953)
Method G,(H,) (10° A%

i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 i=9 =10

Pr-Eu
Linear least squares®® 279 590 879 434 778 -19.1 -580 -3.52 126 -0.72
SHIFT ANALYSIS® 279 616 -9.50 510 ~6.62 -16.6 520 -3.76 -0.67 -230

Tb-Yb
Linear least squares®* 311 501 -123 348 -103 -214 -630 -328 210 0.53
SHIFT ANALYSIS¢ 31.1 483 -136 380 -108 -224 -540 -3.50 .50 0.15

4 Obtained using the method of linear least squares analysis (eqs. 13—-16) of the LIS data normalized to the
geometric factor for H,.

® Normalized to the anisotropy parameter for the praseodymium complex.

¢ Normalized to the anisotropy parameter for the ytterbium complex.

4 Obtained using the SHIFT ANALYSIS program.,

Table 1]
Values of .. — +Tr x (from Forsberg et al. 1995)*

Method Xz — +Try (VVk/mol)?
Pr Nd Sm Eu Tb Dy Ho Er Tm Yb

SHIFT®  -1690  -729 —141 684  —15100 -16200 -7790 9960 25800 3250
LLS® -1690 730 -143 703 -14300 -15600 -7400 9370 25700 3250

* Values normalized to the geometric factor of H, and the x.. — %Tr x values of Pr (R=Pr, Nd, Sm, Eu) or Yb
(R=Tb, Dy, Ho, Er, Tm, Yb).

® Using the SHIFT ANALYSIS program.

¢ Linear least squares analysis of the data set using eqs. (13)—(16).

the efficacy of the new method introduced for computing contact shifts. In principle,
3C LIS values can be included with 'H data when computing the contact shifts using
eqs. (13)—(16). However, the fit of the LIS data was slightly poorer when '*C data were
included in the computation of the contact shifts for the larger metal ions ('*C data could
not be obtained for the smaller ions due to line broadening). Thus the contact shifts for 1*C
were determined as fitting parameters by incorporating the '*C LIS values in the SHIFT
ANALYSIS program with the proton data for H;~H;p. Any nucleus assigned a contact
shift as a fitting parameter produced an exact fit between the observed and calculated
LIS values, which means that the resulting contact shifts are meaningful only if the
elements of the susceptibility tensor are well-defined. Plots of the 1*C contact shifts versus
(S are linear (cf. eq. 3), suggesting that the values obtained in this manner (table 12)
are reliable.



PARAMAGNETIC LANTHANIDE COMPLEXES AND SHIFT REAGENTS 37

Table 12
LIS values and contact shifts (ppm) for selected *C nuclei of complexes derived from 3 (from Forsberg et al.
1995)
C Pr Nd Sm Eu
LIS® 8, Lis® 8. LIS® 8. LIS® 8,

C() -51.6 -15.2 -38.8 —-18.5 —1.58 +1.07 +50.5 +27.2
C(2) =273 -15.5 ~26.5 -19.9 +0.40 +1.26 +36.4 +29.3
Cc(3) +17.8 -17.6 -5.6 —253 +3.58 +0.91 +19.8 +45.2
C4) +19.7 -34.0 -8.6 -38.5 +6.15 +2.11 +10.2 +53.1

? Referenced to the lanthanum complex.

Each complex has two independent structural features that are sources of chirality
for the complexes. The pendant arms may be oriented around the C4 symmetry axis of
the complex in a propeller-like manner in either a clockwise (A) or counterclockwise
(B) direction (fig. 15). Secondly, as noted above, each ethylenediamine ring of the
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macrocycle can adopt two different conformations (A or &) when coordinated to the
metal ion. The observation of only 12 peaks in the spectrum of each paramagnetic
complex suggests that all the ethylenediamine rings in a particular ligand molecule adopt
either the A or & conformation, and that for a given conformation of the macrocycle,
the pendant arms are rotated in only one direction, i.e. the complex exists as a single
pair of enantiomers in solution. If the ethylenediamine rings were to adopt both A and
0 conformations within a single ligand molecule, then diastereomers would be observed,
giving rise to a set of 12 additional peaks in the spectrum for each diastereomer. Likewise,
diastereomers would be observed if the pendant arms were to rotate in either a clockwise
or counterclockwise manner about the C4 axis for a fixed conformation of the macrocyclic
ring. Three dihedral angles are required to define the position of the two sets of methylene
hydrogen atoms (Hs—Hjo) of the ethyl groups on the pendant arms: 4=C(5)NC(4)C(3),
B=C(7)C(6)NC(4) and C=C(8)C(5)NC(4). The results reported in table 8 were obtained
using a clockwise rotation of the pendant arms (A conformation for each of the
ethylenediamine rings in the macrocycle) with A=-141°, B=74°, C =95° for R=Pr, Nd,
Sm, Eu, and 4 =-147°, B=79°, C=62° for R=Tb, Dy, Ho, Er, Tm, Yb. Analysis of the
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LIS data was also carried out with the pendant arms rotated counterclockwise about the
C, axis, keeping the ethylenediamine rings in the A conformation. Although the R—N and
R-O bond distances in the optimized structures were the same as those obtained in the
corresponding complexes with clockwise rotation of the arms, the value of the rotational
angle between the two square pyramids was determined to be 28° vs. 47° with clockwise
rotation of the arms. The results of the analysis for the ytterbium complex are presented
in table 8. Although a comparison of the R values for the ytterbium complex (0.10 for
counterclockwise rotation vs. 0.047 for clockwise rotation) suggests that the clockwise
rotation of the arms provides the better fit of the data, it is important to determine at
what confidence level the two models are being distinguished based on their respective
agreement factors. Richardson et al. (1979) reported a statistical method, which is based
on the jack-knife test, that establishes whether two structural models are significantly
different based on R values. Applying Richardson’s procedure to our data for the ytterbium
complex revealed that a model with counterclockwise rotation of the pendant arms can
be rejected at the 93% confidence level relative to a model with clockwise rotation of the
arms. Similar results were obtained for the other complexes. It should also be noted that
the larger value of R obtained for the counterclockwise rotation of the pendant arms is due
primarily to disagreement between the observed and calculated LIS values for H;—Hjg,
i.e., the methylene protons of the pendant arms.

Our results are also consistent with those of Morrow et al. (1993), who also reported
only a single pair of enantiomers in the NMR spectrum of the lanthanum complex derived
from dota analogues with —~CH,CH,C(O)NH; pendant arms. The crystal structure of this
complex revealed that the pendant arms are rotated clockwise about the C4 symmetry axis
when each ethylenediamine ring of the macrocycle is in the A conformation. In another
study, using dota analogues with 2-hydroxypropyl groups as pendant arms, Morrow and
coworkers observed that the europium complex crystallized with two diastercomers in
the unit cell, differing in rotation of the pendant arms (Chin et al. 1994). Interestingly,
NMR studies of these complexes in ds-methanol revealed the presence of only one
diastereomer (single pair of enantiomers) in solution. It was proposed that the isomer with
clockwise rotation of the pendant arms was favored based on steric considerations. This
conclusion is consistent with our results for complexes derived from 3. It is interesting
to note that NMR studies revealed the existence of two isomers for [R(dota)]™, differing
in totation of the pendant arms (cf. sect. 4.2.1). Based both on our observations and
those reported by others, it is apparent that the steric requirements of the pendant
arms in dota analogues dictate the stereochemistry observed in this class of lanthanide
complexes.

42.4. R(teta)~ complexes®

The 'H spectra of R(teta)” (R=Eu, Yb) (fig. 16) in aqueous solution at 3°C revealed
14 equally intense resonances, indicating that the complexes are structurally rigid
in solution at this temperature and that the complexes adopt a structure having a

4 teta* =1,4,8,11-tetraazacyclotetradecane-N, V)N, N -tetraacetate.
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C, symmetry axis (Desreux and Loncin 1986). The NMR data are consistent with the
solid state structure of the terbium complex (Spirlet et al. 1984b), which showed that the
terbium ion was encapsulated by an octadentate teta ligand, with four nitrogen and four
oxygen atoms coordinating to the metal ion at the vertices of a dodecahedron (fig. 17).
As depicted in fig. 17, two nitrogen and two oxygen atoms are higher than the mean
Ny and Oy planes, while the other two nitrogen and two oxygen atoms are lower than
the mean planes. Each acetate arm of teta links nitrogen and oxygen atoms belonging
to a low or to a high group of atoms. The LIS data obtained for the ytterbium complex
were analyzed using the complete expression given in eq. (4). In their analysis, Desreux
and Loncin assumed the principal magnetic z-axis was collinear with the C, symmetry
axis, but the position of the principal magnetic x- and y-axes were allowed to vary in the
fitting procedure. Geometric factors were computed from the crystallographic data for
each modification of the position of the x- and y-axes, then a least-squares analysis was
carried out using D; and D, as fitting parameters to determine the best-fit between the
calculated and observed shifts. An agreement factor of R=0.089, with D;=3237+£520
and D, =-2526+73 ppm A3, was obtained when the x (or y) axis makes an angle of
9+0.5° with the line joining the two central methylene groups of the propylenic chains.
The value of the agreement factor suggests that the solution structure of the ytterbium
complex is closely approximated by the solid state structure of the terbium complex. Due
to a larger contact component in the LIS, the ordering of peaks in the spectrum of the
europium complex is not the same as that observed in the ytterbium complex. As the
temperature is increased to 98°C, coalescence of the proton resonances was observed,
which was attributed to an intramolecular exchange process in which a group of atoms
labeled high in fig. 17 is moved down, while the opposite translation is performed with
the low group of atoms. The result is a new dodecahedral configuration that is identical
with the original geometry, but has been rotated by 90° along the C, axis of symmetry.
In this process, the geometric factors of all protons are modified, except those of the
central methylene group of the propylenic chains. For the latter, the polar coordinates
are identical in absolute value in the two conformations and as a result, these two peaks
remain well-resolved under all experimental conditions. Whereas the dynamic behavior
of the dota complexes (sect. 4.2.1) was attributed to interconversion of the ethylenic
moieties of the macrocyclic ring without substantial motion of the ligating atoms, the
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Fig. 17. Schematic presentation of the dodeca-
hedral structure of the Tb(teta)” complex in
the solid state. The coordination sphere of the
Tb* ion is divided into two groups of atoms
that are distinguished by connecting them with
solid and dash-dotted lines for the “high” and
| “low” groups, respectively (Desreux and Loncin
1986).

I-I-ITI_I-I-

donor groups in the coordination sphere of the teta complexes are exchanging between
two different locations, thus leading to complete rearrangement of the complex. Line-
shape analysis of 1*C data obtained for the diamagnetic lutetium complex yielded the
following kinetic parameters: AG* =63.747.5 kI mol™ (25°C), AH*=71.7£5.3kI mol !,
ASF=274+8TK 'mol™!, E,=74.445.0kImol !, Whereas the limiting slow-exchange
spectra of the europium and ytterbium teta complexes are similar, the spectrum of the
Pr(teta)” complex revealed that the complex is totally asymmetric at the low temperature
limit.

4.3. Complexes with diethylenetriamine-N,N,N'N'N"'-pentaacetate (dipa’~) and amide
derivatives of dtpa®

The commercial development of [Gd(dtpa)H,0]*" as a magnetic resonance imaging
agent has prompted NMR studies of lanthanide complexes derived from dtpa (fig. 18)
and its amide derivatives. Jenkins and Lauffer (1988a,b) were the first to report on
the 'H NMR studies of the paramagnetic R(dtpa)’>~ complexes. Their studies revealed
that all 18 proton resonances of the ligand were resolved at 5°C in spectra obtained in
aqueous media, indicating that the complexes are structurally rigid at this temperature on
the NMR time scale. On increasing the temperature to 95°C, rapid exchange produces
nine resonances, indicating that exchange is occurring between two conformational
isomers. 2D EXSY spectra were recorded for the R(dtpa)*” (R=Pr, Eu, Yb) complexes
in D,O at 25°C (a representative spectrum of the praseodymium complex is shown in
fig. 19). The cross peaks connecting all exchange pairs were resolved in these spectra.
From the simple coalescence behavior (18 peaks to 9) observed in the spectrum of
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each complex, it was proposed that exchange is occurring between two enantiomers
as shown in fig. 20. The crystal structure of the neodymium complex (Stezowski and
Hoard 1984) showed that the coordination polyhedron may be viewed as a monocapped
square antiprism, with three nitrogen and one oxygen from a terminal acetate forming
the bottom square face and the four remaining acetate oxygen atoms forming the top
face; a water molecule occupies the ninth coordination site in the capping position.
The exchange process involves the shuffling of coordinated acetates as shown in
fig. 20. In addition, the ethylene groups of the backbone flip between staggered
conformations. Exchange rates between enantiomers were calculated using the expression
kex = 8v/2Y2, where 8v is the frequency separation (in Hz) between the two exchange
partners at the coalescence temperature. In addition, exchange rates were determined
for the praseodymium complex from the EXSY spectra. The values of AG* (kJ mol™"),
AHY (kJmol™) and AS* (J K" mol™) for the conformational interchange at 298 K are:
56.5+£3.6, 35.242.0, —71.44+5.8 for Pr; 55.44+4.6, 38.5+2.4, —56.8+7.0 for Eu; and
49.4£10.0,37.0£5.0, -41.7£16.2 for Yb. The similarities in activation enthalpies suggest
that the same mechanism for conformational interconversion is operative in all three
complexes. The authors noted that the rate of conformational interconversions of the dtpa
complexes are only an order of magnitude larger than the dynamic processes observed
in the dota chelates (sect. 4.2.1), even though the dota chelates require a concerted
conformational interconversion of four ethylenediamine-type chelate rings, as opposed
to only two such rings in the dtpa chelates. They further proposed that structural rigidity
will likely be observed on the NMR time scale for lanthanide complexes derived from
highly multidentate ligands, where the ligand is capable of realizing its full denticity.
No cross peaks were observed in the COSY spectrum of the Pr(dtpa)*~ complex
under conditions of slow exchange (<25°C at 500 MHz). However, the COSY spectrum
recorded at 90°C and 250 MHz, under conditions of fast exchange, revealed cross peaks
between some of the geminal partners. Although higher temperatures and lower field
strength reduce the problems due to Curie relaxation (sect. 2.4), broadening (relaxation)
due to chemical exchange still exists at 90°C between some of the exchange pairs,



42 JH. FORSBERG

A

ov-
T
———

(wdd) 'm
?

#

ot
T

Fig. 19. The EXSY spectrum of 0.3 M Pr(dtpa)*~ at 500 MHz and 25°C. Mixing time was 15ms (Jenkins and
Lauffer 1988a).
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Fig. 20. Schematic for the conformational rearrangement taking place in R(dtpa)*~ showing movement of
coordinated acetates (Jenkins and Lauffer 1988b).

precluding observation of cross peaks between all geminal pairs. The COSY spectra
indicate that at lower temperatures, transverse relaxation occurs predominantly through
the Curie mechanism, whereas at higher temperatures, transverse relaxation is dictated
by the rate of chemical exchange. This conclusion is based on the observation that cross
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peaks were not detected at lower temperatures, and by the fact that, although Yb** has
a Ues greater than that of Pr3* by a factor of 1.3 (thus its Curie contribution should be
a factor of (1.3)* or 2.86 greater), the COSY spectrum of Yb(dtpa)®>~ has as many cross
peaks as the spectrum of Pr(dtpa)>~ at a similar temperature. Analyses of the LIS data for
the praseodymium and ytterbium complexes were carried out using the full expression
given in eq. (4), with no corrections for contact shifts. Geometric factors were determined
from proton coordinates reported for the crystal structure of Nd(dtpa)?~. In the case of the
praseodymium complex, an agreement factor R =0.16 was obtained, with the best fit axes
corresponding to the metal ion—water vector making an angle of 16.0° with the z-axis and
the projection of that vector making an angle of 10.0° with the x-axis (i.e. #=16.0° and
¢=10.0° for the vector); D; =—1250L£125 ppm A3 and D, =-1250+300ppm A>. For the
ytterbium complex, R=0.094, with 0=19.6° and ¢=>57.2°; D; =3880+99 ppm A> and
D,=33974+307 ppm A3. The authors noted that the source of discrepancy between the
observed and calculated shifts in the case of the Pr(dtpa)®>~ complex is probably due to
contact shift contributions. Since Pr** is closer in size to Nd** (the metal ion used in
the crystal structure determination) than Yb*', it is not likely that these differences arise
from discrepancies between the crystal structure of Nd(dtpa)*~ and the solution structure
of Pr(dtpa)’~, since Yb(dtpa)*~ gave a good fit. This line of reasoning is consistent with
the fact that Yb** produces the smallest contact contribution to the observed LIS.
Peters (1988c) reported on '>C NMR studies of the R(dtpa)*~ complexes in aqueous
media. At 21°C, the *C resonances observed in the spectra of the paramagnetic chelates
are broad and featureless. Increasing the temperature to 73°C resulted in three carboxylate
resonances, with an integral ratio of 2:2:1, and five methylene signals, with an integral
ratio of 2:2:2:2:1, in the spectra of the complexes derived from the lighter metals (R =Ce,
Pr, Nd, Sm, Eu), whereas the spectra of complexes derived from the heavier metals
(R=Tb-Yb) were still rather broad, precluding unambiguous assignments. The number
of 13C signals (8) observed in the fast exchange limit is consistent with the number
of 'H signals observed (9), suggesting that the ligand remains bound in an octadentate
fashion under conditions of fast intramolecular reorientation. Using the iterative procedure
described in sect. 2.3, which is based on Reilley’s separation method (see eq. 10),
optimum values of the geometric factors (G;) for exchange related pairs of '>C atoms were
determined (Peters et al. 1985). Only data for R=Ce-FEu were included in the analysis.
The resulting G; values were fit to a set of G; values that were determined using eq. (7)
by substituting coordinates for the carbon atoms obtained from the crystallographic data
of Nd(dtpa)*~and then varying the orientation of the magnetic axes and the ratio of C/C’.
Only a moderate fit between the calculated and experimental G; values was obtained (see
the original literature), leading the authors to conclude that the solid state structure of the
neodymium complex is not an adequate model for the solution structure. In their method
of analysis, it is necessary to assume that the values of C and C’ (cf. eq. 7) are the same
for each of the lanthanide complexes. As reported in sect. 4.1, Kemple and coworkers
(1988) provide evidence to the contrary that the values of C and C’ remain constant
in complexes that are inherently asymmetric. However, Aime and Botta (1990), based
on 'H and 3C NMR spectra and longitudinal relaxation times of R(dtpa)®>~ (R=La, Pr,
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Eu) chelates, concluded that their data are in agreement with a solution structure that is
similar to that observed for the neodymium complex in the solid state. Peters (1988c)
recorded the 7O spectra of the series of R(dtpa)® chelates. Although it was not possible
to observe 7O signals of coordinated dtpa in the paramagnetic complexes due to extreme
line broadening, an average 7O signal due to water, which is undergoing fast exchange
between the coordination sphere and bulk solution, was observed. The 7O shifts were
extrapolated to a R**/H;O ratio of 1.0 to obtain the bound shifts of water in each of the
complexes [R3* (& in ppm)]: La (152), Ce (247), Pr (305), Nd (452), Sm (99), Eu (-304),
Gd (—1634), Tb (-2144), Dy (-1983), Ho (-1232), Er (-520), Tm (177), Yb (155),
Lu (279). A plot of LIS/C;versus (S,)/C; (eq. 11) yielded a straight line, indicating that
no change in the number of coordinated waters occurs along the series. The slope of the
line yields F=-53, suggesting the coordination of one water molecule in each complex
of the series (cf. Peters et al. 1985, Vijverberg et al. 1980, Nieuwenhuizen et al. 1985).
Geraldes et al. (1991, 1993) reported on the structure and dynamics of lanthanide(I1I)
complexes derived from dtpa-pa, in aqueous solution using '*C and !0 NMR. With the
use of the longitudinal *C relaxation times of the neodymium complex, it was shown that
the ligand is bound to the lanthanide ion in an octadentate fashion via the three nitrogens
of the diethylenetriamine backbone, the three carboxylate groups, and the two amide
oxygen atoms. Upon the addition of Dy** to a solution of dtpa-pa, in D,0, the water 170
shift decreases linearly as the molar ratio Dy**/dtpa-pa, (pL) increases. A sharp break in
the plot is noted at p;, = 1.0, indicating that water molecules are quantitatively displaced
by the dtpa-pa, ligand. The slope of the plot of the Dy**-induced "O shift versus the
molar ratio Dy**/H,0 ( py) was used to determine that one water molecule resides in the
inner sphere of the dysprosium complex, giving a total coordination number of nine. The
70 shifts obtained for the various R(dtpa-pa;) complexes at 73°C were extrapolated to
Pw = 1.0, yielding in ppm: La (338), Ce (381), Pr (511), Nd (648), Sm (297), Eu (-320),
Tb (~1901), Dy (—1960), Ho (—=1051), Er (-238), Tm (464), Yb (314), Lu (421). At room
temperature, °C NMR spectra of the paramagnetic complexes exhibited very broad and
featureless signals. Increasing the temperature to 75°C resulted in appreciable sharpening
of the signals in the spectra of the lighter lanthanides (R=Ce—Eu), but the spectra
of complexes derived from the heavier lanthanides (R=Tb-Yb) remained broad. The
spectrum of the neodymium complex in CD;0D/D,0 (1:1 v/v) at —30°C revealed eight
B-methylene and eight methyl '3C resonances, indicating the presence of four geometric
isomers in solution. Attempts to fit the LIS data to calculated models failed due to the
complexity of the spectra, which hampered a full assignment of the resonances to various
isomers. X-ray analysis of the gadolinium complex (Konings et al. 1990) revealed that
the coordination polyhedron of the nine-coerdinate complex could best be described as a
tricapped trigonal prism, with the two terminal nitrogen atoms of the diethylenetriamine
backbone and the water molecule capping the rectangular faces of the prism. Based on
this structure, Geraldes and coworkers showed, by examining molecular models, that the
ligand can be arranged around the metal ion forming four-pairs of enantiomers, each pair
of enantiomers giving rise to a separate set of 1*C resonances. This model is in agreement
with the observation of, for example, eight peaks for the methylene carbons of the two
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propyl groups of the Nd(dtpa-pa,) complex at —30°C. Three dynamic processes were
identified by means of variable-temperature NMR measurements: (i) rapid rotations of
the carboxylate groups; (ii) racemization at the middle nitrogen atom via interconversions
between the two possible conformations of the ethylene bridges; and (iii) racemization
at the terminal nitrogen atoms of the diethylenetriamine backbone via decoordination—
inversion—coordination. A schematic showing the interconversion between the various
isomers is shown in the original literature and is similar to that depicted in fig. 21, taken
from a report by Franklin and Raymond (1994). The barriers of the interconversions
for these processes were determined by line-shape analyses and from coalescence
temperatures: AG* at 283 K for (i) <43 kJmol™!, measured for the lanthanum complex;
(i) 53 kImol™', measured for the neodymium complex; and (iii) 71 and 67 kJmol™!,
measured for the lanthanum and lutetium complexes, respectively.

Franklin and Raymond (1994) reported the variable temperature 'H NMR study of
paramagnetic lanthanide complexes derived from dtpa-dien in D,O. The ligand dtpa-
dien, named for the diethylenetriamine linking moiety, is an 18-membered macrocyclic
analog of dtpa-pa, containing a heteroatom (N-atom) in the amide link. The structures
of the lanthanum and europium complexes were determined by X-ray crystallography.
[La(dtpa-dienH")H,O],(CF;50;),-18 H,O crystallizes as a carboxylate-bridged dimer.
Each lanthanum ion is 11-coordinate, with octadentate ligand coordination, an n?-bridging
carboxylate, and one water. [Eu(dtpa-dienH")]4(CF380;3)4-6NaCF3S0;-20 H,0 crys-
tallizes as a carboxylate-bridged tetramer with two crystallographically independent
Eu’* positions. The coordination geometries about each europium ion are nearly identical,
and were described as nine-coordinate tricapped trigonal prisms, with octadentate ligand
coordination plus an n!-bridging carboxylate. The proton spectrum of each paramagnetic
complex revealed the existence of two isomers in solution, with one isomer dominating
(major isomer) for each lanthanide. Assuming that the coordination geometry of each
complex in solution is the tricapped trigonal prism observed for the europium complex
in the solid state, with a water molecule replacing the bridging carboxylate group, then
only the 1; SR, d; SR, ,RR and d,SS isomers (two pairs of enantiomers) will accommodate
binding of the macrocyclic ligand (fig. 21). [In figure 21, the eight possible isomers are
designated d or 1 below each pictogram by the chirality of the metal (named for the
“handedness™ of the carboxylates when viewed down the HO-R bond) and of the two
chiral nitrogens. The four pairs of d, | enantiomers are numbered (1-4).] The solid state
structure of the europium complex corresponds to the d;SR, 1;SR isomer pair. At low
temperatures (0-25°C), each isomer produced 26 peaks in the NMR spectrum, which is
equal to the number of protons in the ligand. As the temperature is raised, the peaks
of the minor isomer broaden and recoalesce to 13 peaks at 97°C (referred to as the
dynamic isomer), whereas the major isomer peaks remain essentially unchanged (static
isomer). Integration of signal intensities revealed that there is a distinct trend toward the
static isomer across the lanthanide series, with the dynamic isomer comprising 5% of the
Yb(dtpa-dien) solution structure, while the Eu(dtpa-dien) complex is present as ~20% of
the dynamic isomer at 5°C, and is well resolved to 26 peaks at this temperature. The
dynamic isomer of Pr(dtpa-dien) is both more abundant (50%) and more fluxional at this
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temperature. The 2D EXSY spectra at 0 and 26°C were taken under conditions where
there is no detectable exchange involving the static isomer. However, the EXSY spectra
of the dynamic isomer revealed single cross peaks between pairs of protons, suggesting
that the exchange process is occurring between a pair of enantiomers. A rate constant
for this dynamic process was determined to be 5554+70s™! at 26°C, corresponding to
AGY=57.5+0.3 kI mol~'. This value is similar to that observed for the low energy barrier
in the isomerization of the dtpa chelates, involving pseudorotation through a mirror
plane, without changing the chirality of the nitrogens. Since this mechanism is only
available between the d; SR and 1;SR isomers of the R(dtpa-dien) complexes, it follows
that the dynamic isomer has these configurations. The other isomeric forms available to
the macrocyclic ligand (d;SS, LRR) are incapable of rotational isomerization. The only
mechanism for enantiomeric isomerization in this case involves successive decoordination
and subsequent change in backbone amine chirality. This mechanism would involve a
much higher barrier to isomerization than rotation, which would be reflected in a relatively
slower rate of exchange. The static isomer was assigned to this pair of enantiomers. Peak
assignments for the europium spectrum, given in the original literature, are based on
deuteration studies, 2D COSY and 2D EXSY spectroscopy. No analysis of the LIS values
is presented.

4.4. Complexes with sterically rigid ligands or ligands with binding constraints
4.4.1. [R(dpa)s]*~ and [R(mdpa);]*~ complexes’

X
X=H=dpa

X =Me =mdpa
ooc” N coo P Fig. 22.

The Reilley et al. (1975) report, which involved the 'H and '*C NMR study of the
series of [R(dpa);]>~ and [R(mdpa);]*>~ chelates in aqueous solution (fig. 22), established
that Bleaney’s (1972) theory for pseudocontact shifts and Golding and Halton’s (1972)
theory of contact shifts could be combined as a basis for separating the contribution
each makes to the experimental LIS (sect. 2.3). The studies of Reilley and coworkers
were stimulated by Donato and Martin (1972), who had established that the [R(dpa);]*~
chelates, which were known to be thermodynamically stable in aqueous solution, were
also stereochemically rigid on the NMR time scale (100 MHz) at 35°C. For R=Tb-
Yb, two resonances were observed, corresponding to the pair of meta protons and
the para proton, with a shift ratio of 1.14+£0.02, indicating that these complexes are
isostructural and that the LIS is predominately pseudocontact in origin. The data were
interpreted in terms of a tricapped trigonal prismatic geometry having D3 symmetry, with
the aromatic rings canted at an angle of 49° with respect to the equatorial plane containing

3 dpa’ =pyridine-2,6-dicarboxylate; mdpa®” =4-methylpyridine-2,6-dicarboxylate.
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Table 13
G, and F, values for R(dpa), and R(mpda), (from Reilley et al. 1975)?

nucleus i F° G; R;¢
Cq -0.022 1.575 0.09
G -2.623 0.554 0.17
G, 1.279 0.510 0.04
COO -1.159 0.470 027
C(Me) —-0.206 0.225 0.12
H, 0.009 0.339 0.09
H, 0.013 0.299 0.08
H(Me) 0.026 0.196 0.10

4 Both series of complexes have the same LIS values.

? The contact shift is F,(S.),, where the sign of (S:), is the opposite of that given in table 1. A positive shift
is upfield with this sign convention.

¢ The R value is as defined in eq. (2), except that the sum is taken over the series of metal complexes for each
nucleus, rather than the sum over the nuclei of an individual complex.

the nitrogen atoms. The structure proposed for the complexes in solution is similar to
that observed in the solid state (Albertsson 1970, 1972). For common nuclei, the series
of [R(mpda);]*~ and [R(dpa);]*~ chelates gave the same 'H and *C LIS values (Reilley
et al. 1975), indicating that the two series of complexes are isostructural with each other.
The LIS data were incorporated into eq. (10) to give a series of simultaneous equations,
which were solved for the G; and F; values, effecting separation of the pseudocontact
and contact components of the LIS. The computed values of F;, given in table 13, show
that the contact contribution is very small for the 'H and C, resonances, whereas large
contact contributions exist for Cg, C,, CHs, and COO™. In addition, an alternation in the
sign of the contact shift occurs as one goes from Cp to C, to CHs. The magnitude of the
contact shift is largest for Cg and follows the trend Cg > COO™ > C, > CHj. The values
of A/hx10° Hz for the R(mpda); chelates are: Cg: 44, Cy: —17, CH; : 3 (Desreux and
Reilley 1976). The geometric factors, G;, given in table 13, were shown to correspond
to either a clockwise or counterclockwise helical arrangement of the ligands around the
C; symmetry axis (Reilley et al. 1975).

Interestingly, below room temperature, spectra of the bis complexes [R(dpa),]™ (R=Tb,
Dy, Ho, Er, Tm, Yb) in 50% v/v CD;0D/D;0 revealed two resonances for the
meta protons and a single resonance for the para protons, indicating that the ligands are
mobile on the surface of the metal ion, but that the two meta protons have different
dispositions relative to the lanthanide ion (Alsaadi et al. 1980c). The structure of the
bis complexes in solution was proposed to be that of a tricapped trigonal prism, with
three water molecules completing the coordination sphere. Proton relaxation data were
used to determine hydration numbers of six and three, respectively, for the [R(dpa)]™ and
[R(dpa),]~ complexes in D0 (Alsaadi et al. 1980d).
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Fig. 23. Perspective view of the solid-state structure of Yb(hbpz); perpendicular to the approximate molecular
mirror plane (Stainer and Takats 1982).

4.4.2. Yb(hbpz); complexes®

Stainer and Takats (1983) recorded the 'H, '*C, and !'B spectra of Yb(hbpz); in CD,Cl,
at 25°C. The 'H spectrum revealed 21 resonances (18 from the pyrazolyl protons and 3
from the B—H protons) dispersed over a chemical shift range of ~200 ppm. The C NMR
spectrum has 18 resonances; 9 resonances of relative intensity 2, and 9 resonances of
relative intensity 1. The !'B spectrum has three well-separated resonances integrating as
a 1:1:1 ratio. The number and relative intensities of the signals indicate that the complexes
are stereochemically rigid in solution at room temperature and have C; symmetry.
The crystal structure of the complex revealed an eight-coordinate, bicapped trigonal
prismatic geometry, with two tridentate ligands, each spanning one height and capping
one rectangular face of the prism, while the bidentate ligand spans the remaining prism
height, with the uncoordinated pyrazolyl group directed away from the ytterbium ion,
as shown in fig. 23 (Stainer and Takats 1982). The LIS data were least-squares fit to
the full form of eq. (4). The C; symmetry of the molecule fixes the principal magnetic
z-axis perpendicular to the mirror plane containing Yb, B(1), B(2) and B(3), while an
angle ¢ (defined as the angle between the magnetic x-axis and the Yb-B(1) bond vector),
together with D, and D,, were used as fitting parameters in the least-squares analysis.
Analysis of the 'H data gave R=0.084, D;=8.8x10% A3 ppm, D,=43.6x10? A ppm,
and ¢ =-10.1°. The close agreement between calculated and observed shifts suggests that

¢ hbpz~ =tris~(pyrazol-1-yl)borate.
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the solution structure approximates that observed in the solid state and that the contact
contribution to the 'H shifts is small. Analysis of the LIS data for the 18 '*C and 3 ''B
resonances gave R=0.101, D; =8.8x 102 A? ppm, D, =42.6x 102 A3 ppm, and ¢p=-11.2°.
The relatively good agreement factor suggests that the 13C and !'B resonances also have
only small contact shifts. Including all the 'H, 1*C and !' B resonances in the analysis gave
R=0.099, D, =8.9x102 A3 ppm, D, =42.6x10? A3 ppm, and ¢=-~10.9°. The structural
rigidity of these eight-coordinate complexes may be due to the fortuitous wrapping of
the hbpz ligands around the metal, in which one pyrazolyl group is directed away from
the metal center in a manner that appears to preclude its participation in an intramolecular
ligand reorientation process.

4.4.3. Complexes with texaphyrins, (tx), R(tx)**7

N

OCH
N 3
N7 NN
N OCH,
N

Fig. 24.

A series of lanthanide complexes derived from texaphyrins (fig. 24) have been synthesized
by Sessler and coworkers (1993a,b). Texaphyrins are aromatic pentadentate ligands that
belong to the general class of compounds known as expanded porphyrins. The binding
cavity in texaphyrins is ~20% larger than in porphyrins. As a result, the texaphyrins
form stable 1:1 complexes with the tripositive lanthanides, in which the R3* ions are
closer to the plane of nitrogen atoms than in the porphyrin complexes. The crystal
structure of the gadolinium nitrate complex, Gd(tx)(NQs),, derived from the texaphyrin
with methoxy substituents on the benzo group, for example, reveals that the metal ion
is 0.694 A above the plane of five nitrogen atoms (Sessler et al. 1993a). Two distinct
structures were found in the unit cell for this complex. One structure contained a
nine-coordinate gadolinium ion, with one bidentate nitrate ion and one methanol molecule
occupying one “axial” position and a second molecule of methanol binding through
the opposite axial position. The second structure contained a ten-coordinate gadolinium
ion, with two bidentate nitrate ions occupying one “axial” position and one molecule

7 Htx=4,5,9,24-tetraethyl-16,17-dimethoxy-10,23-dimethyl-13,20,25,26,27-pentaazapentacyclo-
[20.2.136.1%!1 0'*'%Jheptacosa-1,3,5,7,9,11(27),12,14,16,18,20,22(25),23-tridecaene.
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of methanol binding in the opposite axial position. Lisowski et al. (1995) reported on
the '"H NMR studies of the series of paramagnetic nitrate complexes derived from tx in
methanol-d4 and CDCIl;. Nine proton resonances are observed at 296 K, corresponding
to effective C,, symmetry. However, at lower temperatures (below 273 K), each of the
nonequivalent methylene groups (a and b in fig. 24) split into two peaks, indicating
that the complexes have nominal C; symmetry. The effective C,, symmetry observed
at higher temperatures can be accounted for by fast rotation of the ethyl substituents or,
alternatively, from exchange of nitrate ligands from one side of the macrocyclic plane
to the other side, i.e., exchange between axial sites, with metal flip-flop averaging of
out-of-plane structures. While the NMR data do not allow a distinction between these
two possibilities, the latter mechanism was favored based on the relatively low activation
free energies associated with the process responsible for signal averaging (less than 56
and 48 kI mol™ for the neodymium and terbium complexes, respectively). Based on data
available in the literature, the activation free energy barrier for rotation of the ethyl groups
is expected to exceed 70kJmol™!. Unequivocal peak assignments in the spectra of the
complexes derived from the lighter lanthanides were based on 2D COSY and ROESY
experiments, and 1D NOE difference experiments. Plots of LIS versus C; were used
to correlate the chemical shifts of complexes derived from the heavier metals (Tb-Yb)
with those of the lighter metals. The LIS values were then fit to eq. (4) using Dy, Do,
and an angle a (defined as the angle between the principal x-axis and the R**-N bond
vector lying in the symmetry plane; an a value of —16° corresponds to the z-axis being
perpendicular to the macrocycle plane in the X-ray structure of the gadolinium complex)
as fitting parameters in a nonlinear least-squares analysis. The principal magnetic z- and
x-axes were taken to lie in the symmetry plane (the xz-symmetry plane passes through
the lanthanide ion and the nitrogen atom of the central tripyrrane pyrrole and a point
midway between the two imino nitrogen atoms}. The geometric factors for each proton
were derived from the coordinates of the solid state structure of the nine-coordinate
Gd(tx)(NOs), structure. The results of the analyses, presented in table 14, gave agreement
factors (R) ranging from 0.053 for Yb(tx)(NOs), to 0.412 for Eu(tx)(NOs),. Since the
LIS values have not been corrected for contact shifts, good fits are observed for those
metal ions (Tm>* and Yb’") that have the lowest theoretical contact to pseudocontact
shift ratios. On the other hand, less acceptable fits are observed for those metal ions
(Nd** and Eu’") that have relatively large contact to pseudocontact shift ratios. Rather
than use contact shifts as fitting parameters to reduce the value of R, the authors elected
to factor out contact shifts by selecting, in an iterative fashion, LIS values for certain
protons to be explicitly excluded from the fitting procedure. While many calculations
were carried out for various single positions, the dramatic improvements in the R factors
were obtained only when the imino protons were excluded from the fitting procedure (cf.
table 14). Once good fits were obtained in this manner, the resulting parameters (D,
Dy, and «) were used to calculate the pseudocontact shift for the omitted imino protons.
Subsequently, the contact shifts of the imino protons were obtained by subtracting the
calculated pseudocontact shift from the observed LIS (table 14). Plots of the contact
shifts of the imino proton versus theoretical (S.) values proved linear, indicating that
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Table 14
Fitting resuits for the R(tx)(NO,), complexes (from Lisowski et al. 1995)

R D,* D,* a) RP R® 5,4
Ce 209 -214 -16.2 0.195 0.282 3.50
Pr 493 —-696 -29.7 0.125 0.282 9.61
Nd 363 -597 -19.9 0.168 0.362 13.14
Eu -364 557 -22.6 0.259 0.421 -259
Th 8024 —6489 -19.1 0.084 0.274 -74.39
Dy 11588 -13360 -19.1 0.096 0.212 —66.88
Ho 7036 —7523 -21.6 0.075 0.212 -41.04
Er -3039 1159 -4.8 0.114 0.258 -35.73
Tm -6005 3398 -17.2 0.072 0.076 —-13.09
Yb ~4196 1931 -19.2 0.066 0.053 -4.18
2 ppm A,

b Agreement factor for a model excluding the imino protons from the calculation.
¢ Agreement factor for a model including all the protons.
4 Contact shift in ppm for the imino proton.

the contact shifts obtained in this manner were reliable (it also means the magnetic
anisotropy parameters, D, and D,, are well defined). The authors noted that the values
of the magnetic anisotropy parameters are the same when the contact shifts of the imino
protons are used as fitting parameters in the least-squares analysis, however, the R values
are smaller, e.g., R=0.044 for Yb(tx)(NOs), and R =0.080 for Tb(tx)(NOs),. The smaller
R values result because inclusion of a contact shift as a fitting parameter produces an
exact fit between the calculated and observed LIS, making one term in the numerator
of eq. (2) exactly zero, while the sum in the denominator of eq. (2) becomes larger
due to an additional term, namely (Oopsy)? for the imino protons. Thus inclusion of
contact shifts as fitting parameters in the analysis has not improved the accuracy of the
components of the susceptibility tensor. Fits obtained excluding the imino proton data
gave values of a close to —16°, suggesting that the magnetic z-axis is nearly perpendicular
to the macrocyclic plane. The yx tensors are, however, highly rhombic. Thus the axial
and rhombic contributions to the pseudocontact shifts, given by the first and second
terms of eq. (4), respectively, are comparable in absolute magnitude, but of opposite
sign. None of the principal yx values is particularly unique in the complexes derived from
Ce-Ho, i.e., |Xzz— Xxe| 18 similar to | ) — Xy |, Whereas for complexes derived from Er—
Yb, |Xzz—Xox| > |Xxx — Xy |- For the Ce-Ho complexes, the y-axis could equally well
be chosen as being unique rather than the z-axis. However, defining the z-axis as being
roughly perpendicular to the macrocycle plane provides a unique choice for the principal
axis system in the case of complexes derived from Er—Yb. According to Bleaney’s theory
(1972) (cf. sect. 2.3), the ratio of D; to D, should equal the ratio of the crystal field
coefficients B%/B% for a series of isostructural complexes. The ratios of D; to D, for the
R(tx)(NOs); complexes are ~0.98 (Ce), —0.71 (Pr), —0.61 (Nd), —0.65 (Eu), —1.27 (Tb),
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Table 15

Fitting results for the diphenyl phosphate complexes R(tx)(P,),* (from Lisowski et al. 1995)
R D" D,® a () R® 8¢
Tb -2054 —7466 -12.1 0.204 11.52
Dy -2618 ~-15222 -9.6 0.046 -50.74
Ho 1815 -9764 -20.3 0.084 -39.87
Er 776 1791 39 0.119 -24.76
Tm —1343 5715 -0.8 0.086 -10.94
Yb -54 3512 2.4 0.061 -2.92
# Geometric factors determined from the crystal ¢ Excluding the LIS values for the imino protons.
structure of Dy(tx)(p,),. 4 Contact shifts of the imino protons in ppm.
b ppmAZ.

—-0.87 (Dy), —0.94 (Ho), —2.62 (Er), —1.77 (Tm), and —2.17 (Yb). The significant change
in the Dy to D, ratio noted for the Er—Yb complexes may reflect changes in metal-
centered axial ligation in solution across the lanthanide series. Replacement of the
axial nitrate ligands with diphenylphosphate mono anion [(C¢Hs),PO;=P;] to form
R(tx)(P;), complexes in solution resulted in a totally altered 'H spectrum for each of
the paramagnetic complexes. The crystal structure of the dysprosium complex revealed
that the metal ion is seven-coordinate, with five donor atoms being provided by the
texaphyrin ligand and two by monodentate diphenyl phosphate anions. The dysprosium
ion is 0.073 A from the plane of five nitrogen atoms of the macrocycle, with the diphenyl
phosphate anions bonding on the opposite sides of the macrocyclic ring in the two axial
positions. The LIS values obtained for R(tx)(P;); (R=Tb-Yb) were analyzed in the
manner described above for the R(tx)(NOs), complexes. The fitting results (table 15)
reveal that the D| and D, values change completely in comparison with those obtained
for the corresponding nitrate complexes (cf. table 14), with the absolute value of D, now
greater than D,. The changes in D; and D, parameters were attributed to changes in the
crystal field coefficients, which result from binding of the phosphate rather than nitrate
ligands in the axial positions.

4.4.4. Sandwich complexes derived from phthalocyanine (pc) and
octaethylporphyrinate (oep)

'"H NMR studies of the series of sandwich complexes derived from phthalocyanine,
R(pc);, revealed only two resonances for the aromatic ring, suggesting a highly
symmetrical structure for the complexes in solution (Konami et al. 1989). The authors
noted that the high symmetry could be caused by spinning of the pc rings, although
they proposed that the rings are staggered and that the complexes have D4y symmetry
in solution. The G; and F; parameters, which were determined by Reilley’s method
(eq. 10), are 0.284 and —0.659, respectively, for the ortho protons, and 0.143 and -0.360,
respectively, for the meta protons of the aromatic ring. The average distance between the
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Ce

Ce

Fig. 25. Line drawing of Ce,(oep);, showing doming of the outer
oep rings. Some of the ethyl groups have been omitted for clarity
(Buchler et al. 1992).

two phthalocyanine rings was determined to be 2.54 A, with a mean R¥*—N bond distance
of 2.31A.

Buchler et al. (1989, 1992) reported the 'H and '*C spectra of an interesting series
of triple-decker Ry(oep); (oep=octaethylporphyrinate) complexes. The X-ray structure
(Buchler et al. 1986) of the Ce** complex revealed that each Ce*" ion is sandwiched
between two ocatethylporphyrin rings. The outer rings show strong C4, doming, while
the internal ring is planar (the adjacent rings are staggered by 24.5° to relieve inter-ring
alkyl crowding) (see fig. 25). Four 'H resonances were observed for the outer oep ring
at 3.47 ppm (meso), 0.72 and —0.15ppm (a-CH3), and 2.08 ppm (3-CHjs), while three
resonances are observed at —8.12, —5.33, and —5.00 ppm for the meso, a-CH; and 3-CH;
protons, respectively. Since the outer rings do not possess a symmetry plane, the outer
ring a-CH, protons are diastereotopic, giving rise to two resonances. The resonance for
the outer ring methyl group is shifted in a direction opposite to that of the two CH, proton
resonances, suggesting that there is limited rotation of the alkyl groups. Using the solid
state structure, geometric factors for each proton were calculated, taking into account
both components G(1) and G(2) for proximal and distal Ce*" ions, respectively. The
ethyl groups were allowed to rotate about the o-C to pyrrole-C bond using an angle ¢,
defined as the angle between the a-C to -C bond vector and the pyrrole ring (¢=0
represents the rotamer in which the B-CH; groups are above the outer oep ting, with
the z-projection of the a-C to B-C bond parallel to the C4 rotation axis). While the
best static fit of relative geometric factors and LIS values were obtained for the three
outer ring alkyl resonances at ¢=30° the authors felt that some rotational freedom
must exjst. Allowing free rotation of the ethyl groups provided no satisfactory fit to
the observed pseudocontact shifts. However, average geometric factors for an equally
populated set of rotamers with ¢=0+60° gave good agreement (within 10%) of the
experimental pseudocontact shift ratios. The best fit of the alkyl resonances of the inner
oep ring were obtained for average geometric factors corresponding to ¢ =270£130°. It
is noted that the shifts for R=Pr, Nd, and Sm are qualitatively similar to those obtained
for the cerium complex, but their magnitudes were too small to allow modeling of the
geometry. Two sets of five 13C resonances are observed for the outer and inner oep
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rings in the cerium complex. Since the '*C resonances may have a significant contact
component, an interesting approach was taken to evaluate the pseudocontact component
of the 3C resonances. A plot of the 'H LIS values versus the geometric factors for each
of the protons is linear, with a slope D; =2980x10-® cm®/mol cerium (cf. eq. (4) with
D, =0), suggesting that the 'H shifts are purely pseudocontact. The pseudocontact shifts
of the C resonances were then calculated using this value of D; and the geometric
factors of the carbon atoms, which were calculated from the solid state structure. Except
for the a-C of the pyrrole ring, good agreement is obtained between experimental and
calculated shifts for the inner ring, whereas the agreement is not as good for the outer
ring. Differences between the observed and calculated values presumably correspond to
the contact shift component.

5. Chiral shift reagents

The chiral europium shift reagent, Eu(t-cam)s, derived from the 3-diketonate derivative
of camphor, 3-(fert-butylhydroxymethylene)-d-camphor, H(t-cam,) (fig. 26; X=t-butyl)
was first reported by Whitesides and Lewis (1970) to resolve enantiomeric resonances
in 'H NMR. There are two mechanisms that can lead to enantiomeric resolution in
the NMR spectra of chiral substrates in the presence of chiral shift reagents. First, the
geometry of the complex between each enantiomer and the shift reagent are diastereomers,
giving rise to different pseudocontact shifts. Secondly, there is a difference in the
association constants between the enantiomers and the shift reagent (stereoselectivity).
Among the several other camphor derivatives that were studied as potential chiral shift
reagents, those with X=-CF; and —Cs;F; proved to be quite effective (Goering et al.
1974). Wenzel (1987) provides an excellent review of the use of these and other chiral
shift reagents to determine optical purity or enantiomeric excess in organic solvents.
Procedures for assigning absolute configurations to substrates using chiral shift reagents
in organic solvents have met with only limited success.

O Fig. 26.

Reuben (1979b, 1980) reports NMR spectral resolution of enantiomeric nuclei of
a-hydroxycarboxylates by paramagnetic lanthanide ions in aqueous solution. Addition of
P1Cl5 or EuCls to nonracemic mixtures of lactate ion results in resolution of the methyl
resonances of the two optical isomers of lactate. The “self”-resolution of the spectra of
nonracemic mixtures by the mere addition of a lanthanide salt is due to a chemical shift
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difference between an optically pure tris complex, ML; (or its enantiomer MD3), and the
mixed MD,L complex, a diastereomer, where the chirality of the ligands is indicated.
Under the condition of fast exchange observed in these systems, the contribution of the
3:1 complexes to the chemical shift differences is given by

_ 3ML3A; N 2MDL,A, N MD,LA,

8 , 1
L L, L L (19)
3MD:;A;  2MLD;A,  ML,DA,
Op = +
b= T D, ° (20)

where the subscript t indicates total concentration, and A, is the chemical shift of the
possible pairs of enantiomers, ML,D_) and MD,L_,). The square brackets denoting
concentrations are omitted. As long as L; = D; (nonracemic mixture), then & —dp =0.
Resolution of a racemic mixture is obtained by addition of a molar excess of the pure
enantiomer, C, of some other chiral a-hydroxycarboxylate. In this case, the resonances of
the L and D forms of the racemic mixture of one a-hydroxycarboxylate are distinguished
due to formation of diastereomers, such as MC,L and MC;D.

e}
CH,

|
00C—C—0—CH,CO0"
H

cmos Fig. 27.

Peters et al. (1983) reported the use of R(cmos) (R=Eu, Yb; cmos®*™ = (S)-carboxy-
methyloxysuccinate, fig. 27) as chiral shift reagents in aqueous solution. In aqueous
solution, cmos can form both 1:1 and 2:1 ligand:R>* chelates with high stability constants
(log K1~ 8; logK;=4), in which the ligand binds in a quadridentate fashion. Since
R** ions usually have coordination numbers of eight or nine, the R(cmos) complexes
have several coordination sites available for binding an additional substrate. Addition
of Eu(cmos) resulted in 'H spectral resolution of the two enantiomers in racemic
oxydilactate and of the enantiotopic CH; protons of oxydiacetate and nitrilotriacetate.
Yb(cmos) was used to resolve the enantiomers of the two amino acids, alanine and
3-hydroxyphenylalanine.

In a series of papers, Kabuto and colleagues (Kabuto and Sasaki 1984, 1987, 1989,
1990, Kabuto et al. 1992) reported the ability of [Eu(R- or S-pdta)]” (pdta* =1,2-
propanediaminetetraacetate) to act as chiral shift reagents in aqueous solution and the
usefulness of the reagents in assigning the absolute configuration of a number of
different substrates. The R(pdta)” complexes are thermodynamically stable in aqueous
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solution, with the ligand binding in a hexadentate fashion. Addition of a small amount
of Eu(R-pdta)” (<0.1mol ratio) to solutions of a-amino acid enantiomers shifted the
Hq signal upfield, giving separate signals for the pair of enantiomers. Unambiguous
assignment of the separate signals was accomplished by using a nonracemic mixture
of enantiomers. In 22 examples of a wide variety of a-amino acids, the H, signal due
to the L-enantiomer always showed larger upfield shifts than those due to the D-isomer
(Kabuto and Sasaki 1987). Furthermore, the Eu(R-pdta)” reagent causes larger upfield
shifts than the Eu(S-pdta)” reagent. In a latter paper, Kabuto and Sasaki (1990) showed
that the methyl resonance of the S-isomer of a series of eleven a-methyl amino acids
shifted upfield relative to the methyl resonance of the R-isomer in the presence of
Eu(R-pdta)™. Consistent correlation was also observed between absolute configuration
of fifteen a-hydroxy carboxylic acids (Kabuto and Sasaki 1989) and seventeen aldonic
acids (Kabuto et al. 1992) and their 'H shifts induced by Eu(R-pdta)~. Kido et al. (1990,
1991) reported on the utility of the europium(Ill) derivative of (S,5)-ethylenediamine-
N.N'-disuccinic acid as a chiral shift reagent for 'H spectral resolution of enantiomers of
five a-amino acids in aqueous media.

Wenzel et al. (1994) synthesized a novel chiral lanthanide shift reagent by the reaction
of diethylenetriaminepentaacetic dianhydride with 6-mono- and 2-mono(ethylenediamine)
derivatives of 5-cyclodextrin to produce cd-en-dtpa (fig. 28). The ~cyclodextrin is a cyclic

0
I )
/—NHCH,CH,NHCCH,_ CH,COO™ CH,COO"
CD NCH, CH,NCH,CH,N
"00CCH, CH,CO0"
cd-en-dtpa
Fig. 28.

oligosaccharide consisting of seven D-glucose units. The molecules are pail-shaped with
the two secondary hydroxyl groups (2- and 3-positions) on each glucose ring situated
at the mouth of the wider opening and one primary hydroxyl group (6-position) on
each ring situated at the mouth of the narrower opening. Adding Dy** to cd-en-dtpa
enhances the enantiomeric resolution in the 'H NMR spectra of carbinoxamine maleate,
doxylamine succinate, pheniramine maleate, propranolol hydrochloride and tryptophan.
The enhancement is more pronounced with the secondary derivative (2-f-cd-en-dtpa-Dy).
In each case, the substrate is associated with the cyclodextrin cavity as an inclusion
complex, with the dysprosium ion coordinated in an octadentate fashion by the dipa
group. It is proposed that the lanthanide ion is disposed to the side of the cyclodextrin
cavity in both the 6-B-cd-en-dtpa-Dy and 2-f-cd-en-dtpa-Dy complexes. As a result, the
largest lanthanide induced shifts are observed for substrate nuclei imbedded within the
cyclodextrin cavity.
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6. Shift reagents for biologically important cations

Although the direct NMR detection of physiologically important cations, such as 7Li*,
BNat, 3K+ or Mg, is possible, the study of transport of such ions across cell
membranes requires a lifting of the degeneracy of NMR signals due to intra- and
extracelluar cations. This may be accomplished by designing a paramagnetic lanthanide
shift reagent that remains extracelluar and binds to the cation of interest, thereby inducing
a shift in the extracelluar cation, with the intracellular ions maintaining their characteristic
shifts. Several reports of lanthanide complexes (all are anionic except those derived from
nota) that produce substantial shifts in 2*Na* resonances appeared within a few months
of each other. Bryden et al. (1981) reported on the use of R(dota)™, R(nota) and R(edta)~
(R=Pr, Nd, Eu, Gd-Yb). The sign of the Na shifts in R(dota)™ solutions follow those
predicted by Bleaney’s model for pseudocontact shifts, which means that the sodium ion
must have a preferred orientation with respect to the R(dota)” complex. If there were no
preferred orientation of the sodium ion, the pseudocontact shifts would average to zero.
It was proposed that the Na* ion associates with the carboxylate groups in a cone about
the C4 symmetry axis of the complex, making the angle ¢ in the geometric factor (cf.
eq. (4); D, =0) substantially greater than zero, but less than 54.7° (the geometric factor
is zero at this angle). The *Na shifts in R(edta)” and R(nota) solutions also follow the
Bleaney model, but with a change in sign relative to the 2Na shifts observed in the
R(dota)~ solutions. In the case of the edta and nota complexes, it was proposed that the
Na* ion associates with the carboxylate groups, with an effective angle 8 >54.7° from
the principal magnetic axis (effective axial symmetry is observed in both the R(edta)”
and R(nota) chelates). Pike and Springer (1982) reported that Dy(dpa);~ and Dy(nta);~
produced larger LIS (upfield) for 2Na* than Dy(edta), presumably due to the larger
charge and ability of the former complexes to form stronger ion pairs with the sodium
ion. Although the nature of the ion binding was not reported, graphical analysis of titration
curves of LIS versus the mole ratio of shift reagent indicated that Dy(nta);~ forms both
1:1 and 2:1 Na™:shift reagent ion pairs.

Of the shift reagents studied to date, the Dy(ppp)]~ (ppp=triphosphate ion = P303;)
introduced by Gupta and Gupta (1982) has attracted the most attention. These workers
resolved resonances from intra- and extracellular 2 Na ions in NMR studies of human
red blood cells and a frog skeletal muscle. As an example, the >Na NMR spectrum of
a suspension of red blood cells in a medium containing 140 mM Na*, 10mM K* and
2mM or 5mM Dy(ppp)}~, at pH 7.5, revealed two well-resolved *Na resonances. An
upfield resonance corresponds to extracelluar 2*Na* ions, which interact with the shift
reagent, while the downfield resonance is due to intracellular >*Na* ions (the chemical
shift of the latter resonance is essentially unaffected by the presence of the paramagnetic
shift reagent). The solution structure of R(ppp),” and the number of binding sites for
monovalent ions remains a subject of controversy and investigation. The crux of the
problem appears to be the multiple equilibria involving the R(ppp)]~ chelates (Szklaruk
et al. 1990), including dissociation of the complex and competition of H* and M* for
oxygen atoms of the carboxylate groups (Chu et al. 1990). Furthermore, the LIS observed
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in 3P, 170, or M spectra are usually obtained under conditions of rapid exchange on the
NMR time scale, making it difficult to extract reliable structural information. Based on the
molecular structure of the ppp®~ ion, as determined in the crystal structure of Nas(ppp),
and the way the Na* ions are coordinated in the crystal, Springer’s group postulated the
equilibrium shown in fig. 29 for the binding of Na* ion to R(ppp);~ (Chu et al. 1984).
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The structure on the right features a specific Na* binding site close to the lanthanide
ion, which would account for the relatively large LIS observed for #Na* (37.9ppm at
[Dy(ppp); V[Na*]=0.1, [Na*]= 150 mM, pH 7.36). In a later study of the thermodynam-
ics of the interaction, this group showed that the 2*Na* binding data for R(ppp);” (R=Tb,
Dy, Tm) can be fitted well by assuming only a single binding site for the Na* cation (Chu
et al. 1990). A limiting 2*Na* shift of —4354-15 ppm was determined for the dysprosium
complex at 30°C, with a formation constant of 87441+4063. Nieuwenhuizen et al. (1985)
reported >'P, 170, and 2*Na* studies of the R(ppp)]~ shift reagents. Except for R=Ce and
Sm, slow exchange was observed at 25°C in the ! P spectra of D, solutions containing an
excess of ligand (>2:1 ppp:R*" mol ratio). Integrals in the slow exchange region confirmed
the stoichiometry of the R(ppp),” complexes. Geometric factors (G;) were determined
for the phosphorus atoms using Reilley’s procedure (sect. 2.3) to separate the contact and
pseudocontact components of the *'P LIS. That the magnitudes of the G; values of the
two different phosphorus nuclei are about the same can be explained by positioning the
principal magnetic axis perpendicular to the plane defined by the two central phosphorus
atoms and the lanthanide ion, in a manner similar to that depicted in fig. 30 (fig. 30 is
taken from Ramasamy et al. 1991). The phosphorus atoms then occupy the equatorial
region (55° < 8 < 125°), where 6 is the angle between the principal axis and the R**—P
vector). Based on F; values (eq. 11) determined from LIS data of 170 resonances of the
phosphate groups in complexes derived from the lighter lanthanides, under conditions
of fast exchange, at 73°C, it was proposed that each triphosphate ion is quadridentate,
coordinating through two oxygen atoms of one of the terminal PO; groups, one oxygen
atom of the other terminal PO; group, and one oxygen atom of the central PO, group,
as shown in fig. 30 (1”0 signals could not be observed for complexes derived from the
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"magnetic axis"
i
!

Fig. 30. Schematic representation of the struc-
ture of the R(ppp); —alkali metal ion adduct.
A tricapped trigonal prismatic coordination of the
l R* ion is assumed (Ramasamy et al. 1991).

heavier lanthanides due to severe line broadening under conditions of slow exchange
that prevailed in these systems at 73°C). Although quadridentate ligation of the ligand
is reasonable, the LIS values used in these calculations were not directly observed, but
derived from the slopes of plots of LIS versus [R3*]/[Nas(ppp)] ([Nas(ppp)] =0.35M).
Analysis of the 170 LIS of D,0 indicated the coordination of one water molecule
in the axial region (=55° <8 <+55°). It was further proposed that seven Na* cations
bind to the oxygen atoms of the carboxylate groups in the axial region. In a later
investigation, Ramasamy et al. (1989) monitored a titration of 5mM Dy(ppp); (as
the tetramethylammonium salt) with Li* or Na™ at pH 7.5 using "Li and 2*Na NMR.
Extrapolation of the linear portion of the curve, obtained at large [M*]:[Dy(ppp)z‘] ratios,
revealed a break at approximately a 7:1 mole ratio, which indicates that seven monovalent
cations bind to the shift reagent. A second break in the curve is observed at approximately
a 1:1 mole ratio, characterized by a sharp increase in the "Li or **Na paramagnetic
shifts. This observation suggests that the first equivalent of M" added to Dy(ppp)}”
occupies a preferential binding site, which has a specific 0 value, and therefore, a specific
pseudocontact shift. Further addition of M* leads to exchange between the M* on the
preferred site and those on other locations in the second coordination sphere. Since each
M" ion has its own 6 value and corresponding pseudocontact shift, averaging leads to a
decrease in the geometric factor and therefore a decrease in the average pseudocontact
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shift. After addition of seven equivalents of M*, rapid exchange occurs between M™ in the
second coordination sphere and bulk solution, resulting in a decrease in the paramagnetic
shift, which asymptotically approaches zero. It was also shown that the relative order of
cation competition for Dy(ppp)}~ is Ca** > Mg?* >Li* >Na* > K*. In a follow-up study,
Ramasamy et al. (1991) used paramagnetic ion-induced relaxation rate enhancements of
SLi in adducts of Li* with R(ppp);” (R=Dy, Tm) in aqueous solution to show that up to
seven Li* cations can coordinate to the outer oxygens of the triphosphate ligands. The
estimated R3*—Li" distances range from 5.1 to 5.9 A for [Li*}/[R(ppp)} ] ratios of 0.2
to 7. Using the structural model first proposed by Nieuwenhuizen et al. (1985), it was
proposed that the water molecule and the oxygen atoms of the central phosphate group of
the triphosphate ligands occupy the capping positions of a tricapped trigonal prism, while
the oxygen atoms of the terminal phosphate groups occupy the remaining positions (see
fig. 30). The principal magnetic axis is proposed to pass through the water molecule, with
the preferred site of coordination of M* ions to oxygen atoms in the axial site opposite
the water molecule. In a later study, based on luminescence lifetime measurements of
Tb(ppp);~ in D,O/H,0 solutions, Anson et al. (1987) reported that two water molecules
are coordinated to the lanthanide ion. Since terbium is adjacent to dysprosium, they
proposed that the shift reagent be formulated as [Dy(ppp).(H,0),]’~, in which each
triphosphate ligand coordinates the lanthanide ion in a terdentate manner, giving a total
coordination number of eight. Using 3'P LIS data, they determined G values that also
place the phosphorus atoms in the equatorial region, with the two water molecules in the
axial region. Apart from a different mode of coordination of the ligand, and the addition
of one more water molecule to the coordination sphere, their model is structurally similar
to that proposed by Nieuwenhuizen et al. (1985). However, based on plots of 1/8,4s(**Na)
versus [Na®], they concluded that only one Na* ion is associated with the shift reagent,
with a limiting shift of —477 ppm at 25°C, pH 8, which agrees reasonably well with the
value (—435ppm) reported by Chu et al. (1990), taking into account the experimental
differences of 5°C in temperature and in pH. Based on the value of G determined by
Reilley’s method, these workers concluded that the Na* ion occupies an axial site opposite
the water molecules, binding to the negatively charged carboxylate oxygen atoms.
Although Dy(ppp);~ is a very effective shift reagent, Springer notes that it is also quite
toxic to animals (Szklaruk et al. 1990, and references therein). In addition to the effects of
the equilibrium competitions of the biological metal cations Mg®" and Ca** with Na* for
Dy(ppp). ™, the Springer group proposes that the toxicity is most likely due to irreversible,
perhaps enzymatic, degradation of free ligand (from dissociation of Dy(ppp);”) in vivo. In
order to avoid this latter problem, the Springer group synthesized DyL>", where L% =o-
bis{(3-(tripolyphosphato)propyl)oxy)benzene anion (fig. 31), which covalently links two
triphosphate groups. In vitro Na NMR experiments showed that DyL3"shifts the
#*Na signal upfield about one-third as well as Dy(ppp)}~, while maintaining approximately
the same pH profile as Dy(ppp)]~ toward binding Na*, but offers the advantage of less
severe competition from Mg?* and Ca?* for the Na* binding site. Furthermore, although
catalytic amounts of alkaline phosphatase promote hydrolysis of DyL>", the reaction is
not as rapid nor as extensive as the hydrolysis of Dy(ppp);~. Preliminary experiments
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with beating rat hearts show that when hearts are perfused at only slightly subnormal
flow rates with buffer solutions that are 5.7mM in DyL>", they continue to beat and the
extracelluar sodium resonance is shifted upfield by 4 ppm.

Pike et al. (1983) reported on the use R(ca);” (R=Dy, Tm; H;ca=4-hydroxy-2,6-
dicarboxylic acid) as shift reagents for 2Mg?*, 3*K*, 2Na*, ¥’Rb* and the N resonance
of NH}. As observed for most other anionic shift reagents, the dysprosium complex
produces upfield shifts and the thulium complex produces downfield shifts. However, the
magnitude of the *Na shift produced by Dy(ca)$" is approximately four times smaller
than that observed for the Dy(ppp))~ complexes under similar conditions. Chu et al.
(1984) reported that the shifts produced by complexes derived from Dy(ttha)*~ and
Tm(ttha)*~ (Hgttha =triethylenetetraminehexaacetic acid) are in the opposite direction as
those produced by most other anionic shift reagents. This observation suggests that the
sodium ion binding site is in the equatorial region of the dipolar field created in the
R(ttha)*~ complexes. A limiting value of +159-8 ppm is reported for 2*Na shifts induced
by Dy(ttha)*~, which is significantly smaller than the limiting shift (~435 ppm) reported
for the Dy(ppp)}~ shift reagent (Chu et al. 1990). However, R(ttha)*~ reagents offer the
advantage that the induced shifts are relatively pH independent in the pH range 5.5-
12 and not as sensitive to competition from Ca®* and Mg?* cations. *Na spectra of
the gastrocnemius muscle in a living rat infused with Dy(ttha)>~ were recorded at
field strengths of 1.5, 4.7, 8.4 T (Balschi et al. 1989; see references therein for other
in vivo studies using Dy(ttha)>~ as a shift reagent). The spectra revealed little change
in resolution as the field strength increased, suggesting that the observed line widths
are determined primarily by bulk magnetic susceptibility shifts. A comparison of the
paramagnetic shifts induced in "Li* resonances by the shift reagents R(ppp);, R(ttha)*",
R(nta)}~, R(dpa);~, and R(Hca)j~ (R=Dy, Tm) was reported by Ramasamy et al. (1989).
The results of this study show that the R(ppp);” complexes produce the largest shifts,
which are highly pH dependent. Sherry et al. (1988) reported on the use of Dy(dotp)>~
as an upfield 2*Na shift reagent (see sect. 4.2.2 for NMR studies of R(dotp)*~ complexes).
The shifts induced in the 2*Na spectrum of gently packed human red blood cells (80%
hematocrit) in the presence of Dy(dotp)™ are about 83% as large as those induced



PARAMAGNETIC LANTHANIDE COMPLEXES AND SHIFT REAGENTS 63

CH,COOH
HOOCCH, — | —
N N o/\

( ;
N N o\)
\_/ ¥_(_/ a
HOOCCH/ CIH COOH
2

O3N; (@a=1) OsN4 (a=3)

O,N, (@=2) OgNy (a=4) g 32,

by Dy(ppp)}~. Although this shift reagent is nearly as effective as Dy(ppp).”, it is
unfortunately more susceptible to competition from Ca?'. Time-dependent changes in
2Na and 3'P spectra of Dy(dotp)®™ in the presence of rat abdominal wall muscle were
similar to those observed for Dy(ppp),”. The latter reagent had been shown to undergo
irreversible hydrolysis to inorganic phosphate in this muscle tissue. However, in the case
of Dy(dotp)®", the decrease in intensity of the signal due to extracelluar **Na* that is
bound to the shift reagent was shown to be due to sequestering (50%) of the shift reagent
by the muscle tissue, rather than degradation of the reagent by hydrolysis.

One of the major problems with alkali metal cation shift reagents is their nonspecificity
for a particular biological cation such as Na*. Removal of calcium ion from solution by
complexation and or precipitation of the Ca2*—SR salt may have a detrimental effect upon
those tissues which depend upon low Ca?* concentrations for survival. Sherry’s group
provides an interesting approach to solving the problem of competition between ions
by designing shift reagents that are more specific for certain cations (Sink et al. 1990).
In their initial attempt, they synthesized a new series of polyoxa tetraaza macrocyclic
tetraacetates (fig. 32), in which the tetraaza tetraacetate portion of the molecule is similar
to dota and encapsulates the paramagnetic lanthanide ion, leaving a polyoxa crown
ether-type cavity available for binding to alkali metal cations. Paramagnetic-induced shifts
for aqueous solutions containing alkali metal cations (32 mM) and DyL~ shift reagents
(8.1mM) at pH 7 and 25°C are recorded in table 16. The results show that in all cases the
paramagnetic shifts are small and the trends show little correlation with cavity size from
Dy(03Ny4)~ to Dy(OsN4)~. A plot of the 2Na shift versus [Dy(O4N4)")/[Na*] was fit to a
1:1 binding model, with a Na* binding constant of 7.59 M!. A reasonable explanation for
the small shifts is related to the geometrical interaction of the alkali metal cations with the
Dy(0,N4)~ complexes. Whereas the Na* ion is proposed to be located in the axial region
of the Dy(dota)” complex, about 3.9 A from the dysprosium 1on, the preferred sodium
ion binding site in Dy(O4N4)~, based on molecular mechanics calculations, places the
Na* ion in the center of the polyoxa cavity, in the equatorial region, roughly 106° from
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Table 16
Paramagnetic induced shifts (ppm) induced by DyL~ for alkali metal cations in aqueous solution at pH 72
(from Sink et al. 1990)

Shift reagent Shift

Li* Na* Kt Cs*
Dy(O,N,)~ 0.23 0.12 0.63 2.57
Dy(O,N,)" 032 0.65 0.63 2.16
Dy(OsN,)” 0.18 0.46 0.42 1.92
Dy(O¢N,)~ 0.20 0.42 0.21 1.80

# All solutions contained 8.1 mM DyL~ and 32 mM alkali metal cation.

an axis perpendicular to the four nitrogen atoms and 5.3 A from the dysprosium ion. The
authors concluded that although these shift reagents do appear to have a greater selectivity
for Na* over Ca%*, the paramagnetic shifts induced in the alkali metal cation spectra are
too small to make these reagents useful candidates for in vivo NMR studies.

7. Concluding remarks

The introduction of high-field NMR instrumentation has diminished the need for
lanthanide shift reagents for qualitative spectral simplification of organic molecules.
Interest remains in developing new chiral shift reagents for determining enantiomeric
excess in asymmetric organic synthesis and for determining the absolute configuration of
optically active substrates. Research continues for development of nontoxic shift reagents
to study the transport of biologically active cations across cell membranes in vivo. With
the commercial development of Gd(dota)” and Gd(dtpa)’>~ as MRI-relaxation agents,
recent NMR studies have focused on paramagnetic complexes that are sterically rigid
on the NMR time scale. Structural rigidity is observed in complexes derived from
multidentate ligands, in which the denticity of the ligand provides a coordinatively
saturated lanthanide ion, or may be imposed by ligands with special binding constraints.
Two-dimensional NMR spectra, which aid in spectral assignments and characterization
of the dynamics of exchange between stereoisomers, are now routinely recorded for
complexes derived from the lighter members of the series (Ce-Eu), as well as those of
ytterbium. An improved method of analyzing pseudocontact shifts has been introduced,
which uses a linear least-squares fitting of the LIS data to expressions involving elements
of the magnetic susceptibility tensor. Furthermore, by using a linear least-squares fitting
of the data, it is possible to allow a computer program to permute LIS values over
any number of nuclei, thereby determining the assignment of peaks that gives the best
fit to the LIS data. Molecular modeling techniques have been combined with analyses
of LIS data to obtain three-dimensional structures of complexes in solution. Since
geometrical information is obtained only from the pseudocontact shift, the degree to
which a structure can be refined using molecular modeling and analysis of LIS data, is
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limited to the accuracy of determining the contact shift component of the LIS. Reilley’s
temperature-independent method is most commonly used to determine the contact shift,
but is applicable only for an isostructural series of complexes in which the crystal-field
parameters remain constant. However, small variations in geometry due to the lanthanide
contraction can lead to relatively large errors in the contact shifts determined by this
procedure. Furthermore, there is evidence that the crystal-field coefficients may not be
constant across the lanthanide series. A new method of determining contact shifts based
on a linear least-squares analysis of the LIS data has been introduced, which eliminates
assumptions regarding crystal-field coefficients, but is limited to complexes having axial
symmetry and also requires that the complexes be isostructural. Lacking a reliable method
for determining contact shifts, one approach for determining a structure in solution is
prompted by the strategy introduced by Sessler and coworkers in their NMR study of
lanthanide texaphyrin complexes (sect. 4.4.3). An initial LIS analysis can be carried out
by selecting only those nuclei having a large pseudocontact to contact shift ratio to define
the elements of the susceptibility tensor, e.g., 'H nuclei in a series of complexes, excluding
Nd and Eu, having large LIS values. Contact shifts for other nuclei (*C and 'H) in the
series of complexes then can be determined as fitting parameters. If the resulting contact
shifts are linearly related to the (S,) values for the various lanthanides, then it follows
that the components of the susceptibility tensor are likely well-defined. Subsequently,
the structure can be refined using molecular mechanics calculations to minimize the
agreement factor R. To date, analyses of LIS data for a relatively complete series of
complexes have been reported only for complexes derived from dotp (sect. 4.2.2), an
amide derivative of dota (sect. 4.4.3), dpa and mdpa (sect. 4.4.1), and tx (sect. 4.4.3).
Although the data are limited, these studies prove the potential to use paramagnetic
lanthanide ions as probes to determine three-dimensional structures of complexes in
solution.
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(28 metal luminescence quantum yield upon @y, metal luminescence quantum yield upon
ligand excitation in deuterated solvent excitation in the metal emitting state
Dy metal luminescence quantum yield
upon ligand excitation in hydrogenated
solvent

1. Introduction

In this chapter we will discuss Eu** and Tb** complexes obtained upon encapsulation
of these ions by cage-type ligands exhibiting, in solution, metal luminescence upon
ligand excitation. Recent developments in the field of supramolecular chemistry revealed
that cage-type ligands are capable of encapsulating lanthanide ions, giving rise to the
formation of complexes stable in solution. This is of particular interest since, as is
known, lanthanide ions do not exhibit strong coordination ability towards conventional
ligands, especially in aqueous solution where water molecules compete efficiently to
occupy the coordination sites of the metal ion. If the cage-type ligand incorporates
chromophoric groups, it can play the role of antenna in the complex by absorbing light
and transferring the excitation energy to the metal ion which eventually emits (fig. 1)

hv hv
L L
_\AE
<JAE
M
AE r» L
L AE | L
e
hv Fig. 1. Schematic representation of the antenna effect in the complex:
light is absorbed by the chromophores of the ligand and electronic energy
hv hv is transferred to the luminescent metal ion (Alpha et al. 1990).

(Sabbatini et al. 1993). An efficient antenna is expected to lead to metal luminescence
much more intense than that obtained upon metal excitation since lanthanide ions
are characterized by very low molar absorption coefficients. These complexes can be
considered light-conversion molecular devices because they are able to transform light
absorbed by the ligand into light emitted by the ions via an intramolecular energy transfer
(Balzani and Scandola 1991).
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Our study focuses on complexes of Eu*" and Tb*' because among the lanthanide ions
these show intense emission in the visible and possess long-lived emitting states. These
characteristics render Eu** and Tb** complexes important for time-resolved luminescence
bioaffinity assays, the application we are particularly interested in, since they allow
a sensitivity enhancement of the assay via minimizing interference of the short-lived,
background luminescence in the UV of the biological species and of scattered excitation
light. In sect. 2 of this chapter we will illustrate some general concepts of supramolecular
chemistry dealing with the encapsulation of cations by cage-type ligands. In sect. 3
we will give an overview of the processes involving electronically excited states, which
occur in some Eu*" and Tb** complexes of cage-type ligands after light absorption. In
sect. 4 these complexes will be presented in different classes defined by the nature of
the ligands. Further, we discuss in sect. 5 the complexes from the point of view of the
ligand absorption, the ligand-to-metal energy transfer, the metal luminescence efficiency
and, finally, the metal luminescence intensity. The last section treats the applications of
Eu** and Tb** complexes in fluoroimmunoassays and DNA hybridization assays.

2. Encapsulation of metal ions

In this section we summarize the fundamentals of supramolecular chemistry dealing with
encapsulation of cations by cage-type ligands (Lehn 1985, 1988).

Generally, a supermolecule is thought of as a species containing different partners, the
molecular receptor and the substrate, the component whose binding is looked for. The
formation of a supermolecule depends on a process called molecular recognition which
consists in selective binding of the substrate by the receptor on the basis of the information
stored in the interacting components. Binding of substrate by receptor to form the
supermolecule involves intermolecular, noncovalent bonds driven by electrostatic forces,
van der Waals forces, hydrogen bonds, and so on. Molecular recognition is possible
only if the two species are complementary in size, shape, and binding sites. From this
point of view, supramolecular chemistry may be considered generalized coordination
chemistry, since it aims at extending to all kinds of substrates, i.¢., cationic, anionic, and
neutral species of inorganic, organic, and biological nature. Natural and synthetic ligands
consisting of macrocycles and macropolycycles are revealed suitable for the complexation
of alkali, alkaline-earth, and lanthanide ions. Pedersen’s macrocyclic polyethers (fig. 2)
combine the complexation ability of the ether functions towards cations of the hard
type and the capacity of ion enclosure by the macrocycle (Pedersen 1988). Lehn’s
macrobicyclic ligands such as the cryptands shown in fig. 2 form even more stable
complexes with several cations (Lehn and Sauvage 1975). The cryptates have stability
constants several orders of magnitude higher than those of the complexes of macrocyclic
ligands. The strong complexation ability of the cryptands results from their macrobicyclic
nature giving rise to a three-dimensional cavity well fitted for binding of cations. This
type of complexation defines the cryptate effect characterized by high stability and
selectivity, slow exchange rates, and efficient shielding of the ion from the environment.
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R - - Fig. 2. Schematic representation of the
gg:;: Z ; ;’ z ; 2 18gC6 crown ether andL:he 2.1.111,02.2.01, and

’ 2.2.2 cryptands.

The cryptands show pronounced selectivity as a result of size complementarity between
the cation and the intramolecular cavity of the ligand. For example, as the strands of the
cryptands are lengthened from 2.1.1 to 2.2.2 (fig. 2) the most strongly bound ions are Li*,

a", and K¥, respectively. Cryptand 2.2.2 also displays a higher selectivity for Sr** and
Ba®* than for Ca?". Another important aspect of the encapsulation of cations is the amount
of preorganization of the ligand (Cram 1988). Crystal structures of cryptands (Weiss et al.
1970, Metz et al. 1973) and crown ethers (Dobler and Phizackerly 1974a,b, Dobler et al.
1974, Dunitz and Seiler 1974, Dunitz et al. 1974, Seiler et al. 1974) show that they contain
neither cavities nor convergently arranged binding sites prior to cation complexation.
Other types of cage-type ligands, e.g., spherands, are completely preorganized after their
synthesis for the cation complexation (Trueblood et al. 1981). Comparison of the binding
free energies for complexation of different cations by several types of cage-type ligands
led to the conclusion that the more highly hosts and guests are organized for binding and
the lower their solvation is prior to complexation, the more stable their complexes will
be.

Also for d-block metal ions, encapsulation led to several innovations related to,
e.g., the syntheses and properties of their complexes (Balzani and Scandola 1991).
These metal ions can govern template syntheses of cage-type complexes by organizing
around themselves some organic fragments according to the coordination symmetry
required by the cation. For example, Ni(Il) promoted syntheses of tetraazamacrocycles
by exerting both kinetic and thermodynamic effects and remained firmly trapped inside
the ring. Demetallation and recovery of the free macrocycle could only be achieved
under drastic conditions. Interestingly, several properties of cage-type complexes are
significantly modified with respect to similar, uncaged complexes. For example, ligand
dissociation requiring extensive nuclear motions is prevented. This is clearly illustrated by
the following case. [Co(sep)]** (fig. 3) (Creaser et al. 1977) and [Co(NH3)s]** have the
same composition and symmetry of the first coordination sphere, but show a completely
different behavior upon excitation in the ligand-to-metal charge-transfer (LMCT) bands
and one-electron reduction in pulse radiolysis experiments. [Co(NH;3)s]** undergoes
ligand dissociation which results in decomposition of the complex, while [Co(sep)]**
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Fig. 3. Schematic representation of the [Co(sep)** complex (Creaser et

[Co(sep)] W al. 1977).

gives rise to [Co(sep)]**. This is explained considering that the lability of [Co(NH;)s]**
is overcome in the cage-type complex because the coordinating amino groups cannot be
removed.

In conclusion, the properties illustrated above show that encapsulation of cations by
cage-type ligands can give rise to complexes exhibiting a variety of new properties. Nowa-
days, these complexes are widely studied because of their importance for applications.
These aspects characterize the study presented here, which, as described in sect. 1, focuses
on obtaining intense luminescence in solution upon encapsulation of the Eu** and Tb**
ions by suitable cage-type ligands and on the applications one can develop on the basis
of this luminescence.

3. Light conversion in Eu** and Tb*" complexes

As mentioned in sect. 1, encapsulation of the Eu*" and Tb** ions by cage-type ligands
incorporating chromophoric groups aims at the design of light-conversion molecular
devices built up of distinct absorbing (ligand) and emitting (metal ion) components (fig. 1)
(Alpha et al. 1990, Sabbatimi et al. 1993). In these systems, ligand-to-metal energy
transfer gives rise to metal luminescence (fig. 4). The metal emissions we consider are
those originating from the Eu** Dy and Tb*" 3D, excited states because they are the most
intense and these states possess the longest lifetimes. In this light-conversion process,
the quantities that contribute to the metal luminescence intensity are (i) the efficiency
of the ligand absorption, (ii) the efficiency of the ligand-to-metal energy transfer, and
(iii) the efficiency of the metal luminescence.

It must be pointed out that the experimentally determined quantities are the molar
absorption coefficients and the metal luminescence quantum yield upon ligand excitation
(hereafter indicated as quantum yield). The molar absorption coefficients of the ligand
in the complex are related to the efficiency of the absorption and the quantum yield is
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Singlet
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l Fig. 4. Schematic representation of the
Ground state conversion of absorbed light into emit-
ted light in Eu** and Tb* complexes.

proportional to the efficiencies of both the ligand-to-metal energy transfer and the metal
luminescence.

The efficiency of the ligand-to-metal energy transfer, 7eny,, can be obtained from the
ratio between the quantum yield upon ligand excitation, @, and the quantum yield upon
metal excitation, @p:

D
Hentr. = 5; (1)

If @ cannot be measured, it may be substituted, as in eq. (2), by the efficiency of the
metal luminescence, 71y, obtained from eq. (3). Since in this study the radiative and
nonradiative rate constants are calculated from the experimental lifetimes, eq. (3) may
be replaced by eq. (4) on the assumption that the decay of the metal emitting state in
D,0 at 77K is purely radiative:

D k T
Nentr. = —» = : ™M= ;;[;( (2,3,4)
™M ™o

It must be pointed out that in the presence of equilibria involving the metal emitting
state and other excited states which decay to the ground state, eq. (4) is not valid and
substitution of Texy /T * for 7y in eq. (2) gives only a lower limiting value of 7jen .. Let
us now discuss the type of ligand excited state involved in the energy transfer. Ligand
absorption causes population of the ligand singlet excited states which deactivate to the
ligand triplet excited states via intersystem crossing. In principle, both singlet and triplet
ligand excited states may be involved in the energy transfer to the metal ion. It is known,
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however, that the lifetimes of the singlet excited states of aromatic compounds like the
ligand chromophores presented in this study are of the order of 10~ s so that energy
transfer processes from these states should be very fast (rate constants greater than 10° s71)
in order to be effective. The triplet excited states of aromatic systems have much longer
lifetimes and therefore, more than the singlet excited states, are expected to be involved in
the energy transfer to the metal ion. Therefore, it is interesting to know the efficiency of
the triplet — metal energy transfer, 7uipiet — metal, because it may reflect the ligand-metal
interaction. The involvement of a ligand triplet excited state in the ligand-to-metal energy
transfer was proved experimentally only for the Tb*" complex of ligand 2, for which
Niriplet — metat Was measured (sect. 5.2). The relationship between 7 and Nyipiet — metal
is expressed by

Nen.ir. = Msinglet — triplet Mtriplet — metal (5)

where Tsingiet — tripier 18 the efficiency of singlet — triplet conversion in the complex.

In the absence of decay processes of the ligand singlet excited state to excited states
different from the ligand triplet excited state, 7singlet — wripler 1S at least equal to the
intersystem crossing efficiency of the free ligand, 7, considering the heavy atom effect.
When in the complex the singlet excited state undergoes deactivation processes related to
the presence of the metal, Mingiet — triplet May be lower than ;s of the ligand, thus giving
a lower limiting value of Nentr. if Msingiet — triplet 1S substituted by 75 in eq. (5).

Now, we discuss the metal luminescence efficiency in the complex on the basis of
the radiative and nonradiative decay processes of the Eu*' °Dy and Tb* °Dj emitting
states lying at 17260cm™ and 20400 cm™, respectively. According to the theory
on nonradiative transitions in lanthanide complexes (Reisfeld 1975, Carnall 1979,
Strek 1982), nonradiative decay between various states may occur by coupling of the
electronic levels of the lanthanide ion with suitable vibrational modes of the coordination
environment. The efficiency of these processes depends on the energy gap between the
electronic levels involved and the vibrational energy of the oscillators (Reisfeld 1975,
Freed 1976, Reisfeld and Jargensen 1977, Carnall 1979). When lanthanide ions coordinate
solvents containing high-energy OH oscillators nonradiative deactivation takes place via
vibronic coupling with their vibrational states (Haas and Stein 1971, Stein and Wurzberg
1975). If the OH oscillators are replaced by the low-frequency OD ones, this deactivation
process becomes much less efficient. By carrying out experiments in H;O and D,0
solutions, Horrocks and Sudnick (1979, 1981) have shown that for the Eu** and Tb*"
complexes the number, n, of water molecules coordinated to the metal ion is given, with
an estimated uncertainty of 0.5, by

AT
n—q<T—H~T‘D>, (6)

where Ty and Tp are the experimental lifetimes (in ms) of the Eu’* 3Dy and Tb** "D,
emitting states (hereafter shortly referred to as lifetimes) in H,O and D,0, and ¢ is 1.05
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and 4.2 for the Eu** and Tb*" compounds, respectively. The g values show that vibronic
coupling is more efficient for Eu** than Tb*, as expected on the basis of the energy gap
between the emitting state and the highest level of the ground state multiplet (12260 cm™
and 14400 cm™" for Eu** and Tb*, respectively).

On the assumption that methanol behaves like half a water molecule, Holz et al. (1991)
have proposed the use of the following equation to determine the number of coordinated
methanol molecules:

1 1
( _ ) ™
TMeOH  TMeOD

where Tyeon and Tyeop are the experimental lifetimes (in ms) of the metal emitting states
in MeOH and MeOD and # is 2.1 and 8.4 for the Eu** and Tb** compounds, respectively.

The emitting state may also deactivate nonradiatively via thermally activated crossing
to short-lived, upper-lying excited states of other configurations (e.g., LMCT states for
the Eu*" complexes) (Blasse 1979), which decay nonradiatively to the ground state.

Taking into account the radiative and nonradiative deactivation processes described
above, the overall decay rate constant of the emitting state of the metal ion can be
expressed as
1
T
where k; is the radiative rate constant, and &y, and k(T are the nonradiative temperature
independent and temperature dependent decay rate constants, respectively.

In OH-containing solvents the most important contribution to k. comes from the
vibronic coupling with the high-energy OH oscillators. The overall decay rate constant
can thus be rewritten as

k=—=k+ky +koo(T), )

1
= — = ke + kar(T) + kne(OH) + ki (other vibr.), ©)

where the term kp;(other vibr.) accounts for the nonradiative decay via vibronic coupling
with vibrations different from those of the OH oscillators. The decay rate constants may
be obtained from the lifetimes in hydrogenated (ty) and deuterated (7p) solvents at
different temperatures. On the basis of eq. (9), assuming that the term kp (other vibr.) is
negligible and the coupling with the OD oscillators is completely inefficient, and recalling
the previous assumption on 7%, the radiative rate constant , is given by

1

ke = (10)
-L—']7)7K

and the nonradiative rate constants kn(7) and k,(OH) at room temperature (hercafter
indicated by 300K) are given by
1 1 1 1
ki T) = =551 — =77k kar(OH) = =557 — =mxc- (11,12)
[35) 35} Th 35

When the emitting state is in equilibrium with other excited states a more complex,
non-exponential decay is expected, but an exponential decay is generally used in the first
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approximation. It must be pointed out that in the presence of an equilibrium eq. (11) does
not give £,,(7), but a number which reflects the effect of the equilibrium on the decay
of the metal emitting state (sect. 5.3).

4. Eu** and Tb* complexes of cage-type ligands

In this section we review some photophysical properties of Eu’" and Tb*" complexes of
cage-type ligands. In the following, the complexes are named by formulas consisting of
the symbol of the metal ion followed by the number used for the ligand. The complexes
are presented in different classes defined by the nature of the ligand. The different classes
are schematized in fig. 5.

d e

Fig. 5. Schematic representation of different classes of Eu** and Tb** complexes with encapsulating ligands:
(a) cryptates; (b, ¢) complexes of branched-macrocyclic ligands; (d) podates; (e) complexes of functionalized
calixarenes.

4.1. Cryptates

Figure 6 shows schematically the ligands of the Eu®* and Tb** cryptates examined. Some
photophysical data and the number of coordinated solvent molecules of these complexes
are gathered in table 1.
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11: B=

Fig. 6. Schematic representation of the ligands of the cryptates examined.

OC,H;
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H,C CH,

-

Fig. 6 (continued).
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Cryptands containing polyoxyethylene chains as the 2.2.1 cryptand 1 can be considered
three-dimensional analogues of crown ethers, and were originally designed for com-
plexation of alkali metal cations (Lehn 1985, 1988). The complexes of these ligands,
called cryptates, showed a substantial gain in stability and selectivity in comparison
with complexes of related non-cryptand ligands, which has been attributed to the so-
called cryptate effect (sect. 2). Due to the similarities between the alkali cations and the
trivalent lanthanide ions it is not surprising that ligand 1 formed stable complexes with
the latter ions as well. These complexes presented important characteristics like kinetic
inertness in water and efficient shielding of the metal ion from solvent molecules. The first
photophysical studies on luminescent Eu** and Tb** complexes of cage-type ligands have
been performed on complexes of ligand 1 (Sabbatini et al. 1984, 1986, Blasse et al. 1986).
The absorption spectrum of Eul presented two bands in the UV (£max ~ 100M ™! em™),
attributed to LMCT transitions involving the ether oxygens and the amine nitrogens of
the ligand. Analogous bands appeared in the metal luminescence excitation spectrum,
together with the metal-centered bands of the Eu>* ion. In this spectrum, the relatively
high intensity of the metal-centered bands compared to that of the LMCT bands indicated
that conversion of absorbed light into light emitted by the metal is more efficient when
excitation is performed in the metal-centered bands. The absorption spectrum of Tb1 did
not differ appreciably from that of the Tbgg ion. Comparison of the lifetimes in H,O and
D, 0 of both complexes indicated the presence of efficient nonradiative decay via vibronic
coupling with the OH oscillators of the water molecules coordinated to the metal ion. This
process is less efficient for Tbl, as expected considering that the energy gap between
the metal emitting state and the ground state is higher in Tb** complexes than in Eu**
complexes (sect. 3). By using eq. (6), 3.1 and 1.9 water molecules were calculated to
coordinate the metal ion for Eul and Tb1, respectively, showing that the ligand partially
shields the metal ion from the solvent (as is known, the Eugar and beu;r ions coordinate
9 to 10 water molecules). For Eul the temperature dependence of the lifetime of the
metal emitting state indicated that a thermally activated nonradiative decay of this state
occurs. This process was ascribed to the population of LMCT excited states from the
Eu* emitting state followed by efficient nonradiative deactivation of these states to the
ground state. It has been suggested that the LMCT excited states are in equilibrium with
the emitting state. Considering that the quantum yield upon LMCT excitation is one order
of magnitude lower than that obtained upon excitation in the metal-centered °Ly state, the
effect of the equilibrium is presumably small (Sabbatini et al. 1993). For Tb1 the lifetime
values of the metal emitting state indicated that no thermally activated nonradiative decay
of this state is present, as expected considering that this complex does not possess low-
lying, excited-configuration states. Further, 1:1 and 1:2 (complex:anion) ion pairs between
the Eul and Tb1 cryptates and fluoride anions were studied (Sabbatini et al. 1987¢c). The
fluoride anions were found to replace partially the water molecules coordinated to the
metal ion and to increase the lifetimes and quantum yields. The photophysical behavior
of these ion pairs confirmed the conclusions drawn for the complexes on the role played by
the nonradiative decays of the metal emitting states. Formation of ion pairs with phosphate
anions showing properties analogous to those of ion pairs with fluoride anions has been
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Fig. 7. Crystal structure of [Tb2]Cl;-4H,0. The
view is perpendicular to the mirror plane passing
through the cation. N atoms, small dotted circles;
O atoms, dashed circles; Cl™ anions, large dotted
circles (Bkouche-Waksman et al. 1991).

reported (Sabbatini et al. 1992). In conclusion, the Eul and Tb1 complexes gave low
metal luminescence intensity because of their weak absorption and, in the case of Eul,
of the low quantum yield.

In order to obtain more intense metal luminescence further research was directed at the
design of cryptates containing chromophores in the ligand, whose excitation would lead,
possibly, to intense metal luminescence via an efficient ligand-to-metal energy transfer.

Some lanthanide complexes of ligand 2 which contains three 2,2’-bipyridine (bpy)
units as chromophores were synthesized from the Na2 complex upon substitution of
the Na® ion by the lanthanide ion (Rodriguez-Ubis et al. 1984, Alpha 1987, Alpha et
al. 1987b). The crystal structure of the [Tb2]Cl;-4H,0O complex (fig. 7) showed that
the cation is encapsulated by the ligand via binding by the eight nitrogens (Bkouche-
Waksman et al. 1991). The complex has wide open faces which are filled up by water
and counterions, thus completing the first coordination sphere of the metal ion. The
photophysical properties of the Eu2 and Tb2 complexes were extensively studied in
water (Alpha et al. 1987ab, 1990, Lehn 1987, Sabbatini et al. 1987b). Among the
complexes studied up to now, these have been most investigated; therefore we will
consider them prototypes of the Eu** and Tb** complexes with encapsulating ligands
incorporating chromophoric units. Some photophysical data and the number of water
molecules coordinated to the metal ion are shown in table 1. The absorption spectra of
Eu2 and Tb2 showed bands corresponding to 7tat* transitions in the bpy’s (for free bpy
Emax = 13000MTem™ at Ay, =281nm, Alpha et al. 1990). Analogous bands were
observed for the Na2 complex (€max =34000M~!cm™" at Ay, =291nm, Alpha et al.
1990). The bands were red-shifted in comparison with the free bpy and the molar
absorption coefficients were lower than the values corresponding to the sum of three
free bpy’s. Both effects have been attributed to the coordination of the bpy to the metal ion.
The large red shift has been considered indicative of a rather strong interaction between
the bpy and the metal ion (Sabbatini et al. 1993). Similarity of the absorption and the metal
luminescence excitation spectra indicated that energy transfer from the ligand excited
states to the metal emitting state takes place. On the basis of the lifetime values in H,O
and D, O it was found that an important decay process of the metal emitting states takes
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place via vibronic coupling with the OH oscillators of the coordinated water molecules.
About three water molecules were estimated to coordinate the metal ion. Interestingly,
the shielding of the metal ion in these cryptates is comparable with that of the cryptates
of ligand 1. No temperature dependence of the lifetime was observed for Eu2, indicating
that excited states of other configurations are too high in energy to deactivate the Eu**
emitting state at room temperature. The strong temperature dependence of the lifetime
of Tb2 suggested that an important thermally activated nonradiative decay of the metal
emitting state takes place. It was proved that the excited state thermally populated via
this process is the ligand triplet excited state which lies ~1200 cm™ above the Tb** SDy
emitting state. The presence of an equilibrium between these states has been suggested,
which could explain the quenching of the metal emitting state by oxygen (the lifetimes
are 0.33 ms and 0.45 ms in aerated and deaerated water solution, respectively). In fact, the
quenching should not take place by interaction of oxygen with the metal emitting state, as
suggested by the absence of any oxygen effect on the luminescence of the Tb*" ion, and
could reflect the quenching of ligand triplet excited states by oxygen observed in Gd2.
Both Tb2 and Eu2 gave low quantum yields. The low value of Tb2 has been ascribed
mainly to the efficient metal-to-ligand back energy transfer (sect. 5.2). In the case of
Eu2 the low value has been explained by low efficiency of the ligand-to-metal energy
transfer due to deactivation of the ligand excited states via LMCT excited states (sect. 5.2)
and deactivation of the emitting state via vibronic coupling with the OH oscillators of
the water molecules coordinated to the metal ion. The luminescence of the Eu2 and
Tb2 complexes was investigated also in the solid state (Blasse et al. 1988a,b). High
quantum yield, 0.5, was found at 300 K for Eu2, while for Tb2 high values were obtained
only at low temperatures. In the latter case the quantum yield decreased on raising the
temperature, as expected considering the above mentioned metal-to-ligand back energy
transfer.

Results concerning other cryptates incorporating chromophoric groups are presented in
the remainder of this subsection. The synthesis of the Eu** complex of ligand 3 has been
reported (Takalo and Kankare 1988). This complex was stable in neutral aqueous solution
and showed metal luminescence upon ligand excitation. The metal luminescence intensity
was 56000 times higher than that obtained for an equimolar solution of the Euig ion
upon excitation at the same wavelength. Ligands 4 and 5 incorporating as chromophores
one bpy and one 1,10-phenanthroline (phen), respectively, were obtained (Rodriguez-
Ubis et al. 1984). Preliminary photophysical results have been reported for Eud, Tbd,
and EuS (Alpha et al. 1987b). These complexes were found to be stable in water where
they showed strong metal emission upon excitation in the bpy and phen chromophores
of the ligand. The lifetimes of Eu4 and EuS were longer than that of Eul. This has been
attributed, at least in part, to a better shielding of the metal ion by the ligands. However,
since lifetimes in heavy water were not reported this hypothesis is not confirmed. The
lifetime of Th4 was shorter than that of Tbi. In this case, the effect on the lifetime due
to a better shielding of the metal ion could be masked by efficient deactivation of the
metal emitting state via thermally activated nonradiative decay involving the lowest triplet
excited state of the phen unit. The quantum yields were of the order of 1072, i.e., similar
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Fig. 8. Crystal structure of [Tb7]Cl,-4H,0.
The view is perpendicular to the mirror
plane passing through the cation. N atoms,
small dotted circles; O atoms, dashed circles;
Cl~ anions, large dotted circles (Bkouche-
Waksman et al. 1991).

to those of Eu2 and Tb2. The 3,3’-biisoquinoline-N,N’-dioxide (biqO;) chromophore
coordinating the metal ion via the oxygens was used to obtain ligand 6. N-oxides were
found to be more powerful ligating groups for lanthanide ions than the corresponding
amines and more efficient sensitizers of metal luminescence (Musumeci et al. 1982). The
photophysical properties of the Eu** complex of ligand 6 with several counterions were
studied in acetonitrile (Lehn et al. 1990, Pietraszkiewicz et al. 1993). It was found that
this ligand forms luminescent 1:1 complexes with various Eu®" salts. The lifetimes and
quantum Yyields depended on the nature of the counterion, the dependence being more
pronounced for the quantum yields than for the lifetimes. This behavior may be due to
different amounts of interaction between the counterion and the Eu** ion. For example,
the highest quantum yield value was found in the case of CF3SOj3 while in the presence of
weakly coordinating anions like perchlorate and chloride the quantum yields were lower.
The Eué complex was reported to be stable also in water, but no luminescence data were
given in this solvent.

Ligand 7 (Alpha et al. 1988), obtained upon introduction of carboxymethyl substituents
in the 4 and 4’ positions of one bpy of ligand 2, was synthesized. The Eu7 complex was
obtained (Alpha et al. 1988) and its photophysical properties were studied (Sabbatini et
al. 1992, Guardigli 1993). The absorption spectrum of Eu7 in water was similar to that
of the parent Eu2. Comparison of the metal emission spectra of Eu7 and Eu2 indicated
that the carboxymethyl substituents do not affect the symmetry of the first coordination
sphere of the Eu* ion. This is confirmed by the crystal structure of the analogous
complex [Tb7]Cl5-4H;O shown in fig. 8 (Bkouche-Waksman et al. 1991). The lifetimes
and quantum yields were similar to those of the parent Eu2, indicating that the presence of
the carboxymethyl substituent slightly affects the photophysical properties. Likewise, in
the case of Eu8 (Mathis 1993) introduction of substituents did not cause relevant changes
in the photophysical properties with respect to those of Eu2. The Eu** complex of ligand 9
containing three phen’s was prepared (Rodriguez-Ubis et al. 1984). It has been reported
that its behavior in water is similar to that of Eu2, but quantitative data were not given
(Roth 1992). Interestingly, the crystal structure of [Na9]Br-2CHCl; (fig. 9) (Caron et al.
1985) showed that the symmetry is higher than that of Tb2. This may be due to the rigidity
of the phen unit. Ligands 10-13 containing the heterocyclic chromophores 2,2’-bithiazole,
2,2'-biimidazole, and 2,2’-bipyrimidine were prepared (Lehn and Regnouf de Vains 1992).
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Fig. 9. Two views of the crystal structure of the sodium cryptate Na9. Left: view into the cavity, showing
the coordination of the Na* ion to the eight N sites. Right: projection upon a plane perpendicular to the axis
connecting the two aliphatic nitrogens of the ligand (Caron et al. 1985).

The Eu** complexes of these ligands were obtained and preliminary photophysical results
in water have been reported for some of them (Lehn and Regnouf de Vains 1992). For
the Eu** complexes of ligands 10~12 luminescence was much less intense than for Eu2,
while Eul3 showed luminescence intensity similar to that of Eu2.

Other cryptands incorporating N -oxides in one or more chromophores were obtained.
First, ligand 14 containing one 2,2’-bipyridine-N,N’-dioxide (bpy(,) and two bpy’s was
synthesized and its Eu** complex was obtained (Lehn and Roth 1991). The photophysical
properties of Eul4 were studied in water (Lehn and Roth 1991, Prodi et al. 1991).
Significant changes in the absorption spectrum with respect to that of Eu2 were observed.
The number of water molecules coordinated to the metal ion was ~1.4, i.e., smaller than
that of Eu2, showing improvement of the shielding ability of the ligand upon introduction
of N-oxides. The lifetimes showed that nonradiative decay of the metal emitting state takes
place via both the vibronic coupling and the thermally activated processes. The thermally
activated nonradiative decay, which is absent in Eu2, has been attributed to the population
of LMCT excited states lying at lower energies in Eul4 than in Eu2. This has been related
to the weaker electron-donating properties of bpyO, compared to bpy, which leaves the
europium ion more positive in Eul4 than in Eu2. Most interestingly, the quantum yield
of Eul4 was much higher than that of Eu2. This has been ascribed to a more efficient
ligand-to-metal energy transfer (sect. 5.2) and the more efficient shielding of the metal ion
mentioned above. Carboxymethyl groups were introduced in the bpyO, chromophore of
ligand 14, thus obtaining ligand 15. The Eul5 complex was synthesized (Roth 1992) and
its photophysical properties were studied in water (Sabbatini et al. 1993). Analogously to
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Fig. 10. Crystal structure of [Eul6jCl;. N atoms, small dotted circles; O atoms, dashed circles; CI- anions,
large dotted circles (Paul-Roth et al. 1995).

what was found for Eu7 and its parent Eu2, the symmetry of the first coordination sphere,
obtained from high-resolution metal emission spectra, and the number of coordinated
water molecules were similar for Eul5 and Ful4. The lifetime and quantum yield values
were lower for Eul5 than for Eul4 and the decrease of the lifetime when going from 77 K
to 300 K was higher for Eul5. This has been explained considering that the carboxymethyl
substituents, due to their electron-withdrawing character, lower the energy of the LMCT
excited states. Further, ligand 16 which contains one biqO; and two bpy’s was synthesized
and the Eul6 complex was obtained (Lechn and Roth 1991). The crystal structure of the
chloride salt of Eul6 was determined (fig. 10) (Paul-Roth et al. 1995). This structure
revealed that the two isoquinoline moieties of biqO; are not coplanar and the two
oxygens block two faces of the macrobicyclic structure preventing the approach of solvent
molecules to the metal ion. The photophysical properties of Eul6é were studied in water
(Prodi et al. 1991). The absorption spectrum presented a band at 304 nm due to the bpy’s
and additional bands at about 270 and 360 nm, which have been attributed to absorption of
the biqO, chromophore. The luminescence properties were similar to those of Eul4 and
Eul5. The temperature dependence of the lifetimes indicated that the thermally activated
nonradiative decay of the metal emitting state is more efficient than in Eul4 and Eul5.
It has been proposed on the basis of the energy estimated for the lowest ligand triplet
excited state that this decay involves an equilibrium between this state and the metal
emitting state. The quantum yield in H,O was higher than those of Eul4 and Eul5,
thanks to the more efficient ligand-to-metal energy transfer (sect. 5.2). Analogously to
what was found for Eul4 and Eul$5, the number of water molecules coordinated to the
metal ion was low, ~1.1. For the Eu** complexes of ligands 17 and 18 incorporating three
bigO, units short lifetimes and low quantum yields (of the order of 107*) were obtained in
acetonitrile (Pietraszkiewicz et al. 1993). The low values have been attributed to inefficient
complexation, and therefore bad ligand—metal interaction; because the cavities of ligands
17 and 18 do not fit the size of the Eu*" ion.
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4.2. Complexes of macrocycles

Complexes of the Eu*" and Tb** ions with different types of macrocyclic ligands have
been obtained and their properties, in particular luminescence, have been reported by
different authors (Biinzli 1987, Holz et al. 1991, Sabbatini et al. 1993, Frey et al.
1994, Alexander 1995). For this class of complexes we discuss only the complexes of
macrocyclic ligands incorporating chromophores since they can play the role of antennas.
Figure 11 shows schematically the macrocyclic ligands of the Eu** and Tb** complexes
examined. Some photophysical data and the number of coordinated solvent molecules of
these complexes are gathered in table 2.

One of the first approaches to the introduction of chromophores in macrocyclic ligands
consisted of the synthesis of ligand 19 (Pedersen 1967a,b). For its Eu** and Tb*" com-
plexes metal emission following an energy transfer from the ligand excited states to the
metal emitting states has been reported (Costa et al. 1980). Ligands 20 and 21 incorporate
the 3-aroylcoumarine chromophore in the 15C5 and 18C6 crown ethers, respectively.
Metal luminescence was observed for the Eu?* and Tb** complexes of these ligands upon
ligand excitation (Alonso et al. 1993). A template synthesis gave the Eu** complex of
ligand 22, a hexaazamacrocycle containing two pyridines as chromophores (De Cola et al.
1986). A complete photophysical study has been reported for Eu22 in water (Sabbatini et
al. 1987a). The excitation spectrum of Eu22 showed the same pattern as the absorption
spectrum, consisting of ligand-centered transitions. This indicated that light absorption
in the ligand was followed by an energy transfer to the metal emitting state. This state
was quenched by vibronic coupling with the OH oscillators. In fact, one water molecule
was found to be coordinated to the Eu*" ion in the complex. Both the macrocyclic ligand
and the coordinated acetate counterion account for the efficient shielding of the ion from
the solvent molecules. Comparison between the quantum yields obtained upon ligand
and metal excitation suggested that the energy transfer from the ligand excited states
to the metal emitting state does not compete efficiently with the other deactivation
processes of the ligand excited states. The Eu** complex of ligand 23 was obtained
upon template synthesis and its metal luminescence was investigated (Benetollo et al.
1991). The complex, which was not luminescent itself, developed Eu** luminescence
upon addition of a P-diketonate in methanol. This luminescence has been attributed
to replacement of counterions and/or solvent molecules by the sensitizer 3-diketonate
without disruption of the Eu?* complex. The Eu** complexes of ligands 24 and 25 were
prepared (Pietraszkiewicz et al. 1989, 1993). Eu24, sparingly soluble in water, showed
in this solvent metal luminescence upon ligand excitation with a quantum yield of the
order of 1073 (Pietraszkiewicz et al. 1989). Eu25 was not stable in water and was studied
in acetonitrile. Metal luminescence was observed upon excitation of the ligand. The
quantum yield was of the order of 1072 (Pietraszkiewicz et al. 1993).

The bpy chromophore has been used to synthesize several branched-macrocyclic
ligands. Let us first discuss the complexes of the ligands incorporating the macrocycle 26.
Ligands 27 and 28 containing four bpy’s were synthesized (Ziessel and Lehn 1990).
Complexes of these ligands with Eu** and Tb** were prepared and their photophysical
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Fig. 11. Schematic representation of the macrocyclic ligands of the complexes examined.
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Fig. 11 (continued).

properties were studied in water and methanol (Balzani et al. 1991). Similarity of
absorption and metal luminescence excitation spectra indicated the presence of ligand-
to-metal energy transfer. For Eu27 the lifetime and quantum yield values showed little
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deactivation via vibronic coupling with OH oscillators of coordinated water molecules and
no temperature dependence. For Tb27, metal-to-ligand back energy transfer was found to
be an important decay pathway of the metal emitting state, in analogy with Tb2 (sect. 4.1).
Interestingly, the good quantum yield of Tb27 indicated that this process plays a less
important role than in Tb2. As concerns Eu28, lifetimes similar to those of the parent
Eu27 complex were obtained, but the quantum yields were much smaller (Balzani et al.
1991). This has been attributed to the methyl groups preventing the approach of the bpy’s
in the branches to the metal ion (Sabbatini et al. 1993). This interpretation is supported
by the presence of a residual ligand phosphorescence (Balzani et al. 1991). Less than
one solvent molecule was coordinated to the Eu®" and Tb** ions complexed by ligands
27 and 28. Interestingly, in these complexes the ion was more efficiently shielded than
in the cryptates Tb2 and Eu2 which still contained about 3 water molecules coordinated
to the metal ion. The efficient shielding offered by ligands 27 and 28 towards solvent
interaction suggested that, as envisaged by space-filling models, the metal ion is enclosed
in the macrocyclic ring and encapsulated by the two branches of the ligand. N-oxides were
introduced in the bpy’s of the branches of ligand 28, thus obtaining ligand 29 (Roth 1992).
Remarkably, Eu29 and Tb29 were stable in water, differently from Eu28. The stabilization
introduced by the N-oxides has been explained considering that the oxygens of these
groups may approach the ion better than the bpy nitrogens, thus reducing the influence
of steric hindrance by the methyl groups (Sabbatini et al. 1993). The absorption spectra
of Eu29 and Tb29 showed the same bands of the parent complexes containing only bpy’s
and shoulders on the red side of the lowest energy bands due, most likely, to bpyO,-
localized ligand excited states. For Eu29, comparison of the lifetimes at 300 K and 77K
in D,0 indicated that thermally activated nonradiative decay of the metal emitting state
takes place. It has been proposed that this process involves LMCT excited states lying
at lower energy than in Eu27, containing only bpy’s. As suggested for the cryptates the
lower energy of the LMCT excited states may be due to the weaker basicity of bpyO,
which leaves the europium ion with a higher formal positive charge (Sabbatini et al.
1993). Tb29 showed metal emission only at 77 K (Sabbatini et al. 1993). The lack of
metal luminescence at room temperature has been ascribed to nonradiative deactivation
via the lowest ligand triplet excited state, which on the basis of the phosphorescence
spectrum of the Gd29 complex is localized at almost the same energy as the metal
emitting state. Ligand 30 was obtained upon introduction of carboxymethyl substituents in
the bpyO, branches of ligand 29, and the photophysics of its Eu’* complex was studied in
water (Guardigli 1993). Both lifetime and quantum yield values of Eu30 were lower than
those of Eu29 and the temperature dependence of the lifetime is stronger for Eu30. This
behavior has been attributed to efficient thermally activated nonradiative decay via LMCT
excited states lying at lower energy because of the presence of the electron-withdrawing
carboxymethyl substituents.

In order to enhance the absorption efficiency, ligand 31 containing 1,10-phenanthroline
in the branches was synthesized and the photophysics of its Eu** and Tb*" complexes
was studied (Sabbatini et al. 1994b). Interestingly, these complexes did not decompose
in water, differently from those of ligand 28 containing bpy’s instead of phen’s. This
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has been related to the rigidity of the phen moiety. Similarity of the absorption and
metal luminescence excitation spectra of the complexes indicated that ligand-to-metal
energy transfer takes place from both the bpy and phen chromophores. As to the quantum
yields upon excitation in the bpy or phen chromophores, lower values were obtained for
the phen units indicating a lower efficiency of the ligand-to-metal energy transfer for
this chromophore. The lifetimes and quantum yields of Eu31 indicated that nonradiative
deactivation via vibronic coupling with the OH oscillators of the coordinated water
molecules is very efficient. Indeed, about 3.3 water molecules were found to coordinate
the metal ion. The lack of any temperature dependence of the lifetime in heavy water
suggested that thermally activated decay processes do not play an important role in
the deactivation of the metal emitting state. As to Tb31, the strong increase of the
lifetime upon lowering the temperature indicated that thermally activated nonradiative
decay of the Tb** emitting state via short-lived, upper-lying excited states is very efficient.
In analogy with the Tb2 complex it has been suggested that the thermally activated
decay may involve an equilibrium between the metal emitting state and the lowest
ligand triplet excited state which was found to lie at 20800cm™ on the basis of the
phosphorescence spectrum of the Gd*" complex. In aerated solutions the very efficient
thermally activated nonradiative decay of the metal emitting state masked the quenching
via vibronic coupling with OH oscillators, which could only be detected in deacrated
solutions. By using eq. (6), about 2.7 water molecules were calculated to coordinate the
metal ion. The photophysics of these complexes was also studied in methanol (Sabbatini
et al. 1994b). The analysis of the photophysical data suggested that the complexation
of the lanthanide ion is worse in methanol than in water. This has been ascribed to
a weaker interaction in methanol between the phen branches and the metal ion. An
approach to optimize the stability in water of complexes of branched-macrocyclic ligands
consisted in the introduction of phosphinate esters in the branches of macrocycle 26
(Sabbatini et al. 1994a), since they have good ligating properties towards lanthanide
ions. In fact, the Eu’* and Tb* complexes of ligand 32 were found to be stable in
water (Sabbatini et al. 1994a). The absorption spectra of the complexes showed the
typical bpy transitions and shoulders at 260 nm most likely due to the phenyl moiety.
Comparison of the absorption spectra with the metal luminescence excitation spectra
indicated that ligand-to-metal energy transfer takes place. This process clearly involved
the bpy’s while energy transfer from the phenyl moiety could not be unequivocally
assessed. Anyway, the involvement of phenyl or benzyl units attached to phosphonic or
phosphinic groups in efficient energy transfer to Eu** and Th** ions has been recently
reported (Murru et al. 1993, Sato et al. 1993b). For both Eu32 and Tb32 the lifetimes
and quantum yields in H,O and D,O indicated that some vibronic coupling with the
OH oscillators occurs. The number of water molecules coordinated to the metal ion
was about 1.5. For Tb32, the strong temperature dependence of the lifetime indicated
that a thermally activated nonradiative decay process plays an important role. In analogy
with the other Tb** complexes containing the bpy chromophore, such a process most
likely involved an equilibrium between the lowest bpy triplet excited state and the metal
emitting state. Interestingly, the quantum yields were rather high compared to those of
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the prototypes Eu2 and Tb2, and similar to those of the complexes of ligand 27. As
suggested for the latter, the branched-macrocyclic structure provided better shielding from
water molecules and, most likely, better complexation leading to more efficient ligand-
to-metal energy transfer (sect. 5.2).

Phosphinate esters were also attached to the tetraazacyclododecane macrocycle, thus
obtaining ligands 33-36 (Cole et al. 1992). The Eu** and Tb** complexes of these ligands
were obtained and their photophysics was studied in water (Murru et al. 1993). The
lifetimes of the Eu** and Tb** complexes of ligands 33 and 34 in water and heavy
water were consistent with there being no water molecules bound to the metal ion as
suggested also by the 70 NMR and Gd-relaxivity measurements. Low quantum yields
were obtained for the Eu** and Tb>* complexes of ligand 33, and stronger luminescence
was observed for Tb34 upon excitation in the phenyl moiety. As to Tb35, it has
been reported that the absorption and metal luminescence excitation spectra match well
and the complex exhibits a relatively high quantum yield upon ligand excitation. The
Eu®* and Tb** complexes of ligand 36 containing the anthryl chromophore exhibited
metal luminescence upon ligand excitation. It has been claimed that the ligand-to-metal
energy transfer involves the anthryl moiety (Murru et al. 1993). However, considering that
this chromophore has triplet excited states at energies lower than those of the Eu** and
Tb>* emitting states, they are expected to quench the metal luminescence. Indeed, the very
low values of the quantum yields showed that the anthryl moiety is not a good sensitizer
for Eu>* and Tb*" emission.

The Eu®** and Tb>" ions were also encapsulated by the triazacyclononane-based
ligand 37, carrying bpy’s ligated to the ring through C® (Ziessel and Lehn 1990), and
the photophysical properties of the complexes obtained were investigated in water (Prodi
et al. 1991). The lifetimes of both complexes were almost the same in HO and D0,
showing that no water molecules are coordinated to the metal ions. For Eu37, the short
lifetime, its temperature dependence and the low quantum yield have been explained on
the basis of low-lying LMCT excited states involving the aliphatic nitrogens. The lifetime
of Tb37 did not depend on the temperature. This was in agreement with the observation
of the lowest ligand triplet excited state at 22 800 cm™, a value significantly higher than
that of the Tb®" emitting state. The lack of any thermally activated nonradiative decay
and of coordinated water molecules led to a high quantum yield. Recently three bpy units
were also ligated to the triazacyclononane through C° thus obtaining ligand 38, and its
Eu’* and Tb** complexes were prepared (Ziessel 1994). Interestingly, a different behavior
was observed for the complexes of this ligand (Manet 1995) compared to the complexes of
ligand 37. The complexes of ligand 38 were found to be unstable in water, differently from
those of ligand 37, and to be stable in anhydrous acetonitrile. Moreover, Eu38 exhibited
a much longer lifetime and much higher quantum yield than Eu37. It is worthwhile
noting that the quantum yield of Eu38, 0.36, is the highest value found up to now for
Eu** complexes with cage-type ligands. Further, the quantum yield of Tb38 is much lower
than that of Tb37.

The following observations on the nonradiative deactivations may explain the different
photophysical behavior of the complexes of ligands 37 and 38. From the phosphorescence



ANTENNA EFFECT IN LANTHANIDE ENCAPSULATION COMPLEXES 95

of the Gd** complexes of ligands 37 and 38, the lowest ligand triplet excited states
have been localized at 22800cm™ and 22200 cm™, respectively, so that back energy
transfer from the Tb*' emitting state to the lowest ligand triplet excited state did not
occur in Tb37, but may be present in Tbh38. In the case of Eu38, deactivation via LMCT
excited states involving the aliphatic nitrogens may be less efficient than for Eu37. Indeed,
such LMCT excited states are expected to lie at higher energies as a consequence of a
longer distance between the Eu** ion and the aliphatic nitrogens as appears also from
the CPK models. Ligand 39 was obtained upon attachment of bpyQ, units via C> to
the triazacyclononane and the Eu** and Tb** complexes of this ligand were synthesized
(Ziessel 1995). Their photophysics was studied in MeOH, where the complexes were
stable (Manet 1995). For Eu39 metal luminescence was observed at room temperature.
Differently, Tb39 showed metal luminescence only at 77 K. The latter behavior has been
attributed to nonradiative decay of the metal emitting state via the lowest ligand triplet
excited state, which on the basis of the ligand phosphorescence spectrum of Gd39 is
localized at almost the same energy as the Tb*" emitting state.

Ligand 40 containing the hexaazacyclooctadecane ring carrying six pendant bpy’s was
synthesized (Ziessel and Lehn 1990), and the properties of its Eu** and Tb** complexes
were studied (Ziessel et al. 1993). A 2:1 (metal:ligand) stoichiometry for the solid
homonuclear Eu** and Tb’" complexes of this ligand was found. These complexes
decomposed in water and methanol and were stable in acetonitrile where they showed
low quantum yields.

4.3. Podates

The bpy unit was used as chromophore in the podands 41-44. Figure 12 shows
schematically the podand ligands of the Eu** complexes examined. Some photophysical
data and the number of coordinated solvent molecules of these complexes are gathered
in table 3.

The tripode and tetrapode ligands 41 and 42 were synthesized (Lehn and Ziessel
1987). The Eu** complexes of these ligands were prepared and their photophysical
properties were studied (Balzani et al. 1990). The complexes were stable in MeOH
and underwent decomposition in water, which was very slow for Eud2. The lifetimes
showed that thermally activated nonradiative decay of the emitting state is negligible for
both complexes and deactivation via vibronic coupling with the OH oscillators of the
solvent is very efficient. The latter deactivation pathway played a more important role for
Eu42 than for Eudl, suggesting that the smaller ligand 41 leaves less room for solvent
molecules in the first coordination sphere. It is interesting to notice that for Eud2 in D,0
the lifetime is nearly the same as in MeOD, while the quantum yield is one order of
magnitude lower, This behavior has been attributed to a lower ligand-to-metal energy-
transfer efficiency in water than in methanol due, most likely, to a longer distance in
water between the Eu** ion and the bpy’s (sect. 5.2). The tetrapode ligands 43 and 44
and their Eu** complexes were synthesized (Ziessel 1994). These complexes decomposed
in water and methanol and were stable in anhydrous acetonitrile. The lifetimes of both
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Fig. 12. Schematic representation of the ligands of the podates examined.

complexes were rather long and temperature independent and the quantum yields were
good (Manet 1995).

Some lanthanide complexes of ligand 45 were obtained, but the free ligand could not
be isolated (Carugo and Bisi-Castellani 1994). These complexes were insoluble in the
most common solvents, with the exception of DMSO and DMF. In DMF, weak Eu*" and
Tb** luminescence was observed upon ligand excitation, and lifetimes and quantum yields
were given. However, since the complexes underwent partial decomposition, one has to
be cautious with the values reported.
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4.4. Complexes of calixarenes

Encapsulation of the Eu** and Tb’* ions by cage-type ligands was also achieved
using functionalized calixarenes. Metal luminescence properties were studied mostly
for complexes of calix[4]arenes, while few results are available for complexes of
calix[6]arenes and calix[8]arenes, the latter being dinuclear complexes. Figure 13 shows
schematically the calixarene ligands of the Eu’* and Tb** complexes examined. Some
photophysical data and the number of coordinated solvent molecules of these complexes
are gathered in table 4.

First, complexes of the p-tert-butyl-calix[4]arene tetraacetamide ligand 46 were
studied. Interestingly, Eu46 and Tb46 were water soluble, differently from the free ligand
and the K* complex, and their photophysics was studied in water (Sabbatini et al. 1990).
The absorption spectra of the complexes presented two bands due to ligand-centered
transitions (Amax =273 and 282 nm, €ax =1100M ™! em™!). Comparison of the absorption
and metal luminescence excitation spectra indicated that ligand-to-metal energy transfer
from the calix[4]arene moiety to the metal ion takes place. About one water molecule
was found to coordinate the metal ion, showing that ligand 46 efficiently shields the
metal ion from solvent molecules. For Fu46 the lifetimes showed that the thermally
activated nonradiative decay process of the Eu** emitting state is not efficient. The
very low quantum yield was due to inefficient ligand-to-metal energy transfer, which
has been attributed to deactivation of the ligand excited states via LMCT excited states
(sect. 5.2). The lifetimes of Tb46 showed no temperature dependence and a small effect
of solvent deuteration. The former observation has been explained considering that the
energy of the lowest ligand triplet excited state, which is about 4000 cm™ higher than
that of the metal emitting state, renders metal-to-ligand back energy transfer inefficient.
Interestingly, the quantum yields of Tb46 were much higher than those of Fu46 as a
result of much more efficient ligand-to-metal energy transfer (sect. 5.2). The synthesis of
ligands 47-50 and their complexation of Eu*" and Tb*" in methanol has been recently
reported (Georgiev et al. 1994). The Tb*>" complexes were strongly luminescent, while
the Eu* complexes showed only weak emission. In all cases addition of water caused
quenching of the luminescence, the quenching being less efficient for complexes of
ligands 49 and 50 based on calix[6]arenes. This effect has been explained considering
that the larger, more flexible calix[6]arenes encapsulate the metal ion more efficiently.
Some photophysical properties of the Tb*" complexes of ligands 51-53 in water have
been reported (Sato et al. 1993a). 1:1 and 2:1 (metal:ligand) stoichiometries were found
for the complexes of ligands 52 and 53 and of ligand 51, respectively. Comparison
of the metal luminescence excitation spectra with the absorption spectra indicated that
metal emission followed energy transfer from the phenol moiety of the ligand to the
metal ion. The luminescence intensities were pH dependent and reached the highest values
at pH > 11. Interestingly, a high quantum yield was obtained for Tb53. As concerns
Tb51 and Tb52, the quantum yields were determined in the presence of a free ligand
excess which affects the efficiencies of light absorption by the complex and therefore the
quantum yields.
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Fig. 13. Schematic representation of the calixarene-based ligands of the complexes examined (continued on
next page).

Considering that calixarenes have rather low molar absorption coefficients, more
efficient chromophores were attached to calixarene moieties in order to obtain strongly
absorbing ligands for Eu** and Tb*" complexation. Complexes of ligand 54 containing
four pyridine-N-oxide units as chromophores showed metal luminescence upon ligand
excitation in methanol (Pappalardo et al. 1991). The luminescence was completely
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quenched upon addition of water, suggesting the lability of the complexes in water. The
quantum yields in methanol were of the order of 107 for both Fu54 and Tb54. The
Eu** and Tb** complexes of ligands 55-59 containing phenyl and diphenyl groups as
chromophores were prepared in order to investigate the correlation between the metal
luminescence intensity and the nature of the ligand and the chromophore (Sato and
Shinkai 1993, Matsumoto and Shinkai 1994). For all complexes 1:1 stoichiometries were
found in both acetonitrile and methanol. Metal luminescence upon ligand excitation was
observed for almost all the complexes studied. High quantum yields, e.g. 0.27 for Tb56,
and rather long lifetimes have been reported for some of the complexes in acetonitrile.
However, it must be noticed that the method (Haas and Stein 1971) used to obtain
the quantum yields foresees that the quantum yield of the standard is considered at
the excitation wavelength used also for the sample. Since this is not the case for the
quantum yields reported, one has to be cautious with these values.
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Table 4
Photophysical data for some Eu** and Tb** complexes of functionalized calixarenes

Compound  Solvent Absorption Emission? Reference

;"max Emax T%PO K 71717 X Q?{OO X

(nm) M em™) (ms) (ms)
Eu46 H,0 273 1100 0.65° 1.8° 0.0002 Sabbatini et al. (1990)
Tb46 H,0 273 1100 1.5¢ 1.6¢ 0.20 Sabbatini et al. (1990)
Tb53 H,0 ~290 ~25000 0.204 Sato et al. (1993a)
Eu60 CH,CN 305 28000 0.65 0.04 Casnati et al. (1996)
Tb60 CH,CN 306 29000 L9 0.12 Casnati et al. (1996)
Eu6l CH,CN 307 50000 0.65 <0.01 Casnati et al. (1996)
Tb61 CH,CN 305 46700 1.4 0.02 Casnati et al. (1996)
Eu63 CH;CN 309 22500 12 0.03 Sabbatini et al. (1995)
Tb63 CH,CN 301 23400 0.52 1.03 0.001 Sabbatini et al. (1995)
Eu64 CH,CN 306 26700 1.26 0.14 Sabbatini et al. (1995)
Tb64 CH,CN 305 30000 0.81 0.98 0.0013 Sabbatini et al. (1995)
Eu65 CH,CN 305 39600 1.6 0.16 Sabbatini et al. (1995)
Tb65 CH,CN 302 42800 0.57 1.18 0.007 Sabbatini et al. (1995)

2 Excitation in the ligand at the A, values indicated in this table, unless otherwise noted. The lifetimes are
measured in correspondence with the *Dy — F, and D, — "F, emissions for Eu** and Tb>*, respectively.

® The values 1.9ms and 2.0 ms are obtained in D,0O at 300K and 77 K, respectively.

¢ The values 2.6 ms and 2.8 ms are obtained in D,0 at 300K and 77 K, respectively.

4 Excitation at 255 nm.

Several calix[4]arenes carrying the bpy chromophore were synthesized. Ligands 60
and 61 containing two bpy’s and two amides and four bpy’s, respectively, in which
the bpy’s are ligated to the calixarene moiety through C® were obtained (Sabbatini et
al. 1995, Casnati et al. 1996). These ligands gave 1:1 complexes with Eu’* and Tb**
in acetonitrile with formation constants of the order of 10° M. The photophysical
properties of these complexes were studied in solutions containing the ligand and an
excess of the Eu®* or Tb** salts (Sabbatini et al. 1995, Casnati et al. 1996). The absorption
spectra of the ligands and the complexes were characterized by intense bands in the UV
due to bpy absorption. Comparison of the absorption spectra and the metal luminescence
excitation spectra indicated that energy transfer from the bpy moiety to the metal ion
takes place. Good quantum yields were obtained for the complexes of ligand 60. The
lower quantum yields of the complexes of ligand 61 were attributed to a less efficient
ligand-to-metal energy transfer due to steric hindrance which the four bpy’s may undergo
when approaching the metal ion (sect. 5.2). No metal luminescence upon ligand excitation
was found in acetonitrile solutions containing the Eu** or Tb>* ions and ligand 62 (Casnati
et al. 1996). Ligands 63-65, in which the bpy’s are ligated to the calixarene moiety
through C3, were synthesized and their Eu3* and Tb* complexes were isolated (Ulrich
and Ziessel 1994). The photophysical properties were studied in anhydrous acetonitrile
(Sabbatini et al. 1995). For all complexes metal luminescence upon bpy excitation was
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observed. The Eu** complexes showed longer lifetimes and higher quantum yields than
the Tb** complexes. Interestingly, Eu64 and Eu65 gave particularly high quantum yields.

5. Discussion

The results obtained for the different classes of complexes clearly demonstrate that the
nature of the ligand is determining in obtaining metal luminescence. Next, we would
like to draw out the different roles the ligand can play. First, the ligand is responsible
for the absorption of the complex, the bands observed corresponding to those of the
free ligand slightly modified upon complexation. Further, the complexation ability of the
ligand influences the ligand-to-metal energy transfer. This depends also on the energies
of the ligand excited states and, in the case of the Eu®*" complexes, the LMCT excited
states, related to the redox properties of the ligand. Finally, the ligand influences the
deactivation processes of the metal emitting states. Shielding of the metal ion by the
ligand accounts for the nonradiative deactivation involving solvent molecules coordinated
to the metal ion. The energies of the ligand excited states and, for the Eu** complexes,
the LMCT excited states determine the nonradiative deactivations via these states.

Some general conclusions can also be drawn on the effects of the metal ion on the
photophysical properties of the complexes. In the Eu** complexes, low-lying LMCT
excited states are thought to be responsible for the thermally activated nonradiative decay
of the Eu* emitting state (sect. 5.3) and for some low 7jey . values (sect. 5.2). For the Tb**
complexes there are no low-lying excited states different from the ligand and metal excited
states, and high 7. values are usually obtained (sect. 5.2). The energy of the Th** emit-
ting state, higher than that of the Eu?* emitting state, renders more probable nonradiative
deactivation of the former state via the lowest ligand triplet excited state. This process
is present in almost all the Tb*" complexes containing the bpy and phen chromophores
and is responsible, most likely, for the lack of metal luminescence at room temperature of
several Th>* complexes with ligands incorporating heterocyclic N-oxide chromophores.

In the following sections we discuss several quantities in detail. In sections 5.1 and
5.2 we focus on the antenna effect of the ligand, discussing the efficiencies of the ligand
absorption in the complexes and the energy transfer from the ligand excited states to
the metal emitting states (table 5). In sect. 5.3 the efficiency of the metal luminescence
in the complexes is treated on the basis of the rate constants of the decay processes of
the metal emitting states (table 6). Finally, in sect. 5.4 we compare the intensities of
the metal luminescence using the molar absorption coefficients and the quantum yields
(table 7). Only the complexes for which the necessary experimental data are available
will be treated.

5.1. Ligand absorption

The absorption properties of the complexes (table 5) and, for the sake of comparison,
of the free chromophores incorporated in the ligands are discussed. We focus on the
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Table 5
Absorption data and ligand-to-metal energy-transfer efficiencies®

Compound A (nm) Erax (M em™) Tente,
Eu2 303 28000 0.10
Eu7 305 26000 0.08
Eul4 304 20000 0.40°
Euls 306 17000 0.25¢
Eulé6 304 20000 0.55°¢
Eu27 312 36000 0.20
Eu28¢ 299 39000 0.02
Eu29 310 15500 0.05°¢
Eu30 286 34000 0.10°
EFu31 278 46000 0.09
Eu32 307 15100 0.27
Eu37 311 24500 0.14¢°¢
Eu38’ 304 30500 na.t
Eu39¢ 260 38000 0.08
Eu414 301 32000 0.12
Eu42¢ 301 42000 0.20
Eud6 273 1100 0.0006
Tb2 304 29000 0.344
Tb27¢ 312 44000 0.80"
Th3l 278 43000 0.30°
Tb32 306 15300 0.45"
Tb37 311 20400 0.40°
Tb38" 303 31200 na.t
Tb39¢ 260 38000 nal
Tb46 273 1100 0.35

2 In water solution, unless otherwise noted. The A, and £_,, values are those reported in tables 1-4.

b Obtained from eqs. (2)-(4), using the lifetime and quantum yield values reported in tables 1-4.

¢ Calculated on the assumption that the thermally activated decay process does not involve any equilibrium
between the metal emitting state and other excited states (sect. 3).

¢ In methanol solution.

¢ A higher value is expected considering that the radiative lifetime may be longer than 7J'* introduced in
eq. (4) if vibronic coupling involving CH bonds occurs (sect. 5.2).

T In acetonitrile solution.

¢ The value cannot be calculated because Jifetime values at 77 K are not reliable.

" The value reported is a lower limiting value because of the equilibrium between the emitting state of the
Tb** ion and the triplet excited state of the ligand (sect. 3).

! The value cannot be calculated because no metal luminescence is observed at room temperature.
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absorption bands at lowest energy because they are important for applications (sect. 6).
In all cases where the ligands contain only the bpy chromophore, complexation gives
rise to a red shift of the bpy absorption (for free 2,2'-bipyridine Amax =281 nm in water).
The observed differences may be related to the amount of ligand-metal interaction in
the complex. The effect is similar for complexes of the cryptands and podands and
the branched-macrocyclic ligands 28 and 38 while a more pronounced shift is observed
for complexes of the branched-macrocyclic ligands 27 and 37. This may be explained
considering that in the complexes of the last two ligands the approach between the
chromophore and the metal ion may be closer than in the other complexes, as illustrated by
the space-filling models. This hypothesis is supported by the kinetic behavior in solution
(sect. 4.2).

A decrease of the molar absorption coefficients of the bpy is observed upon
complexation of the metal ion. The €, values obtained span the range of 7000-
11000M~! em™ for one bpy, while for the free 2,2'-bipyridine &mgx is 13000 M'em™,
The €max decrease and the A,y shift show the same trend, as expected considering that
both factors reflect the amount of metal coordination by the ligand. In the complexes
of ligand 31 only a small red shift of the phen absorption is observed (for free
1,10-phenanthroline Ap,, =270 nm in water). The small shift may be attributed to scarce
metal coordination due to steric hindrance induced by the presence of the methyl
substituents in the phen moiety. This hypothesis is supported by the luminescence data
(sect. 4.2).

A decrease of the molar absorption coefficients upon metal complexation is observed
in correspondence with the phen absorption. This decrease cannot be unequivocally at-
tributed to complexation of the phen moiety because in the spectral region corresponding
to the maximum phen absorption also the bpy absorption is present which is more red-
shifted than the phen absorption. The introduction of N-oxides in the bpy’s gives rise to
substantial changes in the absorption spectra of the complexes with respect to those of the
analogous complexes containing only bpy’s. For the complexes of ligands 14, 15, 29, and
30 the intensities of the absorption maxima at about 305nm decrease. This is due to the
low absorption intensity of the 6,6'-dimethyl-2,2’-bipyridine-N,N’-dioxide chromophore
at 305 nm. Note that the latter chromophore shows an absorption band at higher energy
and less intense (Apax =260nm and £, = 8000 M~ cm™, Guardigli 1992) compared to
the bpy chromophore.

The absorption spectra of the Eu** and Tb?* complexes of ligand 39 and of the
analogous ligand containing four 5’-methyl-2,2’-bipyridine-N,N'-dioxide units attached
to the tetraazacyclododecane ring have maxima at 260nm, as the free chromophore,
with very high molar absorption coefficients (Manet 1995). As to the Eu’* and Tb**
complexes of the calix[4]arenc-based ligand 46, their absorption spectra are characterized
by low molar absorption coefficients, £ma = 1100 M~ em ™! at Ay, =270 nm. Importantly,
complexes of ligands 60, 61 and 63—65 obtained upon attachment of chromophores to the
calix[4]arene moiety have much more intense absorption, with £n,« values in the range
of 20 000-50 000 M~' em™".
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5.2. Ligand-to-metal energy-transfer efficiency

The efficiencies of the energy transfer from the singlet excited state of the ligand
populated upon absorption to the emitting state of the metal ion, 7., obtained from
egs. (2)~-(4) (sect. 3) are presented in table 5.

The Tb* complexes of ligands 2, 27, 31, and 32 are characterized by high values
of Nenr,. It must be pointed out that these values are lower limiting values since the
equilibrium between the lowest ligand triplet excited state and the Tb*' Dy emitting state
plays an important role in the deactivation of the metal emitting state (sect. 3). Indeed,
one has to be cautious when comparing the 7., values for these complexes. For
example, the value of Tb27, higher than the other ones, is most likely related to the lower
value of kn(T) and thus to an equilibrium playing a less important role. Therefore, the
lower Neny. values corresponding to higher k. (7) values are not necessarily connected
with a lower energy-transfer efficiency but could reflect a more important role of the
equilibrium in the deactivation of the metal emitting state. For the Tb2 complex the
value of yipiet — metat has been obtained experimentally (Alpha et al. 1990). This value
is about unity, showing that in this complex the energy transfer to the metal overcomes
the other deactivation processes of the lowest ligand triplet excited state. A value close
to unity is also obtained for 7eny. using eq. (5) if Zsinglet — wriplet 1S Substituted by the
Mise value of the free bpy (~1). This substitution appears to be justified if one considers
that the Tb*" ion should not introduce low-lying excited states deactivating the bpy
singlet excited state and the heavy metal ion could only increase the intersystem-crossing
efficiency. Noticeably, nenr. €qual to unity is three times higher than the value calculated
using eqs. (2)-(4). This shows how the latter is affected by the presence of the equilibrium.
For the Tb37 complex, whose lifetime is not temperature dependent, 7. is lower than
for the other Tb** complexes. In this case, however, the lifetime in D,0 at 77K used
in eq. (4) may be shorter than the radiative lifetime because of a vibronic coupling
contribution due to the CH oscillators of the ligand (Prodi et al. 1991). If the value
commonly obtained for the radiative lifetime of Tb** complexes is used, 7ent and
Tiriplet — metat incTEase by a factor of two. For Tb46 neny. is 0.35. Since i, of the free
ligand is not known, using eq. (5) we can only estimate that #uipiet — metat 2> 0.35.

Let us now consider the Eu*" complexes. First of all, it is noticeable that the energy-
transfer efficiency of Eu2 is lower than that of Tb2. Such a behavior has been explained
by possible deactivation of the ligand singlet and triplet excited states via low-lying
EMCT excited states in Eu2. Analogous considerations may be valid for the other
Eu** complexes. Complexes containing only bpy’s and phen’s show similar efficiencies,
with the exception of Eu28 for which the much lower value may be ascribed to
steric hindrance of the methyl groups. For the cryptates incorporating N-oxides %y
is considerably higher. Note that this quantity is never unity, suggesting that LMCT
excited states still play a role. However, this may be less important because of a more
efficient population of the lowest ligand triplet excited state due to the presence of bpyO,-
and biqO;-localized levels or because a closer approach between the ligand and the
metal ion could give rise to a higher value of 7ipiet — metai- Analogously to the cryptates,
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introduction of the bpyO, chromophore in Eu29 and Eu30 gives rise to an increase of
Tentr. compared to the parent Eu28. Anyway, for these three complexes the 7, values are
rather low, most likely, because of steric hindrance of the methyl groups in the branches.
The exceedingly low value of 7¢,;. of Eud6 suggests a very efficient deactivation of the
ligand excited states via LMCT excited states considering that 7, of Tb46 is about
three orders of magnitude higher.

5.3. Metal luminescence efficiency

In order to discuss the efficiency of the metal luminescence in the complex, the radiative
and nonradiative decay rate constants of the Eu’*°Dy and Tb** D, emitting states
(table 6) have been calculated using eqs. (10)—{12).

The radiative rate constants are higher for the Eu®>* than for the Tb** complexes. This
is in line with what usually observed, because of the mixing of the Dy emitting state
with LMCT excited states in Eu*" complexes and the much less efficient mixing of the
D, emitting state with f-d excited states in Tb*>" complexes (Blasse 1979). The &, values
differ from one another more for Eu*" than for Tb*" complexes, with the exception of
Tb37, in agreement with the larger effect of the ligand on the energy of the LMCT
excited states in Eu** complexes than on the energy of the f-d states in Tb** complexes.
In particular, the Eu®* complexes containing bpyO,, bigO,, and electron-withdrawing
substituents in the ligand show higher &, values than the analogous complexes containing
only bpy’s, as expected on the basis of the lower energies of their LMCT excited states
(sect. 4.1). The values of &, for Eu37 and Tb37 may be overestimated because the
lifetimes at 77 K could be shortened by the contribution of vibronic coupling involving
the CH oscillators in the ligand (Prodi et al. 1991).

As to the rate constant of the thermally activated nonradiative decay, it is worthwhile to
recall that in the presence of equilibria between the emitting states and other excited states
its values cannot be obtained from eq. (11). Nevertheless, we think that for homogeneous
series of complexes the values obtained from this equation may be used to discuss
the relative importance of the thermally activated nonradiative decay. Following this
approach, the values obtained from eq. (11} are presented in table 6 regardless of whether
the equilibrium is present or not. The cases in which the equilibrium may be present
are indicated. Among the Eu** complexes, the kn(T) term is negligible for complexes
containing only bpy’s or phen’s, with the exception of Eu37, and becomes important in
complexes containing N-oxides. This has been related to the effects of the deactivation of
the Eu** emitting state via low-lying LMCT excited states. For the complexes of ligands
containing N -oxides the LMCT excited states are expected to lic at lower energies than
in complexes containing only bpy’s, because the reduced electron donor capability of
the N-oxide-containing moiety leaves the europium ion more positive. An analogous
hypothesis may account for the increase of &y (T) caused by the presence in the ligand
of the electron-withdrawing carboxymethyl substituent (Sabbatini et al. 1993). The high
knr(T) value of Eu37 has been explained by efficient deactivation via low-lying LMCT
excited states involving the aliphatic nitrogens of the macrocycle (Prodi et al. 1991). In
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Table 6
Decay rate constants of the metal emitting states and number of solvent molecules coordinated to the metal
ion?

Compound k(s k() (s k (OH)¢ (s7) n°
Eu2 590 <50 2400 25
Eu7 670 <50 2200 2.3
Eul4 770 100" 1300 14
Eul5 900 5007 1100 I.1
Eulé 900 600f 1000 1.1
Eu27 530 <50 140 <0.5
Euz8¢ 500 50 450 0.9
Eu29 700 1507 1200 1.2
Eu30 770 6900° na’ nat’
Eu31 530 <50 3200 33
Eu32 500 <50 1200 1.3
Eu37 900! 850° 250 <0.5
BEu39s 1250 140 520 1.1
Eud1® 500 50 500 1.0
Eu42¢ 550 <50 650 1.4
Eud6 500 <50 1000 1.1
Tb2 260 21004 700 3.0
Tb27¢ 350 500° 80 0.6
Tb31 390 16000° 630% 2.7
Tb32 420 1600° 330 1.4
Tb37 6707 <50 <50 <0.5
Tb46 360 <50 280 1.2

* In water solution, unless otherwise noted. The lifetime values used to calculate the k& and »n values are those
reported in tables 1-4.

® Obtained from eq. (10).

¢ Obtained from eq. (11), regardless of the presence of equilibria (sect. 3). Cases in which the equilibrium may
be present are indicated.

4 Obtained from eq. (12).

¢ Obtained from eqs. (6) and (7).

It cannot be excluded that the excited state involved in the thermally activated nonradiative decay is in
equilibrium with the metal emitting state.

¢ In methanol solution.

" The lifetimes in H,0 and D, 0 are equal (table 2). However, the effects of the vibronic coupling with the OH
oscillators are, most likely, masked by the very fast thermaily activated nonradiative decay.

" A lower value is expected considering that vibronic coupling involving CH oscillators may occur (sect. 5.3).

’ From kinetic data in deaerated solution a value of 1.6x10°s™ was obtained for the rate constant of the
thermally activated back energy transfer from the D, Tb** emitting state to the lowest triplet excited state of
the ligand (sect. 4.1).

“ In deaerated solution. No deuteration effect on the lifetimes is observed in aerated solution.
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Fig. 14. Scheme of the deactivation processes involved in the conversion of the light absorbed by the ligand

into light emitted by the metal ion in (a) Tb** and (b) Eu** complexes. The 'mn" state is the ligand excited state

populated upon excitation and the 3wn* state is the ligand excited state populated upon intersystem crossing

from the 'mn* state. The 3D, and D, excited states are the luminescent states of Tb** and Eu**, respectively.

The LMCT excited states are the ligand-to-metal charge-transfer states. The pathways responsible for the most
important nonradiative losses are boxed.

the case of the Tb?" complexes, the thermally activated nonradiative decay, which consists
of the deactivation of the metal emitting state via the lowest triplet excited state of the
ligand, is important for all complexes containing bpy’s or phen’s, with the exception
of Tb37 where the lowest triplet excited state of the ligand lies at higher energy than
in the other Tb>* complexes (sect. 4.2). For complexes of the calixarene ligand 46
k.(T) is negligible, showing that this ligand does not introduce excited states which can
be thermally populated from the metal emitting states.

Finally, we discuss the importance of the nonradiative decay via vibronic coupling with
the OH oscillators of the solvent, considering the number of solvent (water or methanol)
molecules coordinated to the metal ion obtained from the decay rate constants (table 6).
First of all, it is interesting to notice that the numbers of coordinated water molecules,
inferior to three, indicate efficient shielding of the metal ion by the cage-type ligands.
The Eu* and Tb>* cryptates containing only bpy’s have about 2.5 water molecules in the
first coordination sphere of the metal ion. The presence of N-oxides in the bpy cryptands
causes a decrease of the number of coordinated water molecules, suggesting that steric
hindrance of the N-oxide groups and the charge of the oxygens may hamper water
coordination. The branched-macrocyclic ligands incorporating the macrocycle 26 shield
the metal ion very efficiently, which may be attributed to the presence of four coordinating
units and the flexible structure of these ligands. Steric hindrance due to the methyl groups
in the branches leads to less efficient shielding. In fact, in the complexes of ligand 31
about 3 water molecules are coordinated to the metal ion and Eu28 decomposes in
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water. As to the branched-macrocyclic ligands incorporating the triazacyclononane ring,
their shielding ability towards water molecules strongly depends on the position of the
attachment of the bpy to the ring, which may give rise to different structures of the
complexes, as also suggested by the CPK models. As a matter of fact, in the Eu’*
and Tb*" complexes of ligand 37 no water molecule is present in the first coordination
sphere of the metal ion while the analogous complexes of ligand 38 decompose in water.
The podands 4144 are so inefficient in competing with water molecules for lanthanide
complexation that their complexes decompose in water. Ligand 46 shields the metal ion
from water molecules relatively well, but its complexes are rather unstable in water.
Differently from what observed for complexes in water, the numbers of coordinated
methanol molecules are similar to one another. This may be related to weaker coordination
and larger size of methanol molecules compared to water molecules.

The scheme presented in fig. 14 summarizes the processes involved in the conversion
of light absorbed by the ligands into light emitted by the metal ions for the complexes
discussed. The pathways responsible for the most important nonradiative losses are
boxed.

5.4. Metal luminescence intensity

In this part we discuss the intensity of the metal luminescence obtained upon ligand
excitation on the basis of the product of the metal luminescence quantum yield upon
excitation at a certain wavelength and the molar absorption coefficient of the ligand in
the complex at the same wavelength (table 7). We would like to recall that the metal
luminescence intensity is the photophysical property of main interest in this research
dealing with the antenna effect in Eu*" and Tb®" complexes. Further, this quantity is
determining for some applications of these compounds (sect. 6).

First, complexes containing only the bpy chromophore will be considered. The
prototypes Eu2 and Tb2 showed strong absorption but gave rather low quantum yields
so that high values were not obtained for the luminescence intensity. This quantity
was not affected by the presence of substituents, as found in Eu7 and Eu8. The Eu’*
and Tb*>" complexes of the branched-macrocyclic ligand 27 containing one bpy more
than the cryptand 2 gave much more intense luminescence thanks to the higher molar
absorption coefficients and the good quantum yields. As to the analogous complex Eu28,
the luminescence intensity is one order of magnitude lower than that of Eu27. This is
accounted for by the lower quantum yield caused, most likely, by worse metal-ligand
interaction due to the methyl groups. Eu31 and Tb31 gave low luminescence intensities
in spite of the high molar absorption coefficients, because of the low quantum yields.
Concerning Eu32 and Tb32, the presence of only two chromophores results in relatively
low molar absorption coefficients. The quantum yields are good so that the luminescence
intensities are still rather high. Substitution of the weakly absorbing phenyl units in the
phosphinate groups by efficient chromophores is expected to give rise to more intense
luminescence if absorption in these chromophores is followed by efficient ligand-to-
metal energy transfer (Sabbatini et al. 1994a). The Eu*' and Tb*" complexes of the
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Table 7
Metal luminescence intensities®

Compound Emax (M7 em™) @ Emax X P
Eu2 28000 0.02 560
Eu7 26000 0.02 520
Eul4 20000 0.15 3000
Eul5 17000 0.09 1500
Eulé 20000 0.20 4000
Eu27 36000 0.10 3600
Eu28 39000 0.01 390
Eu29 15500 0.015 230
Eu30 34000 0.01 340
Eu3l 46000 0.013 600
Eu32 15100 0.08 1200
Eu37 24500 0.05 1200
Eu38 30500 0.36 11000
Eu39 38000 0.05 1900
Eud0 49000 0.02 980
Eudl 32000 0.06 1900
Eu42 42000 0.07 2900
Eu43 26500 0.04 1100
Eud4 43500 0.04 1700
Eudé6 1100 0.0002 0.2
Eu60 28000 0.04 1100
Eu61 50000 <0.01 <500
Eu63 22500 0.03 680
Eu64 26700 0.14 3700
Eu65 36900 0.16 5900
Tb2 29000 0.03 870
Th27 44000 0.14 6200
Tb31 43000 0.007 300
Tb32 15300 0.08 1200
Tb37 20400 0.37 7500
Tb38 31200 0.08 2500
Tb40 60400 0.015 900
Tb46 1100 0.20 220
Tb60 29000 0.12 3500
Thél 46700 0.02 930
Tb63 23400 0.001 23
Th64 30000 0.0013 39
Th65 42 800 0.007 300

® The €,,, and @ values (in hydrogenated solvents) are those reported in tables 1-4.
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branched-macrocyclic ligands 37 and 38, where the triazacyclononane ring carries three
bpy’s, have molar absorption coefficients similar to those of the Eu2 and Tb2 prototypes.
Most interestingly, Eu38 and Tb37 gave the highest luminescence intensities among the
complexes examined, thanks to their high quantum yields. It is worthwhile pointing out
that for these complexes the LMCT and lowest ligand triplet excited states lie at energy
levels sufficiently high not to interfere with the ligand-to-metal energy transfer nor to
deactivate the metal emitting states. Tb38 and Eu37 show less intense luminescence
because they have much lower quantum yields. The luminescence intensities of the
binuclear Eu** and Tb*" complexes of ligand 40 are rather low, in spite of the high molar
absorption coefficients resulting from the presence of six bpy’s in the ligand, because
of the low quantum yields. The Eu** and Tb*" complexes of the podands 41-44 show
rather intense luminescence because the molar absorption coefficients are high and the
quantum yields relatively good.

Further, complexes of some ligands analogous to those mentioned above but containing
one to three bpyO, and one biqO, chromophores instead of the bpy chromophore will be
discussed. The Eu* complexes of the cryptands 14 and 15, containing two bpy’s and one
bpyO,, and cryptand 16, containing two bpy’s and one bigO,, gave rather good molar
absorption coefficients and high quantum yields so that good luminescence intensities
were obtained. In comparison with the Eu2 prototype these values are significantly higher.
As discussed before, the different behavior is mainly due to a more efficient ligand-to-
metal energy transfer. The gain of luminescence intensity upon introduction of N-oxides
was not observed for Eu29 and Eu30, the values being similar to that of Eu28. Most
iikely, for these three complexes bad interaction between the metal ion and the branches
containing methyl groups is responsible for the low quantum yields. Eu39, containing
three bpyO; chromophores, gave good luminescence intensity thanks to high molar
absorption coefficients and good quantum yields.

Finally, we discuss the Eu*" and Tb*" complexes of ligands based on substituted
calix[4]arenes. The complexes of ligand 46 show low luminescence intensities due to the
weak absorption of the calixarene. Most interestingly, the introduction of two to four bpy’s
in the calix[4]arene moiety as in the complexes of ligands 60, 61 and 63-65 gives rise in
most cases to substantial increase of the luminescence intensity thanks to the significant
enhancement of the molar absorption coefficients and, for the Eu’" complexes, of the
quantum yields.

6. Applications

In this section we will present the applications in immunoassays and DNA hybridization
assays of Eu’* and Tb?* complexes exhibiting intense metal luminescence in solution.
We will illustrate some general aspects of immunoassays and DNA hybridization assays
and discuss in more detail the application of some luminescent Eu?* and Tb** complexes
in these assays.
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Immunoassays are based on the immunoreaction occurring between an antibody used
as detection reagent and the antigen to be analyzed (Hemmild 1991). Immunoassays are
most interesting as analytical tool thanks to the high specificity with which the antibody
recognizes a certain antigen among several other biomolecules, even if these differ very
little from the antigen at the molecular level. In order to detect the immunocomplex a label
capable of generating a signal is attached to the antibody. Adequate choice of the label
can render immunoassays very sensitive. Nowadays analytes present in concentrations
down to femtomolar can be quantified. Thanks to their high sensitivity and specificity
immunoassays are far superior to almost all other methods for in vitro determination
of biomolecules. Immunoassays are classified according to several criteria. One of
them is based on either the presence or absence of a separation step, thus defining
heterogeneous and homogeneous immunoassays, respectively (Stryer 1988). Up to now,
the heterogeneous immunoassays have been used more because of their high sensitivity,
obtained via the physical separation of the fraction carrying the labelled immunocomplex
from other interfering biological species in the sample.

The heterogeneous immunoassays schematized in fig. 15, also called sandwich assays,
make use of a liquid phase containing the antigen to be analyzed and a solid phase. A
specific antibody immobilized on the solid phase binds the antigen. Washing is performed
in order to eliminate other biological species present in the sample, which can interfere
during the detection step. A solution of a labelled antibody is added in order to mark
the antigen. In this way, the antigen is captured between the antibody immobilized on
the solid phase and the labelled antibody. Then the signal of the label is detected. The
field of immunoassays is huge, both in respect to variations in compounds to be analyzed
and to concentration ranges, which may vary from millimolar to subpicomolar. The very
optimal label should fulfill a number of requirements among which the high sensitivity
is the most important.

Initially, immunoassays relying on labelling with radioisotopes gained wide acceptance
as clinical analyses (Miles and Hales 1968, Weeks et al. 1986). The unquestionable
disadvantages of the use of radioisotopes created a strong demand to obtain non-
radioisotopic labels. In order to be competitive with radioisotopes, the alternative tracers
should enable the detection of the labelled immunoreagent down to 1071°-107'% moles.
Among the alternative tracers, enzymatic and luminogenic labels have been studied in
particular.

In enzymatic immunoassays (Rubenstein et al. 1972, Mayer and Neuenhofer 1994) the
enzyme used as label does not generate any detection signal, but produces the signal-
generating species upon the enzyme-catalyzed reaction. High turnover of the enzyme-
catalyzed reaction gives rise to efficient amplification of the detection signal so that high
sensitivities are achieved for this type of assays. However, these assays present some
drawbacks. The detection signal depends very much on incubation time, temperature, and
other physical and chemical conditions during substrate incubation. Enzymes can also be
sensitive to interfering substances in the sample, such as endogenic enzymes or inhibitors.
Enzymes are molecules with a relatively large molecular weight which can cause steric
repulsions during the coupling of the antibody to the antigen.
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Fig. 15. Scheme of a heterogeneous immunoassay.

The immunological analyses based on the use of luminogenic labels are called
fluoroimmunoassays, FIAs (Schroeder et al. 1976, Hemmilda 1991). This kind of
labelling is relatively inexpensive and harmless, and luminescence can be measured
quickly and simply. Luminogenic labels are usually divided into (i} photoluminescent
species, which emit upon photonic excitation, (ii) bioluminescent species, which emit
upon an enzymatic reaction, and (iii) chemiluminescent species, which emit upon a
chemical reaction. The photoluminescent labels will be treated in more detail because
they are of interest for our research. The use of photoluminescent labels instead of
radioisotopes involves the disadvantage of decreased sensitivity due to light scattering
and short-lived background fluorescence (lifetimes of the order of nanoseconds) of most
biological species. A significant improvement has been obtained via FIAs based on time-
resolved measurements, TR-FIAs, which make use of labels characterized by long-lived
luminescent states. Eu** and Tb** compounds are most interesting for TR-FIAs because
the Eu** 3Dy and Tb** Dy luminescent states are particularly long-lived (lifetimes of the
order of milliseconds). Moreover, their line-like emission bands lie in the visible, so that
these bands can be distinguished from the background fluorescence usually characterized
by broad bands in the UV. In order to minimize absorption of interfering biological species
and to avoid the use in the instrumentation of deuterium lamps and expensive optical parts
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in fused silica, excitation of the Eu** and Tb*" complexes used as labels should occur at
wavelengths longer than 300 nm.

Chelates of lanthanide ions revealed to be particularly suitable for heterogeneous
FIAs. According to the way the lanthanide chelates are used, the assays can be divided
into (1) assays relying on a separate fluorescence enhancement step, (ii) assays using
stabilization techniques, and (iii) assays using in situ fluorescent, stable chelates.
Among these, fluorescence enhancement assays were the first practical, lanthanide-
chelate based fluoroimmunoassays. Two ways to perform the fluorescence enhancement,
either by forming mixed-ligand chelates or by completely dissociating the labelling
chelate prior to the formation of the fluorescent chelate, have been described. The
latter approach was found to be more rapid and practical because this technique allows
separate optimization of the immunoreagent labelling with the lanthanide chelate and
of the conditions for the fluorimetric detection of the luminescent lanthanide chelate.
This technique is available commercially under the trade name DELFIA (Dissociation-
Enhanced Lanthanide FluorolmmunoAssay) and has been used for a great number of
analytes (Hemmila et al. 1984, Hemmild and Dakubu 1986). This analysis is performed as
follows. The Eu* chelate of a polycarboxylic acid is linked to an immunoreagent at pH 7—
9. After the immunoreaction and the separation of the labelled immunocomplex, the
Eu’* ion is released upon lowering the pH and the solution is treated with the fluorescence
enhancement solution containing {3-diketones which form highly luminescent complexes
with the Eu* ion. In order to make these complexes soluble in water solution the non-
ionic detergent Triton X-100 is added, which dissolves the Eu** complex in a micellar
phase. Shielding of Eu*" from water molecules causing quenching of the luminescence is
obtained by the addition of trioctylphosphine oxide which occupies the coordination sites
of the Eu?* ion still available in the chelate. Finally, the Eu** luminescence is measured in
a time-resolved mode. The CyberFluor system (Diamandis 1988, Evangelista et al. 1988)
is an example of an assay using an in situ fluorescent, stable chelate. This system employs
the 4,7-bis(chlorosulfophenyl)-1,10-phenanthroline-2,9-dicarboxylic acid chelating ligand
capable of sensitizing the Eu** luminescence. The photosensitizer is attached to an
immobilized antibody and after saturation with the metal ion the Eu** luminescence,
obtained upon ligand-to-metal energy transfer, is detected. Of course, neither DELFIA
nor CyberFluor can be used for homogeneous assays.

Much research has been dedicated to the development of simultaneously stable and
luminescent Eu** and Tb*" chelates in order to develop simplified heterogeneous FIAs
and, possibly, to apply these chelates in homogeneous FIAs. A schematic representation
of a luminescent Eu*" and Tb>" chelate suitable as label for FIAs is shown in fig. 16.
It consists of (i) the Eu’" or Tb®" ion, (ii) an aromatic structure acting as antenna,
(iii) additional chelating groups, e.g. carboxylic acid moieties, and (iv) a functional group
allowing the formation of a covalent linkage between the chelate and the target
biomolecule. Luminescent Eu’* or Th*" chelates studied up to now comprise, mostly,
aromatic nitrogen heterocycles as energy-absorbing and transferring moieties. The
4-(arylethynyl)pyridine (Takalo et al. 1993), 2,2'-bipyridine (Mukkala and Kankare
1992), 1,10-phenanthroline (Templeton Gudgin and Pollak 1989, Sammes et al. 1992)
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Reactive group Absorbing moiety  Chelating groups
for coupling to
bioactive molecules

Fig. 16. Schematic representation of a luminescent Eu™* chelate suitable as label for FIAs.

and 2,2/:6'2"-terpyridine (Toner 1990, Mukkala et al. 1993) moicties have been
extensively used as energy-absorbing and transferring units. Additional chelating groups
to obtain stable complexes are dicarboxylic acids, (methylenenitrilo)bis(acetic acids) and
(methylenenitrilo)bis(methylphosphonic acids).

A different approach to obtain Eu** and Tb*'-based labels for TR-FIAs consists of
the use of luminescent cage-type complexes of these ions such as those described in the
previous sections. This kind of complexes offers the possibility to obtain luminescent
complexes stable in aqueous medium. Further, these systems render the development
of highly sensitive assays possible thanks to the intense metal luminescence, which can
be achieved via (i) efficient shielding of the metal ion by appropriate cage-type ligands
from the solvent molecules quenching the metal luminescence, (ii) substitution of solvent
molecules in the first coordination sphere of the complexed metal ion by anions like
fluorides and phosphates, and (iii) introduction of efficient chromophores in the ligand
acting as antenna. The prototypes Eu2 and Tb2 were tested as luminescent labels for
TR-FIAs in spite of their rather low metal luminescence intensities because they were
stable in water and did not decompose upon attachment to the biomolecule. Anyway, a
demand for complexes characterized by higher metal luminescence intensities emerged.
As a matter of fact, other complexes studied subsequently (sect. 4) exhibited satisfactory
metal luminescence intensities but, up to now, drawbacks related to instability of the
complexes in water or their decomposition upon attachment to the biomolecule rendered
their application in TR-FIAs impossible. Recently the application of the Eu8 complex,
similar to Eu2, in homogeneous FIAs has been reported (Mathis 1993, Lehn 1995). This
application is based on the luminescence of an allophycocyanin molecule, sensitized
by Eu8. The antigen to be analyzed reacts with two different antibodies, one carrying
the europium complex and the other the allophycocyanin molecule. In the sandwich
immunocomplex, allophycocyanin luminescence is observed as a consequence of an
energy transfer from the excited Eu*" ion.
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Time-resolved measurements of Eu*" or Tb*" luminescence have been used in DNA
hybridization assays for the detection of DNA sequences (Landegren et al. 1988, Oser
and Valet 1990). Rapid and precise registration of a DNA sequence is of importance
in the characterization of genetic material and, in particular, to recognize the presence
or absence of mutations. Most available methods involve the labelling of a probe DNA
single strand complementary to a target DNA single strand and the separation of the
resulting hybridized double strand from the excess probe. Up to now heterogeneous
assays are most frequently used. The target DNA is immobilized on a solid matrix and
then incubated with the labelled DNA probe to obtain the hybridized duplex. Afterwards
washing is performed to eliminate the excess probe DNA and the detection is carried out.
Recently, the application of Eu8 in a DNA hybridization assay has been reported (Prat et
al. 1991). This assay is based on the time-resolved measurement of the Eu** luminescence
of Eu8 bound to streptavidin capable of recognizing biotinylated probe DNA. Nowadays
much research aims at the development of homogeneous assays because the hybridization
kinetics is more favorable and simplified analytical procedures are attained. Homogeneous
assays require special labelling of the DNA probes because the measurable signal is to be
obtained only after hybridization occurred. Here we describe some different approaches
to homogeneous assays for the detection of point mutations in DNA sequences via
time-resolved fluorescence measurements of Eu*' and Tb** complexes. Oser and Valet
(1990) described an assay involving a suitable pair of single-stranded DNA probes
carrying the components for the formation of a Tb*" complex after hybridization with
the single-stranded target DNA. One probe carries a diethylenetriaminepentaacetate group
complexing the Tb*" ion, and the second probe carries a salicylate group that can
coordinate to the Tb** ion only after hybridization has taken place, and act as antenna in
order to obtain metal luminescence. More recently Coates et al. (1994, 1995) developed a
new homogeneous assay involving a single-stranded DNA probe carrying a Eu®* chelate
of EDTA and a single-stranded DNA target. Hybridization results in the formation
of the DNA duplex but no metal luminescence is observed yet. Addition of a third
component, incorporating a metal-luminescence sensitizer attached to an intercalating
group, can give tise to the formation of a luminescent Eu*" complex after intercalation
occurred. The approach capitalizes on the presence of mismatches of the probe with
certain targets not having completely complementary nucleic-acid sequences in the sites
where intercalation preferably occurs. Then, the presence of mismatches in the duplex
causes a reduced binding of the intercalator compared to the binding in a matching
duplex. As a consequence the Eu** luminescence intensities are lower for duplexes with
mismatches since a minor amount of the luminescent complex is achieved. The molecules
used are the intercalating phenanthridinium linked to 2,9-dicarboxy-1,10-phenanthroline
derivatives capable of coordinating the metal ion and acting as antenna. At 295K only
modest discriminations in luminescence intensities could be made between matched
and mismatched duplexes, while raising the temperature up to 305K led to a better
discrimination between the two species. Finally we would like to mention an approach
consisting of distance measurements in DNA sequences on the basis of the Forster theory
on energy transfer. Selvin et al. (1994) have reported an assay in which energy transfer
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occurs between a Eu** complex exhibiting metal luminescence upon ligand excitation
and an acceptor molecule. Depending on the position of these two species on the DNA
double strand, energy transfer occurs and distances can be determined.
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List of symbols and abbreviations
A angular part of the spin—orbit H magnetic field vector of the light
interaction H total Hamiltonian (free-ion and
AL operator-equivalent crystal-field crystal-field)
parameters Her crystal-field Hamiltonian
B;, B, Bf crystal-field parameters Heer correlation crystal-field
CCF correlation crystal field Hamiltonian
CN coordination number Hoccr orthogonal correlation
Cp 1°-cyclopentadienyl crystal-field Hamiltonian
C’; tensor operator Hree ion free-ion Hamiltonian
Dod dodecahedron HSM hard-sphere model
dpa pyridine-2,6-dicarboxylate J total angular momentum
e elementary charge L total orbital angular momentum
E electric field vector of the light L ligand number
E* electron repulsion parameters LCCF orbitally correlated crystal field
(Racah parame'ters) M magnetic quantum number
C electron repulsion operator MCD magnetic circular dichroism
associated with the Racah o
parameters MD magnetic dipole
Enve parameter shifting the energy of MFP most favorable polyhedron
the whole 4f" configuration MSAP monocapped square antiprism
ED (induced) electric dipole M* Marvin integral
EPR electron paramagnetic resonance  m, operator associated with the
F¥ electron repulsion parameters Marvin integrals
(Slater parameters) N, scalar crystal-field strength
5 electron repulsion operator parameter
associated with the Slater o electric dipole or magnetic
parameters dipole operator
&Za degeneracy of level A OCCF orthogonal correlation crystal
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G(Ry) Casimir’s operator for group R, ODA oxydiacetate
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position vector for electron i
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power of the ionic or atomic
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spin-correlated crystal field
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three-particle parameter
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interaction parameters (Trees’
parameters)
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polarized spectra
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polar coordinates of the position
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3-j symbol
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1. Introduction

The spectroscopic properties of lanthanide ions have already been the subject of several
chapters in this series. The atomic lanthanide spectra and the theoretical methods
for free-ion energy level calculation were reviewed by Goldschmidt (1978). Fulde
(1979) considered the crystal fields in rare-earth metallic compounds. Attention was
given to the determination of crystal-field parameters in opaque materials, for which
no optical methods can be used. In a chapter concerning the complexes of the rare
earths, Thompson (1979) paid attention to the spectroscopic properties of coordination
compounds. Carnall (1979) discussed the absorption and fluorescence spectra of rare-
carth ions in solution. Weber’s contribution (1979) treated rare-earth lasers and that of
Blasse (1979) treated phosphors activated by lanthanide ions. Morrison and Leavitt (1982)
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published a comprehensive review of the energy levels of the trivalent lanthanide ions
in transparent host crystals. The intensities of absorption and luminescence spectra of
lanthanide ions in glasses and the energy transfer in those vitreous matrices are the
subjects of a chapter by Reisfeld and Jergensen (1987). Judd (1988) outlined the history of
lanthanide optical spectroscopy, with emphasis on the development of theoretical models
which enabled an understanding of the properties of the atomic 4f shell. Applications of
laser spectroscopy to lanthanide systems can be found in the contribution by Yen (1989).
Beitz (1994) compared the experimental and theoretical studies of the absorption and
luminescence spectra of lanthanide and actinide compounds in solution. Recently, Garcia
and Faucher (1995) reviewed and discussed the fitting of phenomenological parameters,
the correlated crystal field and the ab initio calculations of crystal-field parameters.
Spectroscopic methods also find application for the quantitative and qualitative analysis of
rare-carth ions. O’Laughlin (1979) discussed spectrophotometric methods for the analysis
of lanthanide ions in solution. Optical atomic emission and absorption methods are
described by DeKalb and Fassel (1979). D’Silva and Fassel (1979) treated X-ray excited
optical luminescence of the rare earths as a method for trace analysis.

In this chapter, special emphasis will be given to the symmetry aspects of the crystal
field and the parametrization of the energy level scheme. Four parts can be distinguished.
First we give an overview of the experimental data of trivalent lanthanide ions doped
into crystalline host matrices. We find such a list is useful, since a large number of
papers concerning the spectroscopic properties of trivalent lanthanide ions have been
published since the review article of Morrison and Leavitt (1982). The references are
not classified according to the host crystal, but according to the lanthanide ion. Because
of this alternative classification, together with the fact that many more host matrices
are tabled, references before 1982 are also presented. How the experimental data can
be interpreted in the framework of crystal-field theory is discussed in the second part.
A thorough description is given of the crystal-field perturbation and the calculation of
the crystal-field matrix elements. The selection rules for induced electric dipole (ED) and
magnetic dipole (MD) transitions for systems with even or odd numbers of f electrons
in different site symmetries are presented. Methods for the assignment of crystal-field
levels are discussed. From the knowledge of the crystal structure of the host or more
precisely from the knowledge of the symmetry of the rare-earth site, it is possible to
predict the spectroscopic characteristics of the lanthanide ion in a qualitative way. In the
third part, the determination of phenomenological crystal-field parameters is discussed.
Such a set of crystal-field parameters in combination with a suitable set of free-ion
parameters allows calculation of crystal-field energy levels and to reconstruct the energy
diagram of the 4f" configuration. In this way, it is not only possible to check the validity
of the crystal-field model but also to get information about energy levels which cannot be
detected experimentally. A parameter set is compact, but it contains all the information
about the electronic structure of the 4f shell of trivalent lanthanide ions. Some attention
is also paid to the correlation crystal-field model, by which one is able to remove,
for a large part, the discrepancies between the experimental crystal-field levels and the
energy position calculated in the framework of a one-electron crystal field model. The
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strength of the crystal field can be represented by a single scalar crystal-field strength
parameter. In the fourth part we will reverse the order, i.e., we consider whether it is
possible to determine the symmetry and the structure of the rare-earth site from the
absorption and emission spectra of the trivalent lanthanide ions and more particularly
of the Eu** jon. We investigate the influence of the shape of the coordination polyhedron
around the lanthanide ion on the crystal-field parameters. A correlation is made between
the crystal-field splitting of the 2*! L free-ion levels of the Eu** ion and the symmetry of
its surrounding. Finally, we present a procedure to determine the point symmetry group
of the rare-carth site using the Eu®* ion as a crystal-field probe. We have written this text
as didactically as possible, so that it is not only readable for those who are familiar with
lanthanide spectroscopy, but also for people from other domains of rare-earth research.
The crystal-field theory is presented as seen through the eyes of a chemist. We give
therefore special attention to simple models and to the relation between spectroscopic
properties and structural aspects of lanthanide compounds. Examples are given whenever
it is possible.

It may be helpful to explain the use of the terms “rare earths” and “Janthanides”
throughout the text. By convenience, the term lanthanides refers to the elements
La (Z=57)to Lu (Z=71). The term rare earths is commonly used for the lanthanides with
inclusion of the elements Y (Z=39) and Sc (Z=21). Although one speaks often about
rare-earth spectroscopy, the term lanthanide spectroscopy is preferable. The main objects
of study in lanthanide spectroscopy are the trivalent lanthanide ions from Ce** (4f!) to
Yb** (4f13), since these ions have unpaired f electrons and can interact with ultraviolet,
visible or near-infrared radiation. Divalent ions like Eu** have gained less interest and
will not be discussed here. The trivalent lanthanide ions La*" (4f°) and Lu?" (4f'%) are
not spectroscopically active, because of an empty or filled 4f shell. The same is true for
Y3* and Sc**. Yttrium, lanthanum and to a lesser extent lutetium compounds are used
as transparent host crystals in which other trivalent lanthanide ions can be doped. The
trivalent lanthanide ions can readily substitute for Y**, La®* and Lu*". Expressions like
“point group of the rare-earth site” and “the crystal field in rare-earth compounds” are
thus meaningful.

2. Experimental data

Spectra of trivalent lanthanide ions are much more complicated than those of transition
metal ions, which show only a few broad bands. Because the partially filled 4f shell is
shielded by the filled S5s and 5p orbitals, the lanthanide ion is only moderately influenced
by its environment. Therefore it behaves to a large extent like a free ion. The crystal
field is a weak perturbation compared to the electron repulsion and spin—orbit coupling.
The optical absorption spectra of 4f systems in single crystals are similar to atomic
spectra in the sense that they may sometimes show a large number of very narrow lines.
The abundance of lines in the spectra of trivalent lanthanide ions has puzzled earlier
spectroscopists. It was J. Becquerel (Becquerel 1907, Becquerel and Kamerlingh Onnes
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1908, Becquerel et al. 1925) who discovered that at low temperatures the transitions of
lanthanide ions are not bands, but line transitions. He and other workers were unable
to explain this spectroscopic behavior, because the necessary theoretical background
was lacking at that time. Moreover, most measurements were done on minerals, which
contain a mixture of the different lanthanide ions (mainly praseodymium and neodymium
as absorbing centers). One had to wait until the discovery of quantum mechanics by
Bohr, Dirac, Heisenberg, Slater and others. In 1929 Bethe (Bethe 1929) introduced the
crystal-field theory. The fundamental idea is that the splitting of absorption lines of an ion
in an electric crystal field is closely related to the symmetry of that field. Group theory
has been important in spectroscopy ever since. It became clear that the sharp lines in
the absorption and emission spectra of trivalent lanthanide ions are forbidden transitions
within the 4f shell (Freed 1931, Tomaschek 1932a,b, Van Vleck 1937). A serious problem
was also that high-purity rare-earth compounds were not widely available until after
World War II. These impurities resulted in many spurious lines. The development of
theories explaining the spectroscopic behavior of the lanthanide ions has been reviewed
by Judd (1988).

From the beginning of the 1950s onwards, a lot of experimental data were gathered
by research groups like those of K.H. Hellwege (Darmstadt, Germany) and Dieke
(Johns Hopkins University, Baltimore). The trivalent lanthanide ions were in the first
place doped into host single crystals which could be easily grown from aqueous solutions:
the ethylsulphates R(C,H5804)3-9H,0, the nonahydrated bromates R(BrO3);-9H,0, the
double nitrates RyM3(NO3);2-24H,0 (R=Ce-Eu, M=Mg,Zn) and the hexahydrated
chlorides RCl3-6H, 0. Anhydrous salts were also studied. We can mention here lanthanum
trichloride LaCl;. This matrix has the advantage that it has a high point symmetry,
Csp (which can be approximated by Dsy). The host LaCly has a large optical window,
i.e., is transparent to a large wavelength interval. Anhydrous salts are desired for
absorption measurements in the near-infrared, because otherwise the electronic transitions
are masked by the strong O-H vibrations of the water molecules. The peaks are small
and only a few vibronic satellite lines are present. A disadvantage is the hygroscopic
character, so that special precautions have to be taken during the preparation, storage and
handling of these crystals. The early papers contain only a list of experimental energy
levels, grouped according to the 25*1L; free-ion label. It was not tried to parametrize the
spectrum, because an adequate translation of Bethe’s crystal-field theory to lanthanide
systems was not available. Stevens and Elliot (Stevens 1952, Elliot and Stevens 1953a,b)
and Judd (1955, 1957) began to rationalize the raw experimental data by determining
crystal-field parameters. This was a difficult task in that pre-computer era, but remarkable
results were achieved. The spectroscopic data of the trivalent lanthanide ions have been
reviewed by Dieke (1968). A few years earlier, Wybourne (1965) wrote his famous book
describing the theory behind calculating free-ion and crystal-field energy levels.

The development of solid state lasers in the 1960s stimulated lanthanide spectroscopy,
after it became clear that the trivalent lanthanide ions have promising lasing characteris-
tics. The use of rare-earth ions in laser crystals has been discussed by Weber (1979) and
by Kaminskii (1981). Crystals which came under examination are CaWO,, LiYF,, LaFs,
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YAIOs, the rare-earth garnets A3;BsO; (A=Y, R; B=Al, Ga) and many others. Another
class of materials are the rare-earth phosphors which are used in lighting devices and
cathode ray tubes (e.g. television screens): Y,0,S, ROX (R=Y, La, Gd; X=Cl, Br, ),
Y>03, YPO4, YVOu, ... These compounds are often only available as polycrystalline
samples and have been studied mainly by luminescence techniques. We would also like
to mention two host crystals, which are studied from theoretical interest and because large
single crystals can be grown relatively easily: the elpasolites A;BRXs (A=Rb, Cs; B=Li,
Na, K; X=F, Cl, Br) and the oxydiacetates Na3[R(C4H405)3]-2NaClO4-6H,0 (or RODA
for short). The elpasolite matrix is one of the few examples in which a lanthanide ion
is in a site with O, symmetry. RODA crystallizes out from an aqueous solution. These
crystals have been used for testing intensity models and circular dichroism (CD) studies.
The oxydiacetates are optically active, because of the D3 point group. From theoretical
viewpoint, crystals with a high site symmetry are desirable, because only few parameters
are required for describing the crystal-field splitting. Host matrices with the lanthanide
ion at an inversion center are not widely investigated (except the elpasolites). If the point
group has an inversion center, the 4f-4f transitions can only gain transitions by vibronic
coupling and the zero-phonon lines are often absent (see sect. 3.3). This vibronic structure
does not make the interpretation of the spectra easy.

In table 1, an overview is given of the literature concerning the experimental data
on the spectroscopic properties of trivalent lanthanide ions doped into crystalline host
matrices. The systems are ordered according to the lanthanide ion. Further classification
is done alphabetically. We do not claim completeness, since this would be an utopia. We
want to present a range of lanthanide-doped crystals as broad as possible. It is our hope
that this table can be helpful for spectroscopists who want to make comparative studies.
Only crystal-field studies are presented. Papers which are solely concerned with intensity
calculations are omitted.

Table |
Overview of the literature concerning experimental studies of the spectroscopic properties of trivalent lanthanide
ions doped into crystalline host matrices

Compound Reference(s)

Ce]+

CeF, Buchanan et al. (1966)

CsCdBr,:Ce** Blasse et al. (1985)

Cs,NaCeCly Amberger et al. (1976)

LaCl,:Ce** Hellwege et al. (1965)

LaF,:Ce** Buchanan et al. (1966), Gerlinger and Schaack (1986),
Camnall et al. (1989)

YAIQ,:Ce* Weber (1973)

YPO,:Ce* Briffaut and Denis (1970), Hoshina and Kuboniwa (1971),
Nakazawa and Shianoya (1974)

Y,0;:Ce* Chang et al. (1982)

Continued on next page
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Table 1, continued
Compound Reference(s)

Y;Ga;0,,:Ce**

pPr¥
BaY,F;:Pr*
BiLiF,:Pr*
Bi,Ge,0,,:Pr3
CaF,:Pr3*
CaWO,:Pr*

[(CyHy)sNI;Pr(NCS),

Cp,Pr-CNC4H,,
CsBr:Pr**
CsCdBr,:Pr*

Cs,NaPrClg

Cs,NaPrF,
Cs,NaYBr,:Pr*
Cs,NaYCl,:Pr+
GdCl,:Pr*
Gd,Si0; Pr
Gd,Te, O, P
Gd,Gas0,:Pr
KY,F,:Pr
LaAlO;:Pr
LaBr,:Pr*

LaCl;:Pr+

LaF, P+

LiLuF,:Pr**
LiYF,:Pr*

LuPO, P+
Lu; AL O, P
PbMoO,:Pr*
PbWO,:Pr’*
Pr(AP)l,

Herrmann et al. (1966)

Kaminskii and Sarkisov (1986)

Schultheiss et al. (1987)

Kaminskii et al. (1984a)

Bhola (1975)

Aizenberg et al. (1966), Wortman et al. (1975a),
Morrison and Leavitt (1982)

Maghrawy et al. (1993)

Amberger et al. (1986a)

Radhakrishna and Sivasankar (1977)

Chaminade et al. (1991), Ramaz et al. (1993), Neukum et al. (1994),
Antic-Fidancev et al. (1995b)

Amberger et al. (1975), Schwartz (1976), Cheng and Dorain (1976),
Amberger (1978a), Morrison et al. (1980a), Reid et al. (1987),
Tanner et al. (1994b)

Amberger (1978b), Tanner et al. (1994b)

Tanner et al. (1994b)

Morley et al. (1982), Tanner et al. (1994b)

Rana et al. (1988)

Kuleshov et al. (1994)

Cascales et al. (1992b)

Antic-Fidancev et al. (1992b)

Morrison et al. (1980b), Abdulsabirov et al. (1987)

Pelletier-Allard and Martin-Brunetiére (1969)

Wong and Richman (1962), Kiess and Dieke (1966), Dieke (1968),
Chivian et al. (1979), Schmid et al. (1987)

Sayre et al. (1955), Sarup and Crozier (1965), Rana and Kaseta (1983),
Rana et al. (1984), Schmid et al. (1987)

Wong et al. (1963a), Yen et al. (1964), Caspers et al. (1965b),
Carnall et al. (1969), Elias et al. (1973), Matthies and Welsch (1975),
Cordero-Montalvo and Bloembergen (1984, 1985), Levy et al. (1984),
Carnall et al. (1988, 1989)

Kaminskii (1986)

Caspers and Rast (1975), Esterowitz et al. (1979a),

Esterowitz et al. (1979b), Renfro et al. (1980), Adam et al. (1985),
Schultheiss et al. (1987)

Hayhurst et al. (1982)

Kustov and Ryabchenkov (1988)

Morozov et al. (1966)

Singh et al. (1986)

Jayasankar and Richardson (1989)
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Compound

Reference(s)

Pr(CCl;C00);-2H,0
Pr(C,H;80,),-9H,0
PrF,

PrGaO,

Prl,

PrOCl1

PrODA

Pr(OH),
Pr,Mg;(NO,),,-24H,0

Pr,(Se0,),-8H,0

Pr,Te, Oy,

PryGa; 0y,

Pr;Sbs0,,

ThBr,:Pr’*

ThCl,:Pr**

YAIOQ,:Pr**
Y(CCl,CO0);-2H,0:Pr*
YPO,:Pr*

Y;AL Oy, PPt

Y,Ga,0,,:Pr**

Nd3+

BaMoO,:Nd*
BaWOQ,:Nd*

Bay ;sMg, 75 Y,Ge;01,:Nd*
Ba,MgGe,0,:Nd**
Ba,ZnGe,0,:Nd*
Ba,LaNb,O,:Nd**
Bi, Ge,0,,:Nd™
Bi,Si,0,,:Nd*
CaAl,0,:Nd*
CaF,:Nd*
CaF,:Nd*
CaLa,(Si0,);O:Nd*
CaMo0, :Nd*
CaNa(MoQ,),:Nd**
Ca(NbO;),:Nd*
Ca0-2A1,0,:Nd*

Legendziewicz et al. (1995)
Kato and Takada (1979)

Koningstein and Griinberg (1971), Dah! and Schaack (1984)

Podlesnyak et al. (1994)
Clifton et al. (1971)

Antic-Fidancev et al. (1991a)

Schwartz et al. (1980)
Chirico et al. (1979)

Hellwege and Hellwege (1953), Kato and Takada (1979),
Hens and Gorller-Walrand (1995)

Nandi and Neogy (1988)
Cascales et al. (1992b)

Antic-Fidancev et al. (1989, 1992b)

Saez-Puche et al. (1989)
Conway et al. (1981)
Malek et al. (1986)

Arsenev et al. (1974), Kaminskii et al. (1988), Malinowski et al. (1995)

Legendziewicz et al. (1995)
Hayhurst et al. (1982)

Hooge (1966), Gourley (1972), Antic-Fidancev et al. (1987a),
Kustov and Ryabchenkov (1988)

Hooge (1966), Antic-Fidancev et al. (1989, 1992b, 1994a)

Morozov et al. (1967)
Morozov et al. (1967)
Miller et al. (1972)

Horowitz et al. (1972)
Horowitz et al. (1972)
Antonov et al. (1986)

Kaminskii et al. (1976e), Morrison and Leavitt (1981)

Kaminskii et al. (1976b)

Lindop and Goodwin (1973)

Han et al. (1993)

Voron’ko et al. (1966), Toledano (1972)

lvanov et al. (1977)
Morozov et al. (1967)
Morozov et al. (1967)

Kaminskii and Li (1970), Kaminskii et al. (1973a)
Lindop and Goodwin (1973)

Continued on next page
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Table 1, continued
Compound Reference(s)
CaWO, :Nd* Kariss et al. (1964), Farrar (1965), Morozov et al. (1967),

CaY,Mg,Ge,0,,:Nd**

CaY,(Si0,);O:Nd*
Ca;Ga,Ge, 0y, :Nd*
Cay(PO, ), F:Nd*

CdMoO,:Nd*
CeF,:Nd**
CeNa(WO,),Nd™
CpsNd-CNC,H,,
CsCdBry:Nd*

Cs,NaGdCl:Nd**
GaS:Nd**
GAAIO,Nd*
GdVO,:Nd*

Gd,  Nd,(WO,);:Nd**
Gd, Ti, 0, Nd*
GdyGa;0 5 Nd*
Gd,Sc,Al, 0, Nd*
Gd,Sc,Ga, 0,,:Nd*
Gd,Sc,Ga, 0,,:Nd**
KLa(MoO,),:Nd*
KY(MoO,),:Nd*
KY(WO,),:Nd**
KY,F,o:Nd**
K;Bi;_Nd,(MoO,),
(La,_;Nd,);Ga,Si0,,
La, ,Nd,MgAl;, 0y
LaBry:Nd**
LaCl,:Nd*
LaF;:Nd*

LaNa(WOQ,),:Nd*
LaNbO,:Nd*
LaTaO,:Nd*
LavO,:Nd*
La,Be, 0, Nd*
La,0,S:Nd*
La,0,Nd*

Morrison and Leavitt (1982)

Sharp et al. (1974), Tucker and Birnbaum (1979)
Ivanov et al. (1977)

Kaminskii et al. (1984b)

Morozov et al. (1970), Maksimova and Sobol' (1974),
Gruber et al. (1996)

Morozov et al. (1967)
Dmitruk et al. (1968)
Morozov et al. (1967)
Amberger et al. (1986b)

Barthem et al. (1987, 1989), Barthou and Barthem (1990),
Ramaz et al. (1992)

Tanner et al. (1991)

Tagiev et al. (1985), Babaev et al. (1989)
Arsenev and Bienert (1974)

Anderson et al. (1994)

Berenberg et al. (1984)

Antonov et al. (1977a)

Bagdasarov et al. (1974), Nekvasil (1978)
Bagdasarov et al. (1975a)

Gruber et al. (1988), Gruber et al. (1990b)
Kaminskii et al. (1976a)

Kaminskii et al. (1973c)

Kaminskii et al. (1970)

Kaminskii et al. (1972)

Abdulsabirov et al. (1987)

Kaminskii et al. (1977a)

Kaminskii et al. (1983b)

Saber et al. (1985)

Richman and Wong (1962)

Eisenstein (1963b), Crosswhite et al. (1976), Rana et al. (1982)
Wong et al. (1963b), Caspers et al. (1965a), Voron’ko et al. (1973),

Kumar et al. (1976), Carnall et al. (1988, 1989)
Morozov et al. (1967)

Godina et al. (1967)

Godina et al. (1967)

Antic-Fidancev et al. (1991b)

Jenssen et al. (1976)

Alves et al. (1971)

Henderson et al. (1967a)
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Table 1, continued

Compound Reference(s)

La;Lu,Ga, 0y, Allik et al. (1988), Gruber et al. (1990b)
LiGd(MoO,),:Nd** Kaminskii (1981)

LiKYF,:Nd** Kaminskii et al. (1994)

LiLa(Mo00,),:Nd** Kaminskii et al, (1973b)

LiLuF,:Nd** Kaminskii (1986)

LiNbO,:Nd* Gabrielyan et al. (1970), Johnson and Ballman (1969)
LiNdP,0,, Saruwatari et al. (1977), Mazurak and Gruber (1992)
LiYF,:Nd* Harmer et al. (1969), Sengupta and Artman (1970a,b),

Wortman (1972), da Gama et al. (1981b), Song et al. (1984),
Gorller-Walrand et al. (1989b), Faucher et al. (1989b),
Malinowski et al. (1990), De Leebeeck and Gorller-Walrand (1995)

LiYO,:Nd* Antonov et al. (1977b)

LuAlO,;:Nd** Kaminskii et al. (1976¢), Faucher et al. (1989a)
LuPO,:Nd* Hayhurst et al. (1982)

Lu,Si0O4:Nd** Tkachuk et al. (1986)

Lu,Si,05:Nd** Tkachuk et al. (1986)

Lu;ALO,,:Nd* Azamatov et al. (1970), Kaminskii et al, (1975)
Lu,Ga,0,,:Nd* Bagdasarov et al. (1975b), Nekvasil (1978)
NaBi(Mo0,),:Nd** Kaminskii et al. (1989)

NaBi(WO,),:Nd* Kaminskii et al. (1989)

NaLa(MoO,),:Nd* Morozov et al. (1967), Kaminskii (1981), Stevens et al. (1991)
NaYGeOQ,:Nd** Kaminskii et al. (1984a)

Na; YSi,0,,:Nd* Kaminskii et al. (1983a)

NdAlGe, 0O, Kaminskii et al. (1987)

NdAIO, Antic-Fidancev et al. (1980)

NdBO, Antic-Fidancev et al. (1992c)

Nd(Br0,),-9H,0 Ewald (1939)

Nd(C,H,S0,);-9H,0 Dieke (1968), Kato et al. (1977)
[Nd(C,H,NO)(NO,),(H,0),]- H,0  Oczko and Legendziewicz (1993)

NdCl;-6H,0 Ewald (1939), Dieke (1968), Voloshin et al. (1976)
NdF, Caro et al. (1981)

Nd(NO,),-6H,0 Ewald (1939), Caro et al. (1977b)

NdOCl1 Beaury (1988)

NdODA May et al. (1989)

NdP;0,, Kriihler (1974), Tofield et al. (1975), Kaminskii (1981)
NdPO, Antic-Fidancev et al. (1991b)

NdVO, Antic-Fidancev et al. (1991b)

Nd,(Se0,);-8H,0 Neogy and Nandi (1985)

Nd,(50,);-8H,0 Ewald (1939)

Nd,BaZnO; Taibi et al. (1989)

Continued on next page
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Table 1, continued

Compound Reference(s)

Nd,Mg,(NO,),,-24H,0 Ewald (1939), Tinsley (1963), Dieke (1968),
Gorller-Walrand et al. (1993a)

Nd,0,S Beaury and Caro (1990)

A-Nd;0,4 Henderson et al. (1967a), Faucher et al. (1980)

Nd,P;0,, Danielmeyer and Weber (1972)

y-Nd, S, Gruber et al. (1983)

Nd,Te, O, Cascales et al. (1992b)

Nd,Zn,(NO,),,-24H,0 Ewald (1939), Dieke (1968)

Nd,Ga;0,, Nutter and Harrison (1963)

PbMoQ,:Nd* Kariss and Feofilov (1964), Shekun (1966), Morozov et al. (1967),
Minhas et al. (1973)

PbWO, :Nd** Morozov et al. (1967), Singh et al. (1986)

Pb;(PO,);F:Nd* Morozov et al. (1975)

Pb,Ge, 0,,:Nd* Kaminskii et al. (1982)

Sc,05:Nd* Zverev et al. (1967)

Sc,Si05:Nd* Tkachuk et al. (1986)

Sc, Si,0,:Nd** Tkachuk et al. (1986)

SrF,:Nd* Han et al. (1993)

StMoQ, :Nd** Morozov et al. (1967)

SIWO, :Nd** Morozov et al. (1967)

Sr,Ga, Ge,0,,:Nd* Kaminskii et al. (1984b)

Sr;(PO,), F:Nd** Maksimova and Sobol’ (1974), Gruber et al. (1996)

YAIOQ; :Nd** Weber and Varitimos (1971), Kaminskii (1981), Aminov et al. (1985)

YAL(BO,), Nd** Huang and Luo {1991)

YF;:Nd* Davydova et al. (1978)

YGaO,:Nd* Kaminskii et al. (1976d)

YNbO, :Nd** Godina et al. (1967)

YP,0,,Nd* Kaminskii (1981)

YPO,:Nd* Hayhurst et al. (1982)

YScO;:Nd** Bagdasarov et al. (1975¢)

YTa0,:Nd* Godina et al. (1967)

YVO,:Nd* Karayianis et al. (1975), Kaminskii (1981), Anderson et al. (1994)

Y,0, Nd** Chang (1966), Zverev et al. (1967)

Y,Si05:Nd* Tkachuk et al. (1986)

Y,S1,0,:Nd* Tkachuk et al. (1986)

Y, Ti, O, Nd* Antonov et al. (1977a)

Y,ALO,,:Nd** Koningstein and Geusic (1964), Feofilov et al. (1965),

Koningstein (1966), Bogomolova et al. (1977), Nekvasil (1978),
Gorban et al. (1985a), Gorban et al. (1985b), Hua et al. (1988),
Song et al. (1988), Gruber et al. (1990b), Lupei et al. (1995),
Burdick et al. (1994)
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Table 1, continued

Compound

Reference(s)

Y,Ga,0,,:Nd*
Y,Sc,Al,0,,:Nd*

pm3+
LaCl,:Pm**

) m3+
CaF,:Sm**
CdF,:Sm*
Cs,NaSmCl,

Cs,NaYClg:Sm**
KY,Fg:Sm*
LaCl:Sm**
LaF;:Sm*

Sm(AP)s(ClO,);
Sm(AP)I;
SmCl;-6H,0
Sm(C,H;50,);-9H,0
Sm(NO,),-6H,0
SmODA

Sm,Mg;(NO;),,-24H,0

Sm;Ga;0,,
Y,0,S:Sm*
Y,0;:Sm?

Y, Al 045 :Sm
Y,Ga;0,,:Sm**

Eu3+
BaEuw(CO, ),F
BaGd,04:Eu**
BaSO,:Eu**
BaY,0,:Eu*
CaC,H,0,-4H,0:Eu™
CaSO,:Euv’*
Ca,B,05:Ev**
CdF,:Eu*
CsCdBry:Eu**
Cs,AgEuClg
Cs,KYFg:Eu®t
Cs,NaEuCl

Koningstein (1966), Nekvasil (1978), Kaminskii et al. (1976d)
Allik et al. (1990), Gruber et al. (1990b)

Baer et al. (1973), Carnall et al. (1976)

Ewanizky et al. (1965), Rabbiner (1967)
Rabbiner (1967)

Amberger et al. (1977), Banerjee and Schwartz (1981),
Richardson et al. (1985)

Tanner et al. (1994b)
Abdulsabirov et al. (1987)
Magno and Dieke (1962)

Rast et al. (1967a), Dieke (1968), Neogy and Purohit (1987),
Carnall et al. (1988)

Berry and Richardson (1989)

Berry and Richardscn (1989)

Limmermann (1958), Friederich et al. (1960a)
Liammermann (1958), Dieke (1968)
Limmermann (1958), Friederich et al. (1960a)
May et al. (1987, 1992)

Friederich et al. (1960b), Hens (1996)

Veyssie and Dreyfus (1967)

Babkina et al. (1974)

Chang et al. (1982)

Griinberg (1969)

Griinberg (1969), Griinberg et al. (1969a)

Antic-Fidancev et al. (1995a)

Taibi et al. (1994)

Lange (1938)

Taibi et al. (1994)

Capobianco et al. (1989)

Lange (1938), Danby and Manson (1984)
Capobianco et al. (1970)

Kingsley and Prener (1962), Louart et al. (1981)
Pellé et al. (1995)

Kuo et al. (1995)

Amberger (1980)

Schwartz (1975)

Continued on next page
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Table 1, continued

Compound Reference(s)

Cs,NaYCl¢:Eu** Tanner et al. (1994b)

D-Lu, S1,0,:Eu® Chateau et al. (1990a)

D-Y,Si,0,:Eu** Chateau et al. (1990a)

Eu(AP),(ClO,), Berry et al. (1989)

EuAlOQ, Kajiura and K. Shinagawa (1970)

Eu(AP)4l, Berry et al. (1989)

Eu(BrO,);-9H,0 Lange (1938), Hellwege and Kahle (1951b), Hasunuma et al. (1984),
Moret et al. (1991), Binnemans and Gériler-Walrand (1996a)

Eu(C,H,0,);-4H,0 Lange (1938)

Eu(C,H,S0,),-9H,0 Sayre and Freed (1956), Dieke (1968), Ohaka and Kato (1983)

EuCl;-6H,0 ' Hellwege and Kahle (1951a), Bel’skii and Struchkov (1965)

Eu(DBM);-3H,0 Kirby and Richardson (1983)

EuF, Caspers et al. (1967), Jayasankar et al. (1985)

Eu(NO,);-6H,0 Lange (1938)

[Eu(NO,),(18-6)],[Eu(NO,),] Biinzli and Pradervand (1986)

Eu(NO,)3(CyyHyO5) Biinzli et al. (1982)

EuODA Berry et al. (1988)

Eu(OH), Cone and Faulhaber (1971)

EuPQ,-4H,0 Lange (1938)

Eu(PyNO),(ClO,), Thompson and Kuo (1989)

EuP;0,, Brecher (1974)

Eu,(C,0,);-10H,0 Lange (1938)

Eu,Mg;(NO,),,-24H,0 Lange (1938), Biinzli and Pradervand (1986),
Gorller-Walrand et al. (1989a)

Eu,(S0,);-8H,0 Lange (1938)

Eu,Zn,(NO;),,-24H,0 Hellwege and Schrock-Vietor (1954), Holsd (1991a),
Gorller-Walrand et al. (1992)

Eu;Ga,0,, Boal et al. (1973)

Eug,WO,, Beaury et al. (1978)

GdAly(BO,),:Eu** Gorller-Walrand et al. (1994)

GdAsQ,:Eu** Linarés et al. (1977)

GdBGeO,:Eu™ Antic-Fidancev et al. (1994b)

GdOBr:Eu* Hélsd and Porcher (1982a)

GdOCL:Euw* Holsd and Porcher (1981)

GdOF:Eu** Holsd and Kestild (1995a,b)

GdONO,:Eu** Holsd et al. (1994)

GdvO,:Eu** Linarés et al. (1977)

Gd,(Si0,)0:Eu** Holsd et al. (1986)

Gd,MoO4:Eu** Huang et al. (1982)

Gd,0,S:Eu** Sovers and Yoshioka (1969)

Gd,0,50,:Eu** Porcher et al. (1983)
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Table 1, continued

Compound Reference(s)
Gd,0,:Eu** Rosenberger (1962), Dexpert-Ghys et al. (1981), Daly et al. (1983)
In, 05 :Ev?* Antic-Fidancev et al. (1992a)

In,Si,0,:Eu®
KGd(CO,)F, B
KLu,F,q:Eu?

Chateau et al. (1990b)
Mercier et al. (1995)
Valon et al. (1977)

KMgLa(PO,),:Bu** Tie et al. (1995)

KY,F,,:Eu** Porcher and Caro (1976)

La,  Eu,MgAl;, Oy Saber et al. (1985)

LaBGeO;:Eu Antic-Fidancev et al. (1994b)

LaBO,:Eu** Capobianco et al. (1970)

LaCl,:Eu’ DeShazer and Dieke (1963)

LaF;:Eu** Kumar et al. (1977), Carnall et al. (1988, 1989)
LaMgB;0,,:Eu** Holsa and Leskeld (1985)

LaOBr:Eu®* Holsd and Porcher (1982a)

LaOCLEu** Holsd and Porcher (1981)

LaOF:Eu** Holsd (1991b), Holsd and Kestila (1995a,b), Wang et al. (1995)
LaQLEuw** Hélsd and Porcher (1982a)

LaONO;:Ev?** Holsd and Karppinen (1991), Holsd et al. (1994)

LaPO,:Eu** Linares et al. (1977), Antic-Fidancev et al. (1991b), Tie et al. (1995)
LavO,:Eu** Linares et al. (1977), Antic-Fidancev et al. (1991b)
LawQ,Cl:Eu** Cascales et al. (1992a)

La,BaZnO,:Eu**
La,MoO, Eu**
La,0,S:Eu**
La,0,S0,:Eu**

La, WO,Cl;:Eu* Cascales et al. (1992a)

LiNbO, :Eu?* Arizmendi and Cabrera (1985)

LiYF,:Eu®* Gérller-Walrand et al. (1985, 1993b), Bihari et al. (1990)
LigGd(BO, ),:Eu** Holsi and Leskeld (1991)

LiY(BO,),;:Eu** Hélsd and Leskeld (1991)

LuAsO,:Bu** Linarés et al. (1977)

LuOOH:Eu** Chateau and Holsd (1985), Holsd (1990)

LuPQ,:Eu** Linarés et al. (1977)

LuvVO,:Eu** Linarés et al. (1977)

Lu,(Si0,)0:Eu**
Lu,0,S:Eu™

Lu, Si,0,:Eu**
MgSO,:Eu’*

Na, La,(CO, ), F:Eu’*
Na,Eu(MoQ,),

Taibi et al. (1989)
Huang et al. (1982)

Sovers and Yoshioka (1969), Alves et al. (1970)

Porcher et al. (1983)

Holsd et al. (1986)

Sovers and Yoshioka (1969)

Chateau et al. (1990b)
Lange (1938)

Antic-Fidancev et al. (1995a)

Huang et al. (1984)

Continued on next page
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Table 1, continued

Compound Reference(s)

Na;Eu(WO,), Huang et al. (1984)

Rb,NaEuF, Thompson et al. (1991)

ScLiO,:Eu** Gaume-Mahn et al. (1971)

Sc, Si, 0;:Eu? Chateau et al. (1990b)

SrEu,0, Taibi et al. (1993)

StGd, 0,:Eu** Taibi et al. (1993)

StIn, O, :Bu®* Taibi et al. (1993)

SrSO,:Eu** Lange (1938)

SrY,0, Eu** Taibi et al. (1993)

ThO,:Eu** Hubert et al. (1993)

YAl (BO,), :Ev* Gorller-Walrand and Vandevelde (1985), Gorller-Walrand et al. (1988)

YAsO,:Eu** Linarés et al. (1977)

YOBrEuw?* Holsd and Porcher (1982a)

YOCL:Eu** Holsd and Porcher (1981)

YOF:Eu** Holsa and Kestild (19952,b)

YOOH:Eu** Hélsd (1990)

YPO,:Euv* Brecher et al. (1968), Linarés et al. (1977)

YVO, :Eu** Brecher et al. (1967), Linares et al. (1977)

Y,BaZnO;:Eu** Taibi et al. (1989)

Y,MoO,:Eu** Huang et al. (1982)

Y,0,S:Eu** Sovers and Yoshioka (1968, 1969), Alves et al. (1970)

Y,0,S0,:Eu* Porcher et al. (1983)

Y,0,:Eu** Chang (1963), Chang and Gruber (1970)

Y,Si,0,:Eu?* Chateau et al. (1990b)

Y, AL O, Bu?* Koningstein (1964), Asano and Koningstein (1979),
Gross et al. (1993), Binnemans and Gorller-Walrand (1996b)

Y;Ga;0,,:Eu’* Koningstein (1965a)

Gd3+

BaF,:Gd** Makovsky (1967)

Bi,Mg,(NO,),,-24H,0:Gd* Trenam (1953)

CaF,.Gd* Makovsky (1966)

CaWO,:Gd> Gil’fanov et al. (1967)

Ce,Mg,(NO,),,-24H,0:Gd** Trenam (1953)

Cs,NaGdClg de Vries and Blasse (1988), Bouazaoui et al. (1991a,b)

d(C,H;50,),-9H,0 Dieke (1968)

GdCl, Schwiesow and Crosswhite (1969a)

GdCl,-6H,0 Dieke and Leopold (1957), Hellwege et al. (1963),
Carnall et al. (1971), Antic et al. (1975)

GdF, Jayasankar et al. (1985)

Gd(OH), Schwiesow and Crosswhite (1969a)
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Table 1, continued

Compound Reference(s)

GdODA Kundu et al. (1990a,b), Stephens et al. (1991)

C-Gd,0, Antic-Fidancev et al. (1982)

Gd,Sc,Ga; 0y, Gruber et al. (1988)

KY,F,e:Gd* Abdulsabirov et al. (1987)

LaBr,:Gd* Schwiesow and Crosswhite (1969a)

LaCl,:.Gd* Piksis et al. (1967), Schwiesow and Crosswhite (1969a)
LaF,:Gd* Caspers et al. (1969), Schwiesow and Crosswhite (1969b),

LiNaY, F,:Gd*
SrF,:Gd*
YF,:Gd*
Y(OH),:Gd*
YVO,:Gd*
Y,AL,0,,:Gd*

Tb3+

CaF,:Tb*
CawO,.Tb**
CsCdBr,: Tb**
Cs,NaTbCl,
Cs,NaYCl,:Tb**
DyF, Tb*
GdF,:Th*
GdOCLTb*
L2,0,S:Tb*
LaBr,: Tb*
LaCl,:Tb**
LaF,:Tb**
LaOCLTb**
LiTbF,
LiYF,:Tb*

Na; [Tb(dpa),]-NaClO,-10H,0
TbAL(BO,),
TbCl,-6H,0
Tb(C,H,S0,);-9H,0
TbF,

TbODA
Tb(OH),
Tb,ALO,,
YAIO,: Tb*

YF, Th

Camall et al. (1971, 1988, 1989)
Aamili et al. (1991)

Makovsky (1967)

Orlov and Stolov (1975)
Schwiesow and Crosswhite (1969a)
Kahle et al. (1968)

Kaminskii (1975)

Chrysochoos (1983)

Wortman (1968), Leavitt et al. (1974)

Berdowski et al. (1985), Lammers and Blasse (1986)
Thompson et al. (1977), Tanner et al. (1994a,b)
Thompson et al. (1977)

Bumagina et al. (1977)

Bumagina et al. (1977)

Hélsd and Porcher (1982b)

Alves et al. (1970)

Joshi et al. (1973)

Thomas et al. (1963)

Carnall et al. (1987, 1988)

Holsa and Porcher (1982b)

Christensen (1978)

Morrison and Leavitt (1982), Liu et al. (1994)
Bolender et al. (1992)

Kellendonk and Blasse (1982), Gorller-Walrand et al. (1987)
Dieke (1968)

Dieke (1968)

Krupka and Guggenheim (1969), Bumagina et al. (1977)
Saxe et al. (1982)

Scott et al. (1969)

Boal et al. (1973), Koningstein and Schaack (1970)
Berg (1973), Morrison and Leavitt (1982)

Bumagina et al. (1977)

Continued on next page
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Table 1, continued

Compound Reference(s)

YOCLTb** Hélsé and Porcher (1982b)

YPO,: Tb* Tonka et al. (1973)

Y(OH),:Tb** Scott et al. (1969)

Y,0,S:Tb* Rossat-Mignod et al. (1974a,b)

Y,ALO,,:Tb*
Y;Ga;0,,:Th*

Dy3+

BaY,Fy:Dy*

CaWwO, . Dy*
Cs,NaDyCl¢
Cs,NaGdClg:Dy**
Dy(C,H;S0,);-9H,0
DyODA

Dy(OH),

Dy,0,

Dy;AlOy,

Dy;Gas0,

DyAIO,
DyCl,-6H,0
KY,F,,:Dy**
LaCl;:Dy**
LaF,:Dy**

LiYE,:Dy*
YAIO,:Dy**
YF,;:Dy**
Y,0,S:Dy**
Y,0, Dy**
Y;ALO,,:Dy**
Y;Ga;0,,:Dy**

H03+
BaY,Fy:Ho**
CaF,:Ho*
CaWO,:Ho*
CsCdBr;:Ho*
Cs,NaGdClg:Ho**
Cs,NaHoBr,
Cs,NaHoCl¢

Koningstein (1964), Bayerer et al. (1986), Richter et al. (1991)
Joshi and Page (1977)

Johnson and Guggenheim (1973)

Wortman and Sanders (1971)

Tanner et al. (1988)

Tanner et al. (1988)

Gramberg (1960), Hellwege et al. (1961a,b), Dieke (1968)
Metcalf et al. (1995)

Scott (1970), Morrison and Leavitt (1982)

Henderson et al. (1967b)

Griinberg et al. (1967), Faulhaber and Hiifner (1969),
Gehring et al. (1969), Aoyagi et al. (1969)

Veyssie and Dreyfus (1967), Griinberg et al. (1967, 1969b),
Wadsack et al. (1971), Blanc et al. (1970)

Hiifner et al. (1967)
Dicke and Singh (1956), Dieke (1968)
Abdulsabirov et al. (1987)

Crosswhite and Dieke (1961), Axe and Dieke (1962), Dicke (1968)

Fry et al. (1968), Goodman et al. (1986), Carnall et al. (1988),
Neogy and Purohit {1988)

Davydova et al. (1977)

Antonov et al. (1973)

Davydova et al. (1978)

Rossat-Mignod et al. (1974b)

Chang et al. (1982)

Gehring et al. (1969), Griinberg et al. (1969b)
Griinberg et al. (1969b)

Johnson and Guggenheim (1974)

Zhang et al. (1994)

Wortman and Sanders (1970)

Mujaji et al. (1993)

Tanner et al. (1994b)

Tanner et al. (1994b)

Morley et al. (1981), Tanner et al. (1994b)
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Table 1, continued

Compound

Reference(s)

GdAlO;:Ho*
HoAsQ,
Ho(C,H;50,);-9H,0
HoCl,-6H,0

HoF,

HoODA

HoPO,

HoVO,
Ho,(SO,), 8H,0
Ho,ALO,,
Ho,Ga;0,
LaCl;:Ho**

LaFy:Ho*
LaNbQ,:Ho**
LiNbO,:Ho*
LiYF,:Ho*
NaLa(MoO,),:Ho**
PbMoO,:Ho*
YAIOQ,:Ho**
YAsQ,:Ho**
Y(OH),:Ho*"

YPO,:Ho*™
YVO,:Ho**
Y,0,S:Ho*"
Y;Al;0,,:Ho**

Y;Fe;0,,:Ho**
Y,Ga,0,,:Ho*

Er3+
BaY,Fy:Er**
Bi,Ge, 0, Er*
Cag(PO,),F:EC*
CaF,Er**
CaWO, :Er’*
CsCdBr;:Er*

Cs, LiErCl
Cs,NaErClg

Arsenev and Bienert (1972¢)
Bischoff et al. (1991)
Grohmann et al. (1960), Hellwege et al. (1961c), Dieke (1968)

Kahle (1956a), Dieke (1968), Stohr and Gruber (1971),
Stohr et al. (1971)

Blinde (1974), Sharipov et al. (1975), Morrison and Leavitt (1982)
Moran et al. (1989, 1990a,b)

Enderle et al. (1990c), Bischoff et al. (1991), Loong et al. (1993)
Barakat and Finn (1988), Bischoff et al. (1991)

Stohr and Gruber (1975)

Ashurov et al. (1979), lvanov et al. (1975)

Sievers and Tinkham (1963), Belyaeva et al. (1969)

Dieke and Pandey (1964), Rajnak and Krupke (1967),
Crosswhite et al. (1977)

Caspers et al. (1970), Camnall et al. (1987, 1988)
Kaminskii (1981)

Johnson and Ballman (1969), Antonov and Arsenev (1975)
Karayianis et al. (1976)

Kaminskii (1981)

Kanskaya et al. (1967)

Weber et al. (1973), Antonov et al. (1973)

Enderle et al. (1990b)

Scott (1970), Morrison and Leavitt (1982), Pilawi (1990),
Bischoff et al. (1991)

Becker et al. (1969), Loong et al. (1993)
Wunderlich (1977), Morrison and Leavitt (1982), Enderle et al. (1990a)
Rossat-Mignod et al. (1974a,b)

Johnson et al. (1966), Zverev et al. (1970), Ashurov et al. (1979),
Gruber et al. (1991)

Johnson et al. (1970)
Johnson et al. (1969, 1970)

Johnson and Guggenheim (1971), Antipenko et al. (1985)
Kaminskii et al. (1979b), Morrison and Leavitt (1981)
Gruber et al. (1994)

Pollack (1964), Rector et al. (1966), Freeth et al. (1982)
Bernal (1971)

Cockeroft et al. (1989, 1992), McPherson and Meyerson (1990),
Pellé and Goldner (1993)

Tanner et al. (1994b)
Meyer and Gaebell (1978), Tanner (1986a, 1988), Tanner et al. (1994b)

Continued on next page
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Table 1, continued
Compound Reference(s)

Cs;Lu,Bry . Er*
Er(BrO,);-9H,0

Ex(C,H,S0,),-9H,0

ErCl,-6H,0

ErFeO,
Er(NO,),-6H,0
ErODA
Er(OH),

ErPO,

C-Er, 0,4
Er,(SO,);-8H,0
GdAIO,:Er*
HISIO,:Er**
KEr(WO,),
KGA(WO,),:Er*
KY(WO,),:Er*
KY,F,o:Br*
LaBr,:Er**
LaCl;:Er**
LaF,:Er’*
LaOBr:Er**
LaOCL:Er*
LiErP,0,,
LiLuF, e
LiNbO,:Er**
LiYF,:Er*

LuPO,:Er*
Ly ALO,,:Er*
NaLa(MoQ,),:Er**
Tb(OH), Er*
YAIO,:Er**
YCly:Er**
YF,:Er*
Y(OH),:Er*
YPO,:Er*
YVO,
Y,0,S:Er*
Y,05:Er**
Y,Al;0,,:Er

Hehlen et al. (1994)
Petty (1956)
Hellwege et al. (1960), Erath (1961), Kato et al. {1977)

Kahle (1956b), Dieke (1968), Carnall et al. (1972),
Couture and Rajnak (1984)

Fauthaber et al. (1967)
Petty (1956)

Schoene et al. (1991)
Cone (1972)

Loong et al. (1993)
Gruber et al. (1966)

Petty (1956)

Arsenev and Bienert (1972a)
Hayhurst et al. (1981)
Kaminskii et al. (1979a)
Kaminskii et al. (1977b)
Kaminskii et al. (1979a)
Abdulsabirov et al. (1987)
Kiess and Dieke (1966)

Dieke and Singh (1961), Varsanyi and Dieke (1962), Eisenstein (1963a)
Krupke and Gruber (1963, 1964, 1965a), Carnall et al. (1972, 1988)

Yang et al. (1991)

Yang et al. (1991)

Mazurak and Gruber (1992)
Kaminskii (1986)
Gabrielyan et al. (1970)

Brown et al. (1969), Kulpa (1975), Petrov and Tkachuk (1978),

da Gama et al. (1981a)

Hayhurst et al. (1981)

Kaminskii et al. (1977c)

Stevens et al. (1991)

Cone (1972)

Donlan and Santiago (1972)

Rakestraw and Dieke (1965)

Kuroda et al. (1972), Davydova et al. (1978)

Cone (1972)

Kuse (1967)

Kuse (1967)

Rossat-Mignod et al. (1973), Linarés and Souillat (1970)
Rosenberger (1962), Kisliuk et al. (1964)
Koningstein and Geusic (1964), Gruber et al. (1993a)
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Table 1, continued

Compound

Reference(s)

Y;Ga;0,, :Er’
Y;S¢, AL O, Er*
Y,S¢,Ga, 0y, Er’*

Tm3+

BaYb,Fy: Tm**
CaF, Tm**
CaW0,.Tm*
Cs,NaTmCl,

Cs,NaYBrg: Tm™
Gd,Ga;0,;,:Tm**
GdAIO, Tm?**
GdOCLTm*
GSGG:Tm*
LaCly:Tm**
LaF;:Tm**
LaOBr:Tm**
LiNbO,: Tm**
LiTmF,
LiYF,:Tm*
LuPO,.Tm**
NaLa(MoQ,),:Tm**
NaLa(MoO,),:Tm**
TmCl,6H,0
Tm(C,H,S0,);-9H,0

Tm,(SO,),-8H,0
Tm,Al; O,
Tm,Ga;0,,
YAIO,:Tm**
YCl,-6H,0:Tm?*
YCl,:Tm?*

YPO, Tm*
YSAG:Tm?*
YSGG:Tm*
YVO,:Tm*
Y,0,: Tm**

Y, ALO,, Tm™
Y,Ga; 0, Tm™
ZnS:Tm*

Pappalardo (1963), Dieke (1968), Ashurov et al. (1976)
Gruber et al. (1990a, 1993a)
Gruber et al. (1993a)

Antipenko et al. (1986)
Muko (1973)
Wortman et al. (1975b)

Schwartz et al. (1979), Morrison et al. (1980a), Tanner (1985a, 1986b),
Tanner et al. (1994b)

Tanner (1985b)

Lupei et al. (1994)

Arsenev and Bienert (1972b)

Hoélsd et al. (1995)

Seltzer et al. (1994)

Gruber et al, (1981)

Carnall et al. (1970, 1988), Carnall and Crosswhite (1983)
Mazurak et al. (1994)

Johnson and Ballman (1969)

Christensen (1979)

Jenssen et al. (1975), Dulick et al. (1991)
Becker et al. (1984)

Merkle et al. (1992)

Merkle et al. (1992)

Stéhr and Gruber (1971), Stohr et al. (1971)

Johnson (1958), Gruber and Conway (1960a,b),
Krupke and Gruber (1965b), Dieke (1968), Kato and Takada (1979)

Karlow and Gruber (1971, 1975), Karlow et al. (1975)
Milward (1967), Koningstein and Grinberg (1971)

Pearson et al. (1968), Koningstein and Kane-Maguire (1974)
Antonov et al. (1973)

Olsen and Gruber (1971)

Dicke (1968)

Knoll (1971), Becker et al. (1984)

Gruber et al. (1993b)

Seltzer et al. (1993)

Knoll (1971), Wortman et al. (1974)

Gruber et al. (1964)

Zverev et al. (1970), Gruber et al. (1989)

Pearson et al. (1968), Ralph (1969), Buchanan et al. (1969)
Zimmermann and Boyn (1985)

Continued on next page
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Table 1, continued

Compound Reference(s)

vb*+

BaYb,F; Antipenko et al. (1985)

Bi,Ge; 0, Yb** Kaminskii et al. (1979b)

CaF,:Yb* Low (1962), Kirton and McLaughlan (1967)

CawO,:Yb* Jones (1967)

CdF,:Yb** Weller (1967)

Cs,NaHoBr, Yb* Tanner (1986¢)

Cs,NaYbClg Schwartz (1977), Amberger et al. (1977), Kanellakopulas et al. (1977)
Cs; Yb,Bry Hehlen and Giidel (1993)

KY,F,:Yb** Abdulsabirov et al. (1987)

LaF,:Yb** Rast et al. (1967b), Carnall et al. (1989)

LiYE,:Yb* Brown (1980), Morrison and Leavitt (1982)

YAIO;:Yb** Weber (1971), Antonov et al. (1973)

Yb(C,H;S0,);-9H,0 Wong (1963), Dieke (1968), Wheeler et al. (1968)

YbCl;-6H,0 Dieke and Crosswhite (1956)

Yb,ALO, Buchanan et al. (1967), Koningstein and Griinberg (1971}
Yb;Ga0), Buchanan et al. (1967), Koningstein (1968), Argyle et al. (1971)
YF;:Yb* Kuroda et al. (1972), Davydova et al. (1978)

Y,0;:Yb* Chang et al. (1982)

Y,AL;0,,:Yb* Wood (1963), Koningstein (1965b), Bogomolova et al. (1976)
Y;Ga; 0,5 Yb* Herrmann et al. (1966), Argyle et al. (1971), Koningstein (1965b)

Figure 1 shows the number of host crystals for each of the trivalent lanthanide
ions. From this figure it is clear that the most thoroughly spectroscopically investigated
lanthanide ions are Nd** and Eu’*, followed by Er** and Pr**. The reasons for this are
simple. Pr* and Eu* are both theoretically attractive. Pr** has a 4% configuration. This
configuration is only 91-fold degenerated (compare this with a total degeneration of 3432
for the 4f7 configuration of Gd**). Eu** is interesting because of the non-degenerate
ground state 'Fy and because of the well-spaced ’F; (/=0 to 6) and °D; (J=0 to
4) states. Furthermore, Eu**-doped phosphors have several applications, especially as
the red phosphor in television screens. Eu** will be discussed in detail in sects. 5.6—
5.8. The reason why Tm’" has been studied less extensively than Pr**, although the
4f'2 configuration of Tm*" has the same free-ion levels as the 4f? configuration of Pr’”,
is probably a financial one. Abundance of Tm*" in nature is much less than that of Pr**,
making Tm?" compounds expensive. During the last years, the number of papers dealing
with the spectroscopic properties of Tm** ions has increased considerably, however. The
thulium ion can find application in up-converters. Nd*" is important for solid state lasers
(e.g. YAG:Nd**). The same can be said for Er’*. Spectroscopic data for Pm** doped
into crystalline host matrices are very sparse and to our knowledge only LaCl;:Pm>* has
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Fig. 1. For each lanthanide ion the number of crystalline host matrices for which spectroscopy studies are
available, is plotted. The data are taken from table 1. The importance of Nd** and Eu* is very distinct.

been studied (Baer et al. 1973, Carnall et al. 1976). Pm>* is highly radioactive and single
crystals are often quickly darkened by radiation effects. For Gd** and Tb*" only a small
part of the 4f" configuration can be studied, because of the large energy gap between
the ground term and the excited terms. Sm*" and Dy3* are also problematic because
of the very high density of states, which causes a strong violation of the intermediate
coupling scheme. It is very difficult to adhere a 25*1L; label to the free-ion levels.
Ho®* has a 17-fold degenerate ground state (°Ig), making a spectroscopic study arduous.
The 4f'° configuration of Ho>* is however rather well investigated. Ce** (4f1) and Yb**
(4f'3) have too few crystal-field levels to permit determination of reliable crystal-field
parameters.

3. The crystal-field perturbation
3.1. Crystal-field potential

The crystal-field interaction is a perturbation of the electron cloud of the central lanthanide
ion by all the electrons of the system, other than those of the lanthanide ion itself. The
crystal-field Hamiltonian Hcr is defined as:

n

HCFZ“eZ Vrd, (D

i=1

where V(r;) is the potential felt by the electron, and r; is the position vector of the
electron. The summation runs over all the electrons / of the central metal ion. e is the
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elementary charge. If the crystal-field perturbation on the 4f" electrons is caused by a
time-independent charge distribution p(R), the crystal-field potential will be given by:

o),
V)= [ B @

R is the position vector of a general point of the environment, d7 is a volume element.
Note that the product of a charge distribution and a volume element has the dimension of
a charge. The integral is over the whole space. Instead of integration, one can also sum
over discrete point charges —Ze at the atomic positions R;. One can consider the formal
charge of the ligands (e.g. Z=2 for 0%"):

/)= — G)

The summation is over the surrounding ions contributing to the crystal field experienced
by the rare-earth ion. This equation will be used in the point-charge electrostatic
model (PCEM), which is discussed in sect. 5.3. Although a charge distribution is more
general than discrete charges, the latter have the advantage that they are easier to
visualize.

The potential in eq. (2) can be expanded using the expression

1 >, r’c
Tm = E k+] Pk (COS w) (4)
A

where Py(cos w) are the Legendre polynomials and w is the angle between R and r;. r. is
the smaller distance of (#;, R) and r.. is the larger distance. If the charge distribution of
the crystal does not penetrate that of the 4f electrons, we can assume r; <R:

ok
}Rl"'l => Rk+1P"(C°S(‘)) )
"or=0

Py(cos w) can be expanded further by the spherical harmonic addition theorem (Griffith
1961) which expresses the angle w between R and r; in terms of the polar angles (8, ¢)
and (6;, @;). Thus (0, @) characterizes the angular distribution of the disturbing charges
and (0;, ;) represents the angular position of electron i:

Pi(cosw) = >— Z Y40, 9)Y1(6:, @), (6)

q:_

Y7 are the spherical harmonics and they are given up to k=7 in Appendix 1. Y{"(6, @)
is the complex conjugate of Y, (8, @) and is defined as:

YI"(0,9) = (1) Y2 (6, 9). (7)
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Thus:

4
2k + 1

k
D YIO,9) Y6, 0). (8)

9=k

Py (cos w) =

The Y,%(6, @) can be seen as expansion coefficients and the Y¥(0;, ¢;) as operators.
Y7(8, @) and Y1(:, @;) will be shortened to ¥, and Y¥(i), respectively. We can work
out the summation of eq. (8):

4 i

Pi(cos w) = 57— PV @O+ > (YY) + D YD) |
g=1
©)
Since (—1)°=1 and (=1)7=(-1)¢:
k
Py (cos w) = 5;% YRYQ() + > (D (VYL + YY) | - (10)

g=1

The expansion coefficient Y9 is real, but Y] and Y,? are complex quantities. It is
more convenient to replace the spherical harmonics Y2, Y? and Y,? by the tesseral
harmonics Zy,, Zj, and Z,, which are real. The relations between the spherical and
tesseral harmonics are:

spherical harmonic Y9 = 7%, (1D
. e (DT
spherical harmonic Y = _\/—E— (qu + 1Z,(q) , (12)
N 1 .
spherical harmonic Y7 = 7 (Z,-1Z3,) » (13)
and
tesseral harmonic Z5, = Y, (14)
. 1 _
tesseral harmonic Z§, = — (Y7 + (-1)? Y9), 15
kq k k

V2

. 1 -
tesseral harmonic Zj, = 7 (Y2-niy]. (16)
The superscripts ¢ and s stand for the presence of the factors cos(gq) and sin(g¢¢) in the
tesseral harmonics. The expressions for the tesseral harmonics in polar coordinates can

be calculated easily with eqs. (14)—(16) from the expressions of the spherical harmonics.
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The tesseral harmonics in cartesian coordinates for £ =0 to £ =6 have been tabulated by
Prather (1961). His results together with the tesseral harmonics for k=7 are given in
Appendix 2. Equation {10) can be rewritten as:

Pr(cosw) = 2k {ZkOYg(z)jLZ -1y ( ( —iZiq) YZ(Z')
g=1
17)

(G0 ) PN
+—\/§- (Z,+1Z3,) Y, (1)>},

g

and after rearrangement:

Pu(cos ) = 5o {zzOY"(mZ( s (70 DY)

(18)
+Z’“’f (r7G) - -1y Yq(l)))}

Notice that in eq. (18) one has

(V70 (1 T0) = VAZ D, (10 - (1 T0) = L0

YR() = Zig(0).
An equivalent way to write eq. (18) is thus

k
Py (cos w) = 5:_1[—1 Z50Z50() + Z (Z3,23,(D) +Z3,23,()) | - (19)

g=1

The spherical harmonics Y(i) can be replaced by the tensor operators ct ¢(£); which have
the same transformation properties as the spherical harmonics:

Chi) =\ 5 VIO (20)

So we find:

Pr(cosw) = 4/ =5— 2k

ZkOC"(l)+Z<qu Y C* (D) + (~1)? CL())

(21)
+qu\f(c‘ (i) — (—1)%%)))}
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After combination of eq. (5) and eq. (21), the following expression is found for the crystal-
field potential V(r;) in eq. (2):

k

> 1
V= Yy gy B0+ 3 (23,75 (€017 clo)
k=0 g=1

+Z;q\}( ()~ <1>"c<z))>} (22)

¥e
X/'D(R)Rklﬂd[

To simplify this expression, we introduce the coefficients Bf, B and B’%:

4 rk
coefficient BY = Him 20/ p(R)Wdr, (23)

. Am Z§ Pk

coefficient BI; = m% / p(R)E/;-—l-dr’ (24)
. 4x Z; ¥

coefficient B'¥ = T 7"% / p(R)WdI, (25)

or if discrete negative charges are considered:

coefficient BY = 4/ ——— 2k Z (—Ze), —— Rk“’ (26)

4m Z3, Pk

2k+ 12 Z 20 g @7

coefficient B’; =

z "
coefficient B'* = T (~Ze), ——. (28)
g 2k+1./2 ZL: Rk

All these coefficients are real numbers and contain both an angular and a radial part. The
radial dependence is considered to be the same for all states, so that we write #* and not
#%. The coefficients may not be confused with the crystal-field parameters which will be
defined further on. The notations are the same as those given by Wybourne (1965). The
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coefficients BE, B’; and B”; can also be defined in terms of the real and imaginary part
of Y] instead of Z} , Z¢, and Z} :

) 4 g
coefficient Bf = 1/ ing Z (~Ze), Er/‘;—l’ (29)
L L

) 4JT g
coefficient B = |/ =~ (-1 ReY} Z (-Ze), RL,?T, (30)

coefficient B'% = 2k Sy G ImY} Z( ~78), i (31)

Rk+1 :

Notice that the factor 1/4/2 disappears in the expressions for B and B’*. From the formula
of de Moivre, exp(iqp) = cos(q@) + isin(g@), it is clear that B contains a cosine and B%
a sine part. This could also be deduced of course from the terms Z and Z, in the
definition of these coefficients. Equation (22) can be rewritten as:

V(r)= Z [BkC (1)+Z <B" kD) + (1) CL0))
k=0 (32)

+ B (CE ()~ (- 1)%(:)))}

In practice, k runs only over a limited number of terms. For f systems k=0,1,...,7.
The crystal-field potential J' can be divided into an even (k=even) part and an odd
part (k=odd). The even part (k=0, 2, 4, 6) is responsible for the crystal-ficld splitting,
while the odd part (k=1, 3, 5, 7) is responsible for the intensity of induced electric
dipole transitions (Judd 1962, Ofelt 1962). The values of g are limited by the point
group of the rare-earth site, since the crystal-field Hamiltonian has to be invariant under
all symmetry operations of the point group. The Hamiltonian transforms as the totally
symmetric representation I'|, because symmetry operations cannot change the energy of
the ion. The non-zero (k, g) combinations can be determined by checking which of the
coefficients B’é, B’; and B"; contain the same symmetry elements as the point group in
question. The symmetry elements of the coefficients Bf, Bf and B’ are of course the
same as those for the tesseral harmonics Zj,, Zf, and Z . The symmetry elements of
the tesseral harmonics with k=0 to 6 have been listed by Prather (1961) and his results
together with those for k=7 are listed in table 2. The effect of the symmetry elements
on reducing the number of (k, g) combinations are summarized in table 3. One has
to be aware that all the symmetry operations generated by a C, rotation axis are also
symmetry operations generated by a C,, axis, where m is a multiple of » (e.g. C; and Cg,
C, and Cy). For instance, the symmetry operations C} and C? generated by a C; axis,
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are equivalent to the C% and C} operations generated by a C4 axis. Tesseral harmonics
which contain a C¢ axis as symmetry element, are invariant under the C; operations and
will be present in the expansion of the crystal-field potential. Vertical planes of symmetry
arising from Z, are denoted as 0y and those arising from Zy, as 04. In the absence of
any symmetry 28 non-zero coefficients occur, or 27 if BY is excluded. The term BJCY is
spherically symmetric and responsible for the greater part of the lattice energy and the
heat of solution (Wybourne 1965). This coefficient can be ignored if only the crystal field
splitting is considered, because it gives in first approximation only a uniform shift of all
levels of the 4f" configuration. In energy level calculations, Bg is absorbed in the free-ion
parameter Eavg (see sect. 4.1) together with other spherically symmetric interactions. One
may not forget that the spherical part of the crystal-field interaction is much larger than the
non-spherical part. The non-spherical part on the other hand is responsible for a partial or
total removal of the 2./ + 1 fold degeneration of the J terms in the free ion. Total removal
of the degeneracy can be found for systems with an even number of f electrons and a
low site symmetry. Systems with an odd number of f electrons (Kramers’ ions) and a
symmetry lower than cubic, have invariably twofold degenerated crystal-field levels (in
the absence of an external magnetic field).

We will illustrate the development of the even part of the crystal-field potential for the
symmetries C4 and Ds. First of all we determine which tesseral harmonics have the same
symmetry elements as the point group C4. In C4, only a fourfold rotation axis is present.
This axis can generate the symmetry operations Cl, C3 (=C,), C3 and the identity. The
tesseral harmonics Z5,, Z5, and Zg; have cylindrical symmetry and are present in the
even part of every crystal-field potential. The C,; axis is a symmetry element for the
harmonics Z3,, Z3,, Z¢, and Z,. We have thus the following coefficients in the even part
of the crystal-field potential for C4: B3, By, B3, B'S, BS, BS and B'S. The potential can be
written as

VN (Cy) = BRCH() + BCo(i) + By (CH(i) + CL()) + B'3i (C24(0) - C30)

+BYCO (i) + BS (CO,(1) + C5(i)) + BSi (ci4(z) ~C3()). 33

The symmetry elements in D3 are C; and CJ. It is easy to see that the tesseral harmonics
VATRVATVATIVAIE 1 WA: 6 have the same symmetry elements as D;. But, we have already
mentioned that a Cg axis will also generate the symmetry operations C} (= C2) and
C3} (=C}) present in D;. Therefore, Z¢, is invariable under the symmetry operations of

Dj3. The tesseral harmonics Zj, are absent, because C; is not a symmetry element for the

tesseral harmonics with & =even. The coefficients in '***"(D;) are B3, B¢, B3, BS, BS and
BS. The potential is

Ve (Ds) = BCo(i) + BoCH(i) + B3 (CH(i) - C3() + BSCS (1)

34
+BS (CS3(1) — C3(D)) + B (Co4(0) + CS(1)) . G4

Pay attention to the phase convention for combining C* 4(i) and C’;(i). In Appendix 3
the crystal-field potentials for the 32 crystallographic point groups are given, together
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Table 3
Symmetry element restrictions on the number of allowed g values in the expansion of the crystal-field potential

Symmetry element Restrictions on g

C, (parallel to main axis) q is integer multiple of the rotation number #, but ¢ <k

oy, (xy-plane) no terms with g=even or g=0 for odd & values; no terms ¢=odd for
even k values

g, (xz-plane) no imaginary terms

i (inversion center) no odd k values, thus no induced electric dipole intensity by mixing
states of opposite parity

C; (parallel to x-axis) no terms with g=0 for odd & values; no real terms with k£ + |q| odd;
no imaginary terms with k£ + |g| even

C, (parallel to y-axis) no terms with ¢=0 for odd k values; no real terms with k + |g| odd;
no imaginary terms with k + |g| even

S, (parallel to main crystal axis) no terms with ¢=0 for odd & values; no terms with g=n-fold and
k + |g| odd; no terms with g = 2x+ 1)n/2 (x=0,1,2,...) and
k + |g| even

with potentials for point groups which may be observed in molecular complexes. In
the appendix, C¥ (i) and C%(i) will be shortened to C*, and C¥. The expressions for
the potentials are the same for both even and odd f systems, since a double group (for
f systems with an odd number of electrons) contains the same symmetry elements as the
corresponding single group. The crystal fields can be divided first of all into the cubic
and non-cubic crystal fields. According to the smallest g-value different from zero, the
non-cubic crystal fields can be divided into the following classes (in order of descending
symmetry): hexagonal (g=06), tetragonal (g =4), trigonal (g=3), orthorhombic (g=2),
monoclinic (g = 2), triclinic (g=1). The difference between orthorhombic and monoclinic
crystal fields is that for orthorhombic crystal fields only real crystal-field parameters have
to be considered, while for monoclinic crystal fields imaginary parameters also occur. The
division of the different point groups into the different symmetry classes can be found in
table 4. Although the icosahedral symmetry is not compatible with the crystallographic
point groups, we will consider that symmetry also, because of the theoretical interest.
Distinction between the different symmetries can be made on the basis of the selection
rules for induced electric dipole (ED) and magnetic dipole (MD) transitions. This will
be discussed in sect. 3.3. It is however not possible for systems with an odd number of
f electrons to discriminate for instance between a D3, and a Ca, symmetry on the basis
of the selection rules.

Because values of the B’; coefficients of the expansion of the crystal-field potential
depend upon the choice of the coordinate system, conventions for settling the positions
of the coordinate axes are required. We use the conventions of Prather (1961). The
z-direction is the direction of the principal symmetry axis. The y-axis is chosen to coincide
with a twofold symmetry axis. The x-axis is perpendicular to both y- and z-axis, but in
such a way that the three axes form a right-handed coordinate system. Such a choice will
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Table 4
Division of the 32 crystallographic point symmetry groups into the different symmetry classes

Class Point symmetry groups

Cubic Oy, Te, O, Ty, T

Hexagonal Dgn» Covs Dg, Conr Co, Dy, Can
Trigonal Ds4, Cyys Dy, 8¢ (=Cy), Gy
Tetragonal Dan, D2y, Cyys Dy, Co, 8o, Gy
Orthorhombic Dy, Gy, Dy

Monoclinic Cn. G5, G

Triclinic G, G

result in the simplest description of the crystal field. Another choice of the quantization
axis yields a more complicated expansion, and the symmetry will be apparently lower. The
symmetry is not actually lower, since the choice of the coordinate system cannot influence
the eigenvalues (= energy levels) of the system, as mentioned for the determination of
the non-vanishing (k, ¢) values in the crystal-field potential. The eigenfunctions (= wave
functions) depend however on the position of the coordinate axes. In an apparently lower
symmetry more tensor operators will be present, but the number of expansion coefficients
remains the same. These coefficients are linear combinations of the coefficients found in
the coordinate system with the z-axis parallel to the principal symmetry axis. Another
consequence of this more complicated description of the crystal field is that more off-
diagonal matrix elements will be present in the energy matrix. A rotation of the x- and
y-axis in the xy-plane, can change the sign of the coefficients, or can make one parameter
equal to zero or transform BZ into B’ ’; coefficients.

3.2. Crystal-field matrix elements and crystal-field parameters

The crystal-field energy levels can be found by diagonalizing the crystal-field matrix.
A general matrix element can be written as:

(WpesLom | Her| Wivosivom) (35)

"

ik

or
k
<I‘U1”1SLJM B’(;C’g(l) + Z (Bll; (Cf_q(l) + (—1)4 C;(l)) +B’:i (Cf_q(l) - (—1)4 C:(l)))} I lI[l”’r’S’L'J’M’ > .
q=1
(36)

The coefficient B will be transformed into the crystal-field parameter B}, if the coefficient
is brought outside the matrix element together with the radial parts of the wave functions.
The radial part of the wave function is represented by R,;(r). The tensor operators are
acting only on the angular part of the wave functions. The use of the same notation
for both the coefficient and the parameter is confusing, but we shall adopt this notation
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because it is commonly accepted in the literature. The crystal-field parameters can be
defined as:

% | Am P(R)
oo 4 Ziy [ p(R)
¢ Y R2 k d q d 38
parameter B, €/r=0 n(r)rt dr 2k+1,2 ) R T (38)
o0 A Ziy [ pR)
k_ R2 kdq “hy dr 39
parameter B'; e/r=0 n(r)r” dr %k+1v2) ROV (39)

or in terms of discrete charges:

i o0 2 & 47 c ZL€2
parameter By = - R (r)r* dr mlko XL: EF, (40)

oo ar Zj, Ze?
ter B* = R%,(r)r* dr 4 — 41
parameter B, /r=0 n(7) 2k+1+2 XL: RJL(+1 (41)
o0 ar Z Z et
ter B'% = Ry (1 d Tha N 22 (42
parameter B’ /r=0 (T dr %+143 XL: Rlz” (42)

The crystal-field parameter contains both a radial and an angular part. The electron
charge —e is also included. The expressions for the parameters if discrete charges are
considered, will be discussed in sect. 5.3. It is convenient to determine the B’qc parameters
semi-empirically, since the radial parts cannot be calculated exactly. Initial values for
the crystal-field parameters are varied in such an extent that the sum of the squared
differences between the experimental and calculated crystal-field levels is minimized, as
will be shown in sect. 4.1. For the 4f systems which have been studied up to the present
time, the B'q‘ parameter values lie between —2500 cm ™! and 2500 cm™. From now on in the
text, the notations B’é , B’qc and B’ ’q‘ represent crystal-field parameters and not coefficients.

The angular parts (containing the coordinates of the clectron) of the matrix element in
eq. (36) can be calculated exactly using standard techniques of tensor algebra. We will
illustrate this. Consider the matrix element

<‘I’I"TSLJM Y cke)
i

The summation over the tensor operators Cz(i) can be rewritten in terms of a unit
tensor U% (Wybourne 1965, Weissbluth 1978, Edmonds 1974).

Wln/T/S/L/J,M,> . (43)

(Woesrom |Uk| Woogpoe ) (L||CH| ). (44)
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The matrix elements in U’ ’; are diagonal in the spin S. The reduced matrix element

<l “C"H I > contains the /-state dependence of the clectrons. By applying the Wigner—
Eckart theorem (Weissbluth 1978), one finds:

J kJ

<lp1n,SLJM |U:l II/,"/,,SL/,/M/> = (—I)J_M (*M M > <WI"1SLJ H Uk“ lIII"’I’SL’J’) . (45)

(Wirses ||U*|| Wimrispe) is a reduced matrix element and is independent of M, g and
M'’. Further reduction results in:
<WI"ISLJ ||Uk|| IJVlﬂ'r’SL’J’) - (_1)S+L,+J+k [(ZJ + 1)(2«]/ + 1)]1/2 {i i LI;} <lIII"ISL “Uk” IJVl"’r’su>~
(46)
(Wprsy ||UY|| Wiwersie) is a doubly reduced matrix element and can be calculated by a
recursion formula in terms of the coefficients of fractional parentage (Racah 1949, Judd
1963). They are tabulated in the work of Nielson and Koster (1963). The doubly reduced
matrix elements are constants for a given lanthanide ion and thus independent of the local
surroundings. The actual value of the (single) reduced matrix element depends however
on the applied coupling scheme: Russell-Saunders coupling, intermediate coupling or
J-mixing!. It may also vary slightly from system to system, because of small variations
in the free-ion parameters, which are due to for instance nephelauxetic effects. The
14 !
3-j symbol <~{\/[ ]; AJ/[,> and the 6-f symbol {i JL g } represent the coupling of
two and three angular momenta, respectively. The n-j symbols can be found in the work
of Rotenberg et al. (1959). The reduced matrix element (! ||C*|| ') can be worked out:

(llck|| 1y = 1) [t + e + ) (é '(; i)> . 7)

Equation (44) is rewritten as:

<W,n,sw > cko)

/2

w,,,,,,SL,,,M,> = (1SR [ )2+ 1))V [0+ DEE + 1)
Xlkl’JkJ’{JJ’k (48)
00 0)\-M ¢ M)\l L S
X A Winesy ”Uk” W grsyr ) -
Because in first approximation the splitting of a J level is independent of the splitting in

other J levels, matrix elements are evaluated within one multiplet. Furthermore, only the
4f configuration (/=3) is considered:

<Wmm > CH

Wl" o > - (_1)21—M+S+L+k+3 7(2J + 1)

» 3k3><.} k J){J‘]k}lp HU,‘HIP
(0 0 0 M g M L L § < mesL I”tSL>-

(49)

! In Russell-Saunders coupling S and L remain good quantum numbers. In intermediate coupling only J is a
good quantum number. By J-mixing, several J terms with different J values can mix under the influence of
the crystal-field Hamiltonian.
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Based on the properties for 3-j symbols, one can deduce selection rules for k from
3 k3
0 0 0
Indeed, otherwise a contradiction will be found after a permutation of the first and third
column:

3k 3\ we {3 k3
@ oo>‘“” (oo 0) (59)
In combination with the triangle condition k <6, it is clear that for the crystal-field
splitting only the & values 0, 2, 4, 6 have to be considered. It is already mentioned that

the parameter B shifts the whole configuration. For high symmetric systems, even fewer
k values will occur:

eq. (49). k is even because the 3-j symbol ( is zero, unless k+6 is even,

cubic symmetry : £=0,4,6, icosahedral symmetry : k= 0,6,

spherical symmetry : & = 0 (no crystal-field splitting, free-ion case).

. [J &k J
The 3+ symbol K“M g M

conditions for this 3-j symbol, one can find the selection rule:

is zero unless —M +¢g+M'=0. From the triangular

k<2, (51)

Not ail parameters are therefore responsible for the crystal field splitting of multiplets with
small J values. For instance, the splitting of °D; (/= 1) in Euw** is in a good approximation
described only by the crystal-field parameters with k=2, and the splitting of °D, (J =2)
by the parameters with £=2, 4. This selection rule is only strictly valid in the case of
intermediate coupling.

When J-mixing is considered, a 2*1L; term may have contributions from terms with
other J values. When in this way a small part of the J =2 wave functions are mixed with
the J=1 wave functions of D), the parameters will also be necessary for a rigorous
description of the crystal-field splitting of the °D; term. For the crystal-field splitting,
the intermediate coupling scheme is a good approximation, so long as the crystal-field
interaction is not too strong. We can make a difference between weak-field and strong-field
lanthanide systems. The terms “weak field” and “strong field” here have another meaning
than for transition metal complexes. For a strong-field transition metal system, the crystal-
field perturbation is a stronger interaction than the electron repulsion. For lanthanide
systems, the crystal-field interaction is always weaker than the electron repulsion. In a
strong-field lanthanide system, the intermediate coupling scheme is not appropriate for the
description of the energy levels. J-mixing has to be taken into account. The intermediate
coupling scheme remains a good model for weak-field lanthanide systems. Examples
of weak-field systems are the ethylsulphates R(CyH;S04);-9H,0, the oxydiacetates
Naz[R(C4H405)3]-2NaClO4-6H, 0 and LaCls. Examples of strong-field complexes are the
rare-earth garnets A;BsOj2 (A=Y, R; B=Al, Ga), the oxychlorides ROCI and KY;3F.
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The operator-equivalent method, the oldest formalism for the interpretation of crystal-
field splitting in lanthanide spectra, originally neglected J-mixing (Stevens 1952, Elliot
and Stevens 1953a,b, and Judd 1955). The neglect of J-mixing and the diagonalization
of the energy matrix within one 25*'Z; multiplet is useful for obtaining estimates of
the crystal-field parameters from experimental measurements on isolated multiplets. This
will be illustrated further for the ’F, and *D; multiplets of Eu*". In high symmetries,
it is often possible to obtain good approximate crystal-field parameters from analytical
expressions without the need for a least-squares fit. This method cannot be used if the
Russell-Saunders coupling scheme and even the intermediate coupling scheme are highly
violated. The different 25*1Z; multiplets are then thoroughly mixed and the concept of a
free-ion level has no meaning,.

The condition —M + g+ M’'=0 determines which non-diagonal matrix elements will
occur in the energy matrix for a given symmetry (the g-values are constrained by
symmetry). The non-diagonal matrix elements are responsible for the fact that M will
not remain a good quantum number for a lanthanide ion in a crystal field. The wave
function of a crystal-field level will be a sum of states M +mg (m is an integer). To
classify the M states which can be mixed by the crystal-field Hamiltonian, the crystal
quantum number u has been introduced by Hellwege (1949):

M=y (modg). (52)

In the definition mod g simply means the addition or subtraction of multiples of ¢ to
the crystal quantum number p. For ¢, the minimum ¢-value in the crystal-field potential
different from zero is taken. The crystal-field quantum numbers for a given symmetry can
be found in practice by writing down different series M +mgq, so that these series together
contain every integer between —J' and J' (J' is the highest value for the J quantum
number in the system under study). The number with the lowest absolute value in each
series will be considered as a crystal quantum number u. This can be illustrated for the
C; symmetry (¢=3). The crystal quantum numbers for a C; symmetry in systems with
an even number of electrons are u=0%, 0~ and u==+1.

M= -12 9 =6 -3 0 3 6 9 12 (u=0%,0);
11 -8 -5 21 4 7 10 (u=1);
10 -7 4 -1 2 5 8 11 (u=-1).

The crystal quantum numbers for systems with an even number of electrons are:

w=0%0,1%1;
w=0,07,+1;
uw=0%0",+£1;,27,27;
w=0%0", +1,+£2;
W=0%,0, £1,42,3,3".

{l

R NS
1
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and for systems with an odd number of electrons:

157

g=2: p==3;

g=3: u=x1+3;
g=4: p==x1+43;
g=5: u==i+3 43,
g=6: u==+14+3 +3

States characterized by a different crystal quantum number cannot be mixed by the
crystal-field Hamiltonian. The energy matrix can therefore be broken up into different
submatrices, one for each y quantum number. Fach submatrix (also called y matrix)
can be diagonalized separately. States characterised by ~u and +u will be degenerate
in the absence of a magnetic field. The crystal-field quantum number ¢ can be used to
label the crystal-field levels of systems with an odd number of electrons in a symmetry
lower than cubic, since there is a one to one correspondence between the crystal
quantum numbers and the irreducible representations of the point group in question.
For systems with an even number of f electrons, the irreducible representations are
preferable as labels, since some of the submatrices characterised by a crystal quantum
number are reducible. Submatrices which contain for every M value also every —M value,
will give, after diagonalization, wave functions transforming as one of two possible
irreducible representations. These crystal quantum numbers have to be distinguished by
the superscripts (+) and (—): u* corresponds to states of one irreducible representation
and u~ to the states of the other irreducible representation (e.g. 0" and 07).

For cubic groups one has to work with irreducible representations. The crystal quantum
numbers are not useful to classify the states, because of the occurrence of triplet and
quartet states. Quartet states are found in the double groups Of, O* and T}.

3.3. Assignment of crystal-field transitions

Spectral assignment is the labelling of energy levels with the irreducible representations
of the point group. For the symbols of the irreducible representations, two different
nomenclatures are used in lanthanide spectroscopy. The I'; symbols have been introduced
by Bethe (1929). The representations are numbered sequentially. These symbols are
preferable for theoretical work, but the disadvantage is that these symbols tell nothing
about the degeneracy of the representation. Since these symbols are used by Koster et al.
(1963), we also use these symbols. Another nomenclature has been proposed by Mulliken.
One-dimensional representations are designated A or B; two-dimensional representations
are designated E and three-dimensional representations are designated T. These symbols
are used in the character tables of Cotton (1971). In Appendix 4, the correlation between
the Bethe and Mulliken symbols is given for the different point groups. Assignments can
be made on the basis of the selection rules for induced electric dipole (ED) and magnetic
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dipole (MD) transitions. The selection rules tell us whether a transition is allowed or
forbidden, but nothing about the intensity.

A transition between a crystal-field level i of the initial state and a crystal-field level /' of
the final state is allowed if the matrix element (¥; |O| ¥/) is non-zero. O stands for both
the ED and the MD operator. (¥; (0| ¥ ) is identical to the integral [ ¥'fO¥, dt, which
is called the transition moment integral. Assume that ¥;, ¥ and O have the respective
symmetry labels I';, I'y and I'. The matrix element (¥, |O| W) will not vanish if the
direct product I' ® I’ ® Iy contains the totally symmetric irreducible representation I';.
Another formulation is that I' has to be contained in the direct product I'; ® T’y

The electric dipole operator Ogp transforms like x, y and z, since an electric dipole
operator induces a linear displacement of electric charge in the ion. The magnetic dipole
operator Oup transforms like Ry, R, and R;, because a magnetic dipole transition can
be seen as a rotational displacement of electric charge.

In a cubic symmetry the directions x, y and z are equivalent in the sense that they
are interchangeable by the symmetry operations of the point group. This is noted as (x,
¥, z) and (Ry, R,, R;). For symmetries lower than cubic, the x, y and z directions are
no longer equivalent. In other words, x, y and z do not belong to the same irreducible
representation. For uniaxial crystals (hexagonal, tetragonal and trigonal) x and y remain
interchangeable, which is noted as (x, ) and (Ry, R,). Only for orthorhombic, monoclinic
and triclinic symmetries the three directions are independent. For uniaxial and lower
symmetries, the phenomenon of polarization is encountered. A transition will be allowed
only in certain directions and forbidden in other directions. For uniaxial crystals, three
different polarized spectra can be recorded, depending on the vibration direction of the
electric field vector £ and the magnetic field vector H with respect to the crystallographic
c-axis:

aspectrum: E le, H g
ospectrum: E Le, H|c
nspectrum: E|e, HLle

In an a spectrum or axial spectrum, the light propagates along the c-axis, which has the
same direction as the optic axis. Both E and H are perpendicular to ¢. An @ spectrum
is recorded with unpolarized light. In a 0 and a 7 spectrum, the light propagates
perpendicular to the c-axis. These spectra are therefore also called orthoaxial spectra. In a
g spectrum, the electric field vector E is perpendicular to the c-axis, which incorporates
that H is parallel to the c-axis. In a T spectrum, the electric field vector is parallel to
the c-axis and the magnetic field vector is perpendicular to the c-axis. An ED transition
which is seen in both the a and ¢ spectra corresponds to a transition caused by the
(x,y) components of the electric field. An ED transition in the 7 spectrum is induced
by the z component of the electric field. A MD transition in the 0 spectrum is due to the
R, operator. A MD transition detected in both the o and 1 spectra is caused by the (R,,
R,) operators. This implies that the nature of an intraconfigurational 4f-4f transition can
by determined by comparing the three polarized spectra. For an ED transition the a and
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0 spectra are identical, while for a MD transition the a and 7t spectra are the same (Sayre
et al. 1955). For orthorhombic, monoclinic and triclinic crystal fields the labels o, ¢ and
7 cannot be used. Here the nomenclature is that an ED transition is allowed in x, y or
z polarization and a MD transition in R,, R, or R, polarization.

According to the Judd-Ofelt theory (Judd 1962, Ofelt 1962) induced electric dipole
(ED) transitions can be observed only if the point group of the site contains no center of
symmetry. Only in this case, the odd part of the crystal-field potential will be non-zero
and intensity can be achieved by mixing configurations of opposite parity into the 4f wave
functions. Of the 32 crystallographic point groups, 21 are non-centrosymmetric: Cey, Cg,
Dﬁ, D3h, D3, C3V, C3h, C3, D4, C4V, C4, S4, D2d’ D2, sz, Cz, Cs, Cl, O, Td and T. The 11
centrosymmetric point groups are: Oy, Tk, Dén, Con, Dan, Can, D1g, Csi, Don, Cop and C;.
Electric dipole transitions are however observed in centrosymmetric systems. This is due
to vibronic coupling, i.e. coupling of the electronic and vibrational wave functions. The
vibrations under consideration can be molecular vibrations or vibrations of the crystal
lattice as a whole. The transition moment integral, [ ¥;O¥,dt, is non-vanishing if
there are normal vibrations whose first excited states belong to irreducible representations
which also occur in the direct product I'; ® I' ® Iy of the irreducible representations of
the wave function of the ground state, the dipole operator and the wave function of the
final state. One can say alternatively that an ED transition is allowed by vibronic coupling
with a vibrational mode of symmetry I'phonon, if the direct product I'; @ Iphonon ® I' @ Iy
contains the totally symmetric representation I';. All 4f crystal field levels of an even
electron system have a gerade (g or +) parity and all crystal field levels of an odd electron
system have ungerade (u or -) parity. The ED operator is ungerade. Therefore, only
ungerade vibrational modes will couple with the electronic wave functions. Since the
ED transition can only occur as long as there is a simultaneous excitation of a vibration,
no peak will be found at the zero-phonon line, but at a wavenumber which is equal to
the sum of the transition energies of both the electronic and the vibrational transition.
Shifts to lower energy are not so often found and are due to transitions starting from
an excited vibrational level of the ground state. Vibronic transitions can be observed
also in non-centrosymmetric systems, especially for Pr** systems. Here the zero-phonon
line will be observed. The vibrations transform like the irreducible representations of the
point group of the crystal itself, whereas the selection rules for the electronic transitions
are determined by the symmetry of the site. The site symmetry is often lower than the
symmetry of the crystal as a whole. By means of a correlation diagram, one can find
out how the irreducible representations of the vibrations correspond to the irreducible
representations of the site symmetry. A model for calculating the intensities of 4f-
4f transitions in trivalent lanthanides with Oy site symmetry has been worked out by
Faulkner and Richardson (1978).

Magnetic dipole (MD) transitions are allowed in both centrosymmetric and non-
centrosymmetric point groups. The magnetic dipole operator has a gerade parity.
Transitions allowed by the magnetic dipole mechanism are however sparse, because of
the selection rule AJ =0 or AJ=1 (but not 0 < 0). The best-known MD transitions are
SDO — 7F1 and SDI — 7F0 of Eu3+.
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The selection rules for the crystallographic point groups are given in Appendix 5. From
these tables, one can check whether an ED or MD transition between two crystal-field
levels is forbidden or allowed and in which polarization the transition will be observed.
Since transitions in cubic point groups are not polarized, it is simply indicated whether the
transition is allowed or forbidden. In Appendix 6 the full-rotational group compatibility
tables are presented. From these tables it can be deduced how a free-ion J-level is broken
up into crystal-field levels when the ion is placed in a crystalline environment with a
distinct point group.

The first act in the assignment of a level is the determination of the irreducible
representation of the ground crystal-field level. This is very easy for Eu*, since the
ground state is non-degenerate ("Fo) and has symmetry label I';. For the other trivalent
lanthanide ions, spectra have to be recorded under cryogenic conditions, so that only the
ground crystal-field level is populated. Cryogenic conditions also have the advantage that
the linewidths are much smaller than at room temperature. Liquid nitrogen (77 K) or liquid
helium (4.2 K) are used as refrigerants. For many systems one has indeed to cool to liquid
helium temperature to get sufficient resolution. At 4.2 K, crystal-field levels more than
10cm™! above the ground state will not give rise to detectable transitions. It is helpful
to consider a transition to a non-degenerate excited state. Examples are the *P; level
in Pr** and the %Py, level in Nd**. Energy level calculations with a set of crystal-field
parameters of a lanthanide ion in the same host matrix can be of great help. After the
determination of the symmetry label of the ground state and eventually of the first excited
crystal-field levels of the ground multiplet, the assignment of the other crystal-field levels
can begin. This is often like doing puzzles. Only transitions starting from the lower
crystal-field levels within the ground multiplet can be used for spectral assignments. The
higher crystal-field levels will only be sufficiently populated to give detectable transitions
at temperatures not far below room temperature. At these temperatures the spectral lines
will broaden and overlap, so that interpretation is difficult. The restriction that only the
lowest crystal-field levels can be used as starting levels, has as a consequence that not
all crystal-field levels of the excited state can be observed experimentally. An example
will make this clear. If the ground level has symmetry I'y and if the I'; « Ty transition
is not allowed for that particular point group, no I'y level of the excited 2*!Z; multiplet
can be observed at low temperatures. This can be a problem, for instance, for Eu®* with
its Ty ground state ("Fp). Only if 7Fy, which is ca. 350cm™! above the ground state, is
thermally sufficiently populated, more transitions will be seen.

If the symmetry is high, more transitions are forbidden by symmetry restrictions than
for systems with a low site symmetry. Thus, in a spectrum of a trivalent lanthanide ion
in a low symmetry site more peaks within a spin—orbit coupling band will be found than
in the spectrum of the same lanthanide ion occupying a site of high symmetry. For the
symmetries Cs, C; and C; no transitions are forbidden and 2./ + 1 peaks are found in an
even electron system for transitions between a crystal-field level of the ground state and
the crystal-field levels of an excited multiplet.

Based on the number of transitions and their polarization, the site symmetry can be
determined. This is worked out below in sect. 5.8 for Eu*". The method cannot be used for
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centrosymmetric systems, because several vibronic transitions are possible to one single
crystal-field level. This makes the spectrum very congested.

If the intensity of a transition is low, it is possible that it cannot be seen in the spectrum
and fewer peaks are detected than predicted by the selection rules. Sometimes more peaks
are found than expected on the basis of the selection rules. These peaks are called satellite
lines. One reason for this is the vibronic transitions which are discussed above. Another
reason is the occurrence of sites which are not optically equivalent. This is for instance the
case for crystals in which a trivalent lanthanide ion replaces a divalent cation. A typical
example is CaF,. But the occupation of different sites can also occur if the lanthanide
ion replaces a trivalent ion. In the rare-earth garnet A;BsO;; (A=Y, Lu, Gd; B= Al, Ga),
the lanthanide ion preferentially enters the A site with D, symmetry, but it can also take
place in the B site with C3; symmetry, especially when the doping concentration is high.
The method of crystal preparation also influences the distribution of the lanthanide ions
over the different sites. Another cause of satellite lines are crystal imperfections, such as
interstitial lanthanide ions. Nearest-neighbor and next-nearest-neighbor interactions can
also result in additional peaks (Prinz 1966a,b). It is evident that if impurities of other
lanthanide ions are present in the crystal, these impurities will give rise to lines in the
spectrum. This was a severe problem in the carly days of rare-earth spectroscopy (before
World War II), when rare-earth compounds were not readily available in high purity. Now
it is still possible that neodymium impurities are found in a praseodymium spectrum and
vice-versa, because of the difficulties in separating these two elements. It is a good advice
to keep in mind the possibility of impurities if one finds unexpected lines in spectral
regions where no transitions should be observed.

Besides absorption and emission measurements, other techniques (optical, magnetic or
magneto-optical) can also be used for determination and assignment of crystal-field en-
ergy levels inside the 4f shell: two-photon absorption (TPA), Zeeman effect spectroscopy,
electron paramagnetic resonance (EPR) and magnetic circular dichroism (MCD).

Two-photon absorption (TPA) provides spectroscopic information which is comple-
mentary to that of the classical one-photon absorption spectroscopy. Although the
principle of two-photon absorption has been formulated more than half a century ago
(Goppert-Mayer 1931), it was not before the availability of high intensity lasers that this
technique became useful. Denning (1991) has published the TPA-spectrum of Tb** in
the elpasolite matrix Cs;NaTbClg and reviewed the possibilities of this new technique.
It is an advantageous technique for 4f systems in centrosymmetric systems with a
high symmetry (e.g. Ou), since the 4f « 4f transitions are allowed by the two-photon
transition mechanism. The electric dipole forbidden transitions (the zero-phonon lines)
in a Oy symmetry can be detected in a two-photon spectrum. The two-photon spectrum
18 not blurred by vibronic structure. The one-photon transitions in a cubic host matrix
are unpolarized, but the two-photon spectra show a polarization dependence which
can be helpful to determine the symmetry labels. Since two-photon processes are in
competition with one-photon processes, the non-stationary intermediate state of the two-
photon process may not coincide with an energy level to which a one-photon absorption
can take place. Otherwise the one-photon absorption will occur and not the two-photon
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absorption. This requirement and the energy range of available light sources restrict the
use of two-photon absorption mainly to systems in the middle of the lanthanide series
(Eu**, Gd* and Tb**), where a large energy gap exists between the ground 25+1L term
and the first excited 25*1 L term, although TPA spectra for other lanthanide ions have also
been recorded: Ce** (Gayen and Hamilton 1983, Gayen et al. 1984, Gayen et al. 1986,
Leavitt 1987), Pr** (Yen et al. 1981, Cordero-Montalvo and Bloembergen 1984, Rana et
al. 1984, Malinowski et al. 1995), Nd** (Kramer and Boyd 1981, Chase and Payne 1986),
Eu** (Skripko et al. 1976, Kholodenkov and Makhanek 1982, 1984, Kholodenkov et al.
1984, Makhanek et al. 1984), Gd** (Dagenais et al. 1981, Downer et al. 1982, Downer and
Bivas 1983, Bloembergen 1984, Cordero-Montalvo 1985, Kundu et al. 1990a,b, Mahiou
et al. 1985, Jacquier et al. 1987a, 1989), Tb>* (Skripko et al. 1976, Jacquier et al. 1987b,
Huang et al. 1989, Denning 1991), Ho*"* (Rao et al. 1983), Er** (Gintoft and Skripko
1972), Tm** (Bleijenberg et al. 1980). Considerable theoretical work on two-photon
spectroscopy of lanthanide ions has been done by Axe (1964), Judd and Pooler (1982),
Downer et al. (1982), Downer and Bivas (1983), Downer (1989), Reid and Richardson
(1984), Sztucki and Strek (1986a,b) and by Ceulemans and Vandenberghe (1993, 1994).

When a crystal is placed in an external magnetic field, all crystal-field degeneracies
are removed. This is called the Zeeman effect and can be studied by different techniques:
Zeeman spectroscopy, electron paramagnetic resonance (EPR) and magnetic circular
dichroism (MCD).

Zeeman spectroscopy can be considered as absorption spectroscopy in the presence
of an external magnetic field. In uniaxial crystals, we can make a distinction between
the parallel and the perpendicular Zeeman effect, depending on the orientation of the
magnetic field with respect to the main crystal axis (c-axis). In the parallel Zeeman
spectrum, twofold degenerate levels are split and the wave functions are diagonal in the
magnetic quantum number M. The magnitude of the splitting is linearly proportional to
the strength of the magnetic field. If the light beam is along the main crystal axis (and
thus parallel to the magnetic field), the transitions to the two Zeeman components will
be circularly polarized. If the light beam is perpendicular to the main crystal axis, the
transitions will be 7, ¢ polarized. The Zeeman effect is useful to determine the M quantum
number of crystal-field levels in odd electron systems, since the splitting is proportional
to M. The splitting of a level with M = i% will be three times as Jarge as the splitting of
a level with M = :t%. In the perpendicular Zeeman effect, the crystal-field degeneracy is
removed, but the splitting is not linearly proportional to the strength of the magnetic field.
Non-degenerate crystal-field levels will be affected too by the magnetic field. The matrix
elements are no longer diagonal in M. The Zeeman effect in lanthanide compounds has
been discussed by Wybourne (1965), Dieke (1968), Hellwege (1976) and Hiifner (1978).

In electron paramagnetic resonance (EPR) experiments transitions between the Zeeman
components of the ground state of the lanthanide ion are studied. These transitions are
found in the microwave region of the spectrum. With EPR the crystal-field levels of
the ground state can be determined with a much higher accuracy than is possible with
optical methods. A clear introduction to EPR and its instrumentation has been given by
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Stephens (1989). EPR is more extensively discussed by Abragam and Bleaney (1970).
Mishra and Upretti (1986) review the literature from 1977 to 1983, with some emphasis
on the crystal-field parameters for lanthanide ions extracted from single crystals and
powdered samples.

Magnetic circular dichroism (MCD) is the difference in absorption of left and right
circularly polarized light by a compound in a magnetic field. A MCD spectrum gives
the same information as a Zeeman spectrum, but is has the advantage that the effect
can also be measured if there is a considerable line broadening. MCD measurements
are however restricted to cubic and uniaxial samples. In a uniaxial crystal, the magnetic
field and the light beam are parallel to the optic axis. In cubic crystals, MCD can be
recorded in all directions. The magnetic field and the light beam are here also parallel.
Selection rules for MCD in lanthanide systems are given by Gorller-Walrand and co-
workers (Gorller-Walrand and Godemont 1977, Gorller-Walrand 1985, Gérller-Walrand
and Fluyt-Adriaens 1985). Schwartz (Schwartz 1975, 1976, Schwartz et al. 1977, 1979,
Banerjee and Schwartz 1981) has used MCD for the spectral study of lanthanide ions
in the cubic elpasolite matrices Cs;NaRClg. Amberger et al. (Amberger and Jahn 1984,
Amberger et al. 1985, Amberger and Yiinlii 1986, Amberger and Schultz 1991, Amberger
et al. 1992) made spectral assignments in crystalline organolanthanoid(IIl) compounds
with the aid of MCD spectroscopy.

In metallic compounds, optical methods cannot be used to determine the crystal-field
levels. The determination of crystal field levels in such compounds has been reviewed by
Fulde (1979) and is only mentioned here. These are primarily based on measurements of
the magnetic susceptibility, magnetization in high magnetic field, specific heat (Schottky
anomaly), Mossbauer effect, electron paramagnetic resonance, and inelastic neutron
scattering.

3.4. Nephelauxetic effect

The total or partial removal of the 2./ + 1 degeneracy of the 4f" 25*!L; free-ion levels is
only one consequence of the crystal field felt by the lanthanide ion. Another consequence
is a shift of the barycenter of the 25*!L; level. This effect has been called “nephelauxetic
effect” by Jargensen (1962) and was interpreted as caused by a covalent contribution to
the bonding between the lanthanide ions and the ligands (Jergensen 1962, Jorgensen et
al. 1964, 1965). Nephelauxetic means cloud expanding and this suggests that the size of
the electron cloud around the lanthanide ion increases by transferring electron density
to bonding molecular orbitals. An increase of the cloud size results in a decrease of the
interelectronic repulsion. This is reflected by a diminution of the values of the Racah
parameters (or Slater integrals) compared to the values for the free ion. Newman (1973,
1977) has however suggested that this change of the Slater integrals cannot be due to
covalency effects, but due to dielectric effects caused by the local polarizability within
the crystalline host matrix. A review of the nephelauxetic effect is given by Reisfeld
and Jergensen (1977). Caro and coworkers investigated systematically the nephelauxetic
effect in lanthanide systems (Caro et al. 1976, 1977a, Antic-Fidancev et al. 1987b). Main
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attention was given to non-degenerate levels, because here no crystal-field splitting occurs:
2P/, of Nd** (4%), 5Dy of Eu®* (4f°). Another level of interest was Py, of Gd** (4f7).
It has been tried to use this effect for the determination of structural characteristics,
namely lanthanide-ligand distances and the coordination number. For neodymium and
gadolinium, there is experimental evidence for a sensitivity of the energetic position
of 2Py, and the 6Py, level, respectively, to the distance between the lanthanide and
its nearest neighbors. The shorter the metal-ligand distance, the lower the energetic
position. A same sensitivity is however not found for the *Dy level of Eu**. There is no
correlation between the crystal-field parameters and the nephelauxetic effect. Recently
Frey and Horrocks (1995) have studied the nephelauxetic effect in Eu’*, by measuring
the wavenumber of the Dy « "F transition in various complexes. They concluded that
the nephelauxetic effect depends on the covalency of the metal-ligand bond and on the
coordination number (the lower the coordination number, the larger the nephelauxetic
effect). A satisfying explanation for the nephelauxetic effect has still to be found and
may be a challenge to both theoreticians and experimentalists.

4. Determination of phenomenological crystal-field parameters
4.1. Caleulation of free-ion and crystal-field energy levels

The energy levels of trivalent lanthanide ions can be calculated by diagonalizing the
energy matrix. The matrix elements are of the type (Wprsism |H| Wiwosiyme),
where H is the Hamiltonian, ¥jurgrsp and Wpwprgyigiaye are basis functions of the
4f" configuration. The angular part of the matrix elements can be calculated exactly,
whereas the radial parts are treated as adjustable parameters. The parameter set is
optimized in a general least-squares fitting by minimizing the squares of the differences
between the experimental and calculated energy levels. The root mean square (r.m.s.)
deviation ¢ is used as a figure of merit to describe the quality of the fit.

2N\ 172
g = (Z (Eexp"Ecalc> > ’ (53)

N-P

where Eey, and E ) are the experimental and calculated energy levels, respectively. N is
the number of experimental energy levels and P is the number of variable parameters.
It is tried to reduce the value of ¢ as much as possible. If ¢ is less than 20 cm™, it is
believed that the parameter set can give a rather good description of the system.
Because of the large dimension of the energy matrices for 4f" systems, calculations
are done with the aid of special computer fitting programs. Indeed, the degeneracy will
rapidly increase towards the middle of the lanthanide series. The degeneracy is equal to
14, 91, 364, 1001, 2002, 3003, 3432 for n=1 to n=7 (the same degeneracies are found
for the f'4" systems). This means that for Gd*" (4f7) a 3432x3432 matrix has to be
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diagonalized. If the system has a symmetry higher than C;, the energy matrix can be
blocked out in submatrices, one for each crystal-field quantum number u (see sect. 3.2).
Every submatrix can be diagonalized separately. The best-known fitting programs are
those written by H. Crosswhite (Argonne National Laboratory, Argonne, IL) and by
M.E. Reid (University of Canterbury, Christchurch, New Zealand).

The different perturbations in the free-ion Hamiltonian, with corresponding operators
and parameters will only be summarized here. The reader can find more detailed
information in Wybourne (1965), Judd (1966), Judd et al. (1968) and in Crosswhite and
Crosswhite (1984). The crystal-field Hamiltonian has been discussed in sect. 3.

The spherically symmetric part of the free-ion and crystal-field perturbations are taken
together in the parameter Esvg. A change of this parameter will result in a uniform shift
of the total 4f” configuration. Eyg varies between ca. 1300 cm™! for Ce’* (Z =58, 4f!)
and ca. 87000cm™" for Gd>* (Z=064, 4f7). Esyg then decreases again to ca. 4600 cm™
for Yb** (Z=70, 4f1%).

The electrostatic repulsion between electrons of the 4f" configuration is described
parametrically by the term 3, _, , ¢ F*f,. The F* parameters are the electrostatic
radial integrals, the f; represent the angular part of the electrostatic interaction. The
FO parameter is not considered here, because it is incorporated in Eave. The F k
decrease as k increases. The F* and F° parameters can be expressed approximately as
functions of F2: F*=0.668 F* and F®=0.495 F? (Carnall et al. 1988). These ratios are
those of the hydrogenic wave functions and are applied if the amount of experimental data
is insufficient to vary the three electrostatic parameters independently. For instance, if for
Eu’* only data of the ’F and D terms are available only one parameter can be varied.
This does not imply that the f-orbitals are hydrogenic, but that the ratios F4/F? and F®/F?
are rather insensitive to the exact composition of the wave functions (Wybourne 1965).
F? increases from ca. 69000cm™! for Pr** to ca. 100000 cm™ for Tm3*. Sometimes,
F, parameters are used instead of F*: F2=225F,, F*=1089 F, and F®=(184041/25)F
(Hiifner 1978). The f; are invariant with regard to the group Rj3, but not with regard to
the groups R; and G, (which are used to label the states). It is possible to introduce
operators ey, which are linear combinations of the f; operators and which have the same
transformation properties as the groups R; and G,. The corresponding parameters are
E* (k=1, 2, 3). E° can be included in an Eayg parameter. The relations between the
operators ¢; and f; and between the parameters F* and E* have been given by several
authors (Racah 1949, Griffith 1961, Wybourne 1965, Caro 1976, Hiifner 1978, Morrison
and Leavitt 1982).

Another perturbation is the spin—orbit coupling. Spin—orbit coupling results from
the interaction between the spin magnetic moment of the electron and the magnetic
field created by the movement of the electron around the nucleus. This interaction is
described by the term 4rAso in the Hamiltonian. Cy4r is the spin-orbit coupling constant.
Aso tepresents the angular part of the spin—orbit interaction. (4 increases over the
lanthanide series from ca. 650 cm™ for Ce** (Z=58) to ca. 2900 cm™ for Yb** (Z="70)
(Carnall et al. 1989).
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Although the electrostatic and spin—orbit interactions are by far the most important
terms in the Hamiltonian, other smaller interactions have to be considered in order to get
a good agreement between experimental and calculated energy levels. Diagonalization of
the energy matrix which incorporates only the electrostatic and spin—orbit interaction,
often results in discrepancies between experimental and calculated levels of several
hundred cm™ (Wybourne 1965).

Additional parameters and operators are required to describe the configuration interac-
tion. Configuration interaction is the spin-independent interaction between configurations
of equal parity. The new operators are two-particle and three-particle operators working
within the 4f" configuration. They result in an adaptation of the basis functions. In this
way, no increase of the dimension of the energy matrix is required, only a relatively
small increase in the number of parameters. Another consequence is that the F* integrals
can no longer be considered as pure Hartree-Fock integrals, but they will incorporate
configuration interaction effects which transform as f.

The two-particle correction term in the free-ion Hamiltonian is aL (L + 1) + G (G,) +
vG (R7) (Rajnak and Wybourne 1963). @, f and y are the parameters which account
for the radial interactions not transforming as f;. G(G2) and G(Ry) are the Casimir’s
operators for the groups G, and Rs, respectively. L is the total angular momentum.
Morrison and Rajnak (1971) have calculated these electrostatic configuration interaction
parameters for Pr’*. The values of o, § and y are rather stable over the lanthanide
series, because processes such as excitation of one or two particles to the high energy
continuum states have large contributions to the parameters and the energies of these
continuum states relative to the 4f" configurations do not change significantly with the
atomic number Z (Carnall et al. 1989).

For 4f" configurations with three or more f electrons, the Hamiltonian is expanded with
the term Y, #;,7" (i=2, 3, 4, 6, 7, 8) to take the three-particle configuration interaction
into account. ¢; are the three-particle operators and 7% are the parameters (Judd 1966).
Variation of the T? parameters in a fitting procedure has to be done carefully, since
these parameters are only sensitive to particular 25411, levels. If the level for which a
T' parameter shows a great sensitivity, is not found in the experiment, a variation of
that 7% parameter will result in a meaningless parameter value. The parameter has to be
constrained in that case. A systematic investigation of the sensitivity has not been done
yet, although some preliminary data have been published (Caro et al. 1977a, Gorller-
Walrand et al. 1994). The values of the T parameters have been calculated for Pr** (4£*)
by Balasubramanian et al. (1975) using ab initio methods. The parameters are fairly
constant over the lanthanide series. Judd and Lo (1994) have found some erroneous values
for the 7, matrix elements for the 4f® and 4f7 configurations in the input files of the
computer program written by H. Crosswhite; these errors luckily have negligible effect
on the calculations.

Magnetically correlated corrections such as spin-spin and spin—other-orbit interactions
are rtepresented by the term Zk=0,2, 4 mM* in the Hamiltonian, where my; are the
operators (Judd et al. 1968). The parameters M k are also called Marvin-integrals after
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H.H. Marvin (Marvin 1947). In the calculations, these parameters are mostly maintained
by the pseudo-relativistic Hartree-Fock ratios M2/M%=0.56 and M*/M° =0.38, allowing
only MY to vary freely (Crosswhite and Crosswhite 1984).

The electrostatic correlated spin—orbit interactions are described by the 3, _, , ¢ piP*
term, with p as the operators and P* as the parameters (Judd et al. 1968, Goldschmidt et
al. 1968). The parameters can be varied in the ratios P*/P?=0.75, P%/P? = 0.5 (Crosswhite
and Crosswhite 1984).

Since the introduction of new parameters may alter the values of the parameters already
fitted, Judd and Crosswhite (1984) have introduced orthogonalized operators. These yield
parameters which are more precisely defined and more stable than the conventional ones.

The free-ion Hamiltonian can thus be written as

Hitee ion =Eave + . F i+ Cagdso + oL (L+1)+BG (G2) + G (Ry)

k=2,4,6
(54)
+ Z 1T% + Z mpM* + Z peP*.
i=2,3,4,6,7,8 k=0,2,4 k=2,4,6

The number of free-ion parameters is 2 for Ce’* and Yb*" (only Eavg and C4f), 14 for
Pr3* and Tm** (no T* parameters) and 20 for the rest of the lanthanide series. The total
Hamiltonian is the sum of the free-ion and crystal-field Hamiltonians:

H = Hree ion + Her. (55)

For each lanthanide ion, a mean value was calculated for the different free-ion parameters
available in the literature. The parameter sets are given in table 5.

A very recent theoretical development is the quark model of the 4f shell (Judd 1991,
1994, Judd and Lister 1991, 1992a—, 1993a—c). The quark model is an alternative way
of classifying the atomic levels in the 4f shell. Instead of 15 different 4" configurations
(n runs from 0 to 14), one considers only one single quark configuration (s+f)*, augmented
by two parity labels.

4.2. Pitfalls in the fitting procedure

A problem with the present parametrization scheme in terms of 20 free ion parameters
and a symmetry-dependent number of crystal-field parameters is that, although a good
agreement between experiment and theory can be obtained, the parameter sets for different
systems are difficult to compare with each other. It was already noticed by D.J. Newman
(Newman 1971) that there is very little relationship between sets of parameters for the
same ion in host crystals with different site symmetry or even for the same ion in
isomorphic hosts. The same is true for the parameters for the different lanthanide ions in
the same matrix.

There are several causes for these comparison problems. First of all, one can expect
problems when fitting such a large set of adjustable parameters. The optimized parameter
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set is very dependent on the chosen starting values. The free-ion parameters will not vary
much for a lanthanide ion in different systems, in contrast to the crystal-field parameters,
which may show a large variation dependent on the host crystal. Starting values for
crystal-field parameters can be obtained from ab initio calculations, like the calculation of
point charge lattice sums (see Garcia and Faucher 1995). Another method is the initial use
of a higher symmetry to reduce the number of parameters. This is the so called “descent
of symmetry” method (Wybourne 1965). One can also try to extract parameters directly
from the experimental data. Antic-Fidancev et al. (1982) have determined the second-rank
parameters (k=2) for gadolinium compounds by plotting the calculated overall splitting
and intermediate crystal-field levels of the °P7, multiplet in function of B2 and B3.
The parameter set for which the agreement between calculated and experimental energy
levels was the best, has been retained. Once a reliable set of parameters is obtained,
it can be used as starting values for another lanthanide ion in the same matrix, or for
the same ion in an isomorphic matrix. Parameters can only be changed over a limited
interval and the fitting procedure will stop if a local minimum in the r.m.s. ¢ function
is reached. This local minimum is not necessarily equal to the absolute minimum. The
o function is a smooth function. This means that relatively large changes of the parameters
can be made without considerably changing the r.m.s. value g. A particular set of
parameters may be suitable to calculate the total splitting of a J term exactly, but not
the position of the intermediate crystal-field levels. For another set the calculation of the
intermediate levels may be good, but not the overall splitting. Both parameter sets can
have the same ¢ value, although their values are different. To handle the large matrices
for £ to f° systems, one can truncate the basis set. This means that J terms above
an arbitrarily chosen energy value are omitted in the calculation. The truncation has
only a small influence on the lower energy levels, but the deviation enlarges towards
the truncation edge. The influence of truncation effects on crystal-field calculations has
been studied by Teste de Sagey et al. (1982). The calculated values are also dependent
on the applied coupling scheme: Russell-Saunders coupling, the intermediate coupling
scheme or J-mixing. Another problem is that different research groups do not use the
same levels of a particular lanthanide ion in the fitting procedure. This can be due to
the fact that some levels cannot be seen in a crystal which is only weakly doped with
the lanthanide ion. Some systems have been studied only by luminescence methods,
and others only by absorption spectroscopy. A combined treatment is favorable, since
the two methods are complementary. Comparable results can only be expected if the
systems under study are treated in exactly the same manner: the same levels and the same
starting values. If an inappropriate starting value for a particular parameter is chosen,
the other parameters will be influenced, because they will try to compensate for this
inadequacy. One has to be sure that the calculated barycenter of the multiplet agrees
with the experimental one, otherwise an incorrect crystal-field splitting pattern will be
simulated, giving incorrect crystal-field parameters. The experimental barycenter can be
determined only if all the crystal-field levels within a >*1L, level are detected. The
barycenter is found by multiplying each crystal-field level of a multiplet by its degeneracy
and making the sum. The barycenter is then equal to that sum divided by 2.J + 1. On the
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other hand, /-mixing will also influence the position of the calculated barycenter (Gorller-
Walrand et al. 1994).

The fact that the different research groups do not use the same expansion for the
crystal-field potential does not enhance the easiness of a comparison. It is useless to
report crystal-field parameters without giving the expansion of the crystal-field potential,
because in that case one cannot convert the parameter values to another formalism. The
B’; parameters with g # 0 are not invariant under rotation, their value and sign depend
on the choice of the coordinate system. One can always make one of the B’ ’{; parameters
equal to zero by an appropriate rotation of the coordinate system. Special attention has
to be paid to the rare-earth garnets. The garnets A3BsO, (A=Y, Gd, Lu; B=Al, Ga)
possess six sites with D, symmetry. The sites have different orientations in order to be
compatible with the cubic symmetry of the crystal. In the absence of a magnetic field, all
the sites are equivalent. For each site, one can determine a set of crystal-field parameters.
If one set of parameters is available, the crystal-field parameters for the other sites can
be found by applying transformation formulas (Morrison and Leavitt 1982). Each set of
parameters will give the same calculated crystal-field levels, although the actual sets may
look very different.

Table 6 (Stewart 1985) lists the conversion factors to convert parameters A7 (#*) of the
operator-equivalent method (Stevens 1952, Elliot and Stevens 1953a,b and Judd 1955)
into B’; parameters. Although the AZ <rk> are out of use now, they are often encountered
in the older literature.

If the unit tensor U ’{; is chosen as operator and not the C’; tensor, the conversion can
be done by:

BE (as function of C%)=(=1)* ((3|C*||3)) ' B (as function of U%) (56)

The reduced matrix elements <3 ||CkH 3> can be calculated according to eq. (30). The
values of the matrix elements are also given in sect. 4.6. The phase factor (—1)7 has to
be introduced if in the crystal-field potential the U ]fq and U’; operators are combined as
(Ut +(=1)? U*,) for the real part and (U} — (-1)7 U*,) for the imaginary part.

A totally different cause for the difficulty in comparison between the different sets
of crystal field parameters, is the fact that for f” systems the parameters do not only
depend on the radial coordinates of the ligands, but also on the angular coordinates. This
is not the case for most d” transition metal complexes, since they have a coordination
polyhedron which is an octahedron (CN = 6), a tetrahedron (CN=4) or a derived structure
(plane square, CN =4, tetragonal bipyramid, CN=6; ... ). In these complexes, the angular
positions of the ligands are restricted by symmetry. There are no degrees of freedom
for the angular coordinates, only for the radial position. For rare-earth systems as
will be discussed below in sect. 5.1, the most common coordination polyhedra are
the dodecahedron (CN=8), (distorted) square antiprism (CN=8§), monocapped square
antiprism (CN=9) and tricapped trigonal prism (CN=9). These polyhedra have a degree
of freedom for the angular coordinates.
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Table 6
Relations between the B and 4] (#*) crystal-field parameters (for k =even)

B} =243 (%) B = 1642 (%)
8= ZLai () B= )
V6 V42
2 16
B} = %Ai (r*) B = —IOSAé ()
By =845 {r*) B = -8 Iy
5 V105 )
B = — 4l (") 16
\/§ B6_ A4 6
. ‘34 4
B4= AZ r4
TR B ()
5 377
Bi= - AU
e By = it ()
g 231
B = mAj {r*)

Rudowicz (1985, 1986a,b) discussed the determination of “imaginary” crystal-field
parameters. Three different approaches are considered for the determination of crystal-
field parameters for symmetries with imaginary terms in the Hamiltonian. One approach
is the complete fitting in which all parameters admissible by the point group are taken
into account. In a second approach one of the imaginary parameters is set to zero by a
suitable rotation of the coordination systems. In the third approach, the symmetry of the
system is approximated by a higher symmetry so that only real parameters have to be
considered. Imaginary parameters are a source of great confusion and Rudowicz pointed
on several inadequate parameter fittings which can be found in the literature. Since our
parameters are derived from tesseral harmonics, they are all real.

We want to give here also some comments on the definitions of the crystal-field
parameters by Wybourne (1965). His crystal-field formalism is sometimes a little bit
confusing. First, he introduces the parameters which have the same transformation
properties as spherical harmonics. These parameters are in general complex numbers.
Both B, B’(; and B* g oceur. Moreover, his parameters transform as tesseral harmonics,
like our parameters do. It is therefore easy to confuse B’jq and B’ f; . Prather (1961) always
uses tesseral harmonics for his parameters and also for his operators.
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4.3. Sensitivity of calculated crystal-field levels towards parameter change

The tendency in lanthanide spectroscopy is to use as many levels as possible to determine
a set of phenomenological B’; crystal-field parameters. It is commonly thought that the
larger the number of experimental levels used in the fitting procedure, the more reliable
the parameter set will be. This is because in statistics a larger data set represents better the
total population than a small one. Such a large number of levels is indeed required if one
wants to deduce a set of free-ion parameters together with the crystal-field parameters.
But are all crystal-field levels appropriate to determine a set of crystal-field parameters?
The answer is no. It was already observed by Goérller-Walrand et al. (1994) that some
crystal-field levels are more sensitive to a particular parameter than others. A level is very
sensitive to a parameter, if a small change of that parameter will cause a great change
of the calculated energy of the level in question. It is preferable to select those levels to
determine the parameter, since this sensitivity will lead to a higher accuracy.

So much emphasis is put on the crystal-field parameters by the description of the crystal
field felt by a lanthanide ion that it is often forgotten that the reduced matrix elements
<1Pp«TSL J |U"| Winprgps _]/>, (or T* for short) are also responsible for the crystal-field
splitting of a J level. The magnitude of the crystal-field splitting is proportional to the
TF, in the sense that levels with large values for the TU% will show a greater crystal-field
splitting than levels with small TF values. If two multiplets with the same J value show
a great difference in crystal-field splitting, it is because their values are very different.
A calculated crystal-field level is very sensitive to a change of a B’; parameter, if the
T* value is large. In order to determine the B’; parameters with a particular k-value, one
has to select levels with a large value for the UF in question, while the other T¥ have to be
small or equal to zero. Due to the selection rule k < 2J not every UF will have the same
contribution to the splitting of levels with small J values. Although the doubly reduced
matrix elements (depend on S and L) can be found tabulated in the literature (Rotenberg
et al. 1959), the T* (depend on S, L and J) cannot. They can be calculated with the
knowledge of the doubly reduced matrix elements and the composition of the free-ion
wave functions. The squares of the TU¥ are given by Carnall et al. (1977). Since the T*
are relatively insensitive to the chemical nature and symmetry of the host matrix, they can
be regarded in a good approximation as constants for a given trivalent lanthanide ion.

Not only must the >$*'L; manifold, which is used to determine a particular BZ, have a
large reduced matrix element U* for one particular k-value, while the other two reduced
matrix elements must have a small value or be equal to zero, other conditions must be
fulfilled also. The 25*!; manifold may not overlap with other 251 L ; manifolds, otherwise
an unambiguous assignment of the crystal-field levels is not possible. J-mixing is also
much stronger for levels which are close to each other. This means that one is restricted to
the lower lying free-ion levels (roughly speaking <25000cm™"), since at higher energies
the density of states is so high that overlap will very often occur. High values for the
reduced matrix elements are of course of no use if the intensities of the transitions to the
selected J level are very low, so that the transitions cannot be observed experimentally.
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It is also important to choose "1, levels for which all or nearly all crystal-field levels
can be experimentally found. Crystal-field levels which are not observed may result in
an unrealistic set of crystal-field parameters. It must also be noticed that although f” and
147 systems have the same 25*'L; levels, one cannot use the same levels to extract the
crystal-field parameters, because of the above conditions. For some lanthanide ions, it
is really difficult to select an appropriate set of levels. It is problematic to determine the
sixth-rank crystal field parameters of Gd**, since none of the levels is very sensitive to the
k =6 parameters. This is due to a small value of the U matrix element. Some levels which
show all characteristics required to select them as levels to be used in the fitting procedure,
have to be rejected, because of the fact that their energy positions are badly simulated by
the crystal-field calculations. These levels will be discussed in sect. 4.5. The best levels
for each lanthanide ion and each k-value are summarized in table 7. It is meaningless to
carry insensitive levels through the fitting procedure. They will only result in parameter
sets which are very difficult to compare with each other. It is advisable to determine first
the parameters with & =2, then those with £ =4 and eventually the k£ =6 parameters. Here,
the selection rule k& < 2.J is very helpful. After this stepwise determination of the crystal
field parameters, one can vary at the end all the parameters simultaneously. This is only
important if J-mixing is taken into account.

4.4. Systematic trends of the crystal-field parameters over the lanthanide series

The expected trend is a decrease of the parameter values over the lanthanide series due
to the increased nuclear charge which is felt by the f electrons (Carnall et al. 1989).
As the electron orbits are pulled closer to the nucleus, the crystal-field effect should
be reduced. This effect is greater than that of a contraction of the crystal lattice by a
decrease of the ionic radius of the lanthanide ion (reduction of the central ion-ligand
distance). The expected trend is however not always observed. In some cases the crystal-
field parameters remain fairly constant over the lanthanide series, in other cases there
is a lot of scatter of the values of the parameters or the parameters even increase. This
is maybe due to the difficulty of obtaining consistent sets of parameters, as described
earlier. The parameters for the trivalent lanthanide ions doped in the host matrices LaFj,
LaCl3, LiYF4, R(C2H5SO4)3-9H20, Na3[R(C4H4O5)3]-2NaClO4-6H20 and CszNaRCI(,
are given in table 8. The B3, B} and B parameters are plotted in figs. 2—4.

There is a remarkable discontinuity in magnitude of the crystal field parameters,
especially the sixth-rank parameters (k=6), between the first and second half of the
lanthanide series in systems like LaFs and LaCl; (Carnall et al. 1989). According to Judd
(1979) the drop in the k=6 parameters in going from LaCls:Eu** to LaCl;:Tb** is an
indication for the need to include two-electron operators in the crystal-field Hamiltonian
(which is done in correlation crystal-field theory, see sect. 4.5).

The relative position of the crystal-field levels in a 25+ L state will be in general not the
same for a f" and a f1*™" system, because of a change of the crystal-field parameters over
the lanthanide series and because of an opposite sign for the reduced matrix elements.
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Table 7
The most sensitive »*! L, multiplets for the determination of the B’{; crystal-field parameters for each of the
lanthanide ions (except Pm**)®

Ton k=2 k=4 k=6
Multiplet ~ Position (cm™)  Multiplet  Position (cm™)  Multiplet  Position (cm™)
P ’p, b 21500 D,© 17000 H, ground state
F, 5200 3F, 6500
*H, 4600
Nd*4 *Fa 11600 *Fy 14900 “Tos ground state
Py, 26400 *Lis 6200
Dy, 24000
Sm** *Fs 18900 Fsy, 7200 H,, 1100
*Fspp 22200 SHy,, 2300
[*Hs/,] ground state F. 8000
Eu* F, 400 F, 1000 F, 2900
D] 19000 °D,] 21400 Fy 1900
L 25100
[D,] 27600
Gd* P12 32200 Ton 36300 -°
5Py, 33400 111 36600
TH* 'F, 5600 F, 5100 F, 3400
G, 26500
Dy* SFyy 13300 SFy/, 12500 Fypn 11100
“Fy, 21100
Ho™ 51T 11300 °F, 21200 5 ground state
5Fs 15500 G, 26100
Er* ‘S, 18600 “Fy, 22400 I, 12600
“Fy, 22700
Tm3* °P, 36500 °F, 15200 *H, 12700
['D,) 28000 [*F;] 14600

2 The selection criteria are high values for the reduced matrix element U", no overlap with other multiplets,
and sufficiently high intensities of the transitions in question. Less favorable choices are placed in brackets.
The approximate energetic position of each multiplet is given (rounded to the nearest hundred).

® The *P, multiplet overlaps in some crystals with the 'l multiplet.

¢ According to all criteria, 'D, is the best multiplet for the determination of the fourth-rank crystal-field
parameters of Pr**, but it is very often a troublesome one in the fitting procedure.

¢ Many apparent good choices for Nd** have to be omitted, because of a strong overlap between different
multiplets, e.g. (‘Hsz, *Hya), (‘Frz, *Ssp2), -

¢ The determination of the sixth-order crystal-field parameters for Gd** is really problematic, because none of
the levels which can be determined by spectroscopic measurements have sufficiently high values for the U*
reduced matrix element. The crystal-field splitting is in a good approximation determined by the second- and
fourth-rank parameters only.

 No multiplet in Ho** is sensitive to the second-rank parameters alone. The splitting in the °I5 multiplet has
also considerable contributions from the fourth-rank parameters.
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Fig. 2. Change of the B2 crystal-field parameter over the lanthanide series for different crystalline host matrices.
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Fig. 3. Change of the Bj crystal-field parameter over the lanthanide series for different crystalline host matrices.
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Fig. 4. Change of the BS crystal-field parameter over the lanthanide series for different crystalline host matrices.

4.5. Correlation crystal field

The use of the one-clectron crystal-field model results in a good agreement between
experimental and calculated crystal-field levels for most systems. However, the splitting
of some 25*'L; multiplets often cannot be well simulated. Anomalous multiplets are ' D,
of Pr** (Judd 1979), 2H(2)11/2 of Nd*" (Faucher et al. 1989b), D, of Eu** (Moune and
Caro 1989), 117/, of Gd** (Judd 1979), 3Kg of Ho*" (Judd 1979) and !G4 and 'D; of
Tm?*" (Jayasankar et al. 1989b).

To remove these discrepancies, the Hamiltonian is extended to account for the effects
of the electron correlation on the anisotropic crystal-field interactions in the 4f shell.
Two-body operators are necessary to describe the correlation effects. The expression
correlation crystal field is used for the two-electron part of the crystal-field perturbation.
A review of the theoretical development of correlation crystal-field theory is given by
Garcia and Faucher (1995). A practical problem for taking the correlation effects into
account is the enormous number of parameters required.

Judd (1977a) proposed that a large part of the correlation effects may be parametrized
as a spin-correlated crystal field (SCCF). SCCF is based on the observation that
crystal-field parameters seem to be dependent on the spin multiplicity of a 25! term,
and considers correlations which result from a difference in the crystal field seen by
4f electrons with different spins s; relative to the direction of the total spin S (S =2 s,-) .
The strong attractive exchange forces between 4f electrons whose spins are parallel result
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in less extended radial wave functions and thus in smaller crystal-field parameters. The
one-electron crystal-field Hamiltonian (expressed in spherical harmonics) is modified to

Hee =Y BE(1+cpsi - S) Ch(Q). (57)
kyq,i

The ¢, (k=2, 4, 6) are adjustable parameters, s; is the spin operator for the i-th
electron and S is the total spin operator. The ¢, parameters must be negative if the
contraction of the radial wave functions corresponds to parallel spins. Positive values
for cs have been reported however (Newman et al. 1982) and were explained to be due to
a charge-transfer mechanism and to covalent effects. Only three additional parameters
have to be introduced. The calculations can be done in practice by replacing in the
expression for the crystal-field matrix element (eq. 49) the double reduced matrix element

(Wiest [|UH|| Wiwwsw ), by

S(S+1)
S+ 1)

172
<II/1"‘[SL H UkH gjl"’r’SL’> + Ck [ :l <gj1"rSL H Vlk” Wl""t’SL’>' (58)

V¥ is a unit double tensor. The corresponding reduced matrix elements can be calculated
in a similar way as the reduced matrix elements for the unit tensor U*.

Jayasankar et al. (1987) reported a SCCF study of the crystal-field interaction in
NdF;, LaF3:Nd* and LiYF,:Nd**. Jayasankar et al. (1989b) included SCCF effects in a
comparative crystal-field analysis of trivalent lanthanide ions in LiYF4. An SCCF study
of LaCl3:R3* can be found in Jayasankar et al. (1989a).

The orbitally correlated crystal field (LCCF) is an effect analogue to SCCF, but LCCF
considers correlations which are due to a difference in the crystal field felt by 4f electrons
with different orientations of the orbital angular momentum /; relative to the direction of
the total angular momentum L (L = ll-) . On the basis of a study of the SCCF and
LCCF effects of Pr** and Er’** in LaCls, Yeung and Newman (1987) concluded that the
SCCF effects are more important than the LCCF effects.

A general correlation crystal-field (CCF) parametrization accounts for all possible
CCF operators, whereas SCCF and LCCF are restricted models (Newman and Ng 1988,
Reid 1992). The Hamiltonian can be extended with the term

Hoor = Y Bilki k)Y [ @)Y, (59)

ky, ka.k i>j

with %V and u®*?) unit tensor operators. i and j label the 4f electrons. k; and k, can
range from 0 to 6, k=0, 2, 4, 6, 8, 10 or 12. In principle ¢ can take all values between
~k and %, but it 1s restricted by the point group in the same way as in the one-electron
case. The B’;(k;,kz) are phenomenological two-particle crystal-field parameters. This
parametrization can be seen as an extension of Slater’s F* (k=2,4, 6) parameters in the
free-ion Hamiltonian and it accounts for the non-spherically symmetric effects.
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Judd (1977b) proposed an alternative parametrization which is an extension of Racah’s
E' (i=1,2,3) parameters. The operators in this parametrization scheme are orthogonal
over the 4f configuration and have well-defined transformation properties under Racah’s
parentage groups. This makes that the reduced matrix elements are rather easy to evaluate.
The Hamiltonian describing the orthogonal correlation crystal field (OCCF) is given by
(Judd 1977b, Reid 1987):

Hoccr = Y, Ghgly- (60)
ik,q

Gﬁ] are the parameters and gg;) are the operators. There are 43 CCF or OCCF parameters.
This large number of parameters does not facilitate the practical use of correlation
crystal-field theory. An approach to make the parametrization scheme practicable, is to
check to which parameters the anomalous levels are sensitive and to include only these
sensitive parameters in the fitting, omitting the other parameters. Reid (1987) studied the
CCF effects in LaCl;:Ho®* and in LaCl;:Gd*. He found that the operator g'” could
correct for discrepancies in the calculated splitting of the anomalous multiplets 3Kg of
Ho*" and 117, of Gd*". The parameters G?), G(l/z))A and G%)B resulted in a better fit
of the 2H(2);1/, multiplet of Nd** in YAG, LaCl;, LaF;, LiYF4, NdAlO; and NdODA
(Li and Reid 1990). Rukmini et al. (1994) came to the same conclusion for Nd**
in other crystalline host matrices. Devi et al. (1994) published a CCF analysis of
SmODA. Although the total o value did not change much compared to the one-electron
parametrization, CCF improved the ¢ value of several individual multiplets markedly.

Another way to remove the large discrepancies in the crystal field splitting in the
anomalous multiplets, are term-dependent crystal-ficld parameter sets. This means that
more than one parameter set is used to describe the crystal-field splitting within one
lanthanide ion in a particular host crystal. Griinberg et al. (1969a,b) have used different
parameter sets to calculate the crystal-field splitting of the ®H and the °F terms of Sm**
in Y3GasOj, and Y3AlsO15. A good fit has also been obtained by a mathematical trick,
namely by modifying the reduced matrix elements of the troublesome multiplet 2H(2)11/,
of Nd** (Faucher et al. 1989b). The other multiplets and the crystal-field parameters were
not affected.

4.6. Crystal-field strength parameters

Several authors have tried to simplify the description of the crystal field by reducing the
number of parameters. Auzel (Auzel 1979, Auzel and Malta 1983) has defined a scalar
crystal-field strength parameter NV,:
1/2
41

No= > = (B)] (61)
kg

N, is a norm and represents a distance in the space spanned by the spherical
harmonics Y. In this way, the crystal field can be characterized by one single number.
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Augzel had first introduced a slightly different definition for N, omitting the factor 2—‘,‘(%. It
can be shown that under some assumptions Ny can be correlated to the maximum crystal
field splitting of distinct 25*!L; multiplets. The relation between N, and the maximum
splittings of the *Ign, *I11/2, *I132 and *I;s;; multiplets of Nd** is linear in a good
approximation.

The relation between the maximum crystal-field splitting AE of a 25! L; multiplet and

the scalar crystal-field strength parameter N, is:

r

3g2 V2] . 13
= e Woarneses |UA) Warnases) 311CH 3 N, 62
o g(gA+2)(gA+1)n} LEﬁK [ )3l >|} (62)

ga 1s the degeneracy effectively removed by the crystal field:

ga=2J+1 for J=even, ga=J+3 for J=odd, (63,64)
g is the total degeneracy of the 2*!L; multiplet:

g=ga for J=even, g=2gs for J=odd (65,66)

ga=2J +1 (for J=even) is strictly only valid for orthorhombic and lower symmetries
for which all crystal-field degeneracy is removed.
The reduced matrix elements (3 ||C¥||3) are given by:

(3]|C?||3) = ——== ~-137, (67)
(3]|c*||3) = —= ~ L.13, (68)
(3]1C%|3) = == ~-128. (69)

These factors are relatively invariable with regard to k. Equation (62) can be considered
as a geometrical rotational-invariant average for the maximum crystal-field splitting in
any point symmetry. This approximation is good if the T* are stationary in £, i.e. if
the T2, TU* and T® have nearly the same value (or at least the same order of magnitude).
Based on the stationanity of the squares of the reduced matrix elements, Auzel (Auzel and
Malta 1983) has selected for the lanthanide ions 2°*1L; levels which should theoretically
provide the best crystal-field probe: *Hy and *Hy for Pr**, #1135 and “Io,, for Nd?*, “1;5/,
and 6H15/2 for Sm3+, 7F5 for Eu3+, 7F5 for Tb3+, 6F9/2, 4F9/2, 6FH/Q, 4113/2, 6H15/2 and
*Hys/, for Dy**, 314 and *Is for Ho**, *Fq/s, *I112 and *Ij32 for Er’t, 3Hy and *Hg for
Tm?". These levels have the common feature that J >3 (for J =even) and J > 7/2 (for
J =odd), because otherwise not every B’; crystal field parameter will contribute to the
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splitting of the given 25*!L; level. A procedure for the case of small J values has been
described by Malta et al. (1995).

A characterization of the crystal field by only one parameter is however a rather
drastic reduction of the parameter formalism. One has to be cautious if one wants
to relate the concept “crystal field strength” with the maximum crystal-field splitting
of a *1L; multiplet and if one wants to classify the different crystalline systems in
order of increasing crystal-field strength parameters. Although a system A has a larger
crystal-field strength parameter than a system B, there is however no guarantee that the
maximum crystal-field splitting of every 2*!L; multiplet of A will be greater than the
maximum crystal-field splitting of the corresponding multiplet of B. The crystal-field
strength parameter is in fact the square root of the sum of the squares of the B’; parameters.
By taking this sum, it is no longer clear which rank (k value) of parameters has the largest
contribution to the sum. For instance, systems which have large values for the fourth-rank
parameters and only small values for the sixth-rank parameters can have the same crystal-
field strength parameter as a system with small contributions from the B; parameters,
but large contributions from the Bg parameters. Assume that the crystal-field strength
parameter for a particular ion in host matrix A (= system A) is greater than for the same
lanthanide ion in host matrix B (= system B). So one would expect that in the first instance
the maximum crystal-field splitting will be greater for the multiplets in system A than in
system B. Select a "' L, multiplet, which has a very small value for U* and a large value
for T®. If system A has large B* parameters and only small BS, whereas the opposite is
the case for system B (but Ny (A) > N(B)), then it is easy to understand that it is possible
that the maximum crystal-field splitting of that 25*!L; multiplet is smaller in system A
than in system B. A condition for the probes to predict the maximum crystal-field splitting
25+11, multiplets is therefore U? ~ U* ~ U°.

Chang et al. (1982) have introduced a strength parameter S, which is defined in terms
of rotational invariants of the crystal field as follows:

1/2

1 1
S = gzkak_ﬁ (B§)2+2qz>;)((ReB§)2+(ImB’;)2) , (70)

Kibler (1983) has proposed another crystal-field strength parameter:

1/2

B L1k I\, 02
s=@+D sz+1<o 0 o) CANEE 71
kg

The parameters provide an indication of the maximum crystal-field splitting of the
nl shell.
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5. The way back: deducing symmetry and structure information from lanthanide
spectra

5.1. Structural chemistry of lanthanide compounds

The most often observed coordination numbers (CN) in lanthanide complexes or rare-
earth complexes in general are 8 and 9, although many systems with a lower or higher CN
are known. The stereochemistry of inorganic complexes with coordination numbers
between 6 and 12 has been reviewed by Kepert and Favas (Kepert 1977, 1979, Favas
and Kepert 1980, 1981). Other studies are by Muetterties and Wright (1981), Drew
(1977), Lippard and Cotton (1967), Hoard and Silverton (1962), Day and Hoard (1967),
and Burdett et al. (1978). The structures of lanthanide complexes have been reviewed
by Sinha (1976) and Thompson (1979). The coordination polyhedra for the different
coordination numbers are given in table 9. Most of them are however hypothetical or
have been found until now in a very limited number of compounds. The dodecahedron,
square antiprism, tricapped trigonal prism, monocapped square antiprism or structures
derived from these, are most often found. These coordination polyhedra together with the
tetrahedron, trigonal prism, octahedron, cube and icosahedron are shown in figs. 5 and 6.
The lanthanide compounds show a greater diversity in coordination polyhedra than
the d-block transition metals. This is because for transition metals the metal-ligand
bonding shows a considerably covalent character so that the geometry of the coordination
polyhedron is determined to a large extent by the demand for orbital overlap. The orbital
overlap is only favorable in certain directions. In lanthanide compounds the bonding
has a high degree of ionic character. The shape of the coordination polyhedron is
largely determined by the electrostatic repulsion between the ligands around the central
lanthanide ion. If a lanthanide ion is however doped into a crystalline host matrix, the
ion will be forced into a site with geometry which is determined by the crystal lattice
itself.

5.2. Prediction of the coordination polyhedron on basis of electrostatic considerations

Calculations of the most stable geometries on the basis of electrostatic repulsion between
the ligands have been done by Kepert (1965, 1977, 1979) and by Favas and Kepert (1980,
1981). The repulsive energy u; between two ligands i and j is given by Pauling (1960):

Ui = Uo + Up, (72)

where up is the energy due to the Coulombic repulsion. If Z; and Z; are the (effective)
charges of the two ligands, e the elementary charge and d;; the distance between them,
the Coulombic repulsion energy will be equal to

— Z,'Zj€2

Uy d

y (73)
i
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Table 9
Coordination polyhedra for the coordination numbers (CN) 6-12. For each polyhedron the point group is given

Polyhedron Symmetry CN
Octahedron (Oct) Oy 6
Trigonal prism (TP) Dy, 6
Trigonal antiprism (TAP) Dyy 6
Tetragonal bipyramid (TBP) Dy, 6
Capped trigonal prism (CTP) Cy 7
Monocapped octahedron (MO) Gy, 7
End-capped trigonal prism (ETP) Cyy 7
Cube 0, 8
Square prism (SP) D 8
Square antiprism (SAP) Dy 8
Dodecahedron (Dod) Dy 8
Bicapped octahedron (BOct) Cyy 8
Bicapped trigonal prism (BTP) Cyy 8
End-bicapped trigonal prism (EBTP) D, 8
End-bicapped trigonal antiprism (EBTAP) Dy 8
Hexagonal bipyramid (HBP) Dg 8
Tricapped trigonal prism (TTP) Djp 9
Monocapped square antiprism (MSAP) Cyy 9
Bicapped square antiprism (BSAP) Dy 10
Tetracapped trigonal prism (FTP) Cyy 10
Pentagonal antiprism (PAP) Dy 10
Pentagonal prism (PP) Dy, 10
Bicapped square prism (BSP) Dy, 10
Pentacapped trigonal prism (PTP) Dy, 11
Monocapped pentagonal prism (MPP) Cs, 11
Monocapped pentagonal antiprism (MPAP) Cs, 11
[cosahedron I, 12
Cuboctahedron Oy 12
Truncated tetrahedron Ty 12
Hexagonal prism (HP) D¢y 12
Hexagonal antiprism (HAP) Dy 12
Bicapped pentagonal prism (BPP) Dy, 12
Anticuboctahedron Dy, 12

up arises from the repulsion between the outer electrons of the atoms. It is also called
the Born term:

b,jez

. (74)
a

Ug =
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Tricapped Trigonal Monocapped Square Icosahedron |y,

Prism Dy, Antiprism C,,

Fig. 3. Different ligand surroundings in rare-earth compounds. The same perspective and metal-ligand distance
is chosen for all drawings.

where by is a constant and » is some positive number. The value of n must lie between
two extremes: from n=1 corresponding to the Coulombic model, to n=co corresponding
to the interaction between incompressible spheres. Actual values of n are between 6 (for
the lighter elements, with a neon-like filled valence shell) and 12 (for the heavy elements).
The model in which the ligand atoms are considered as incompressible spheres is called
the Hard-Sphere Model (HSM).
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Tetrahedron T, Octahedron O, Trigonal Prism Dy,

Cube O, Dodecahedron D,;,  Square Antiprism D4

Tricapped Trigonal  Monocapped Square Icosahedron I,
Prism Dgy, Antiprism C,,

Fig. 6. Coordination polyhedra for rare-earth compounds. For all the polyhedra, the same perspective and
metal-ligand distance is chosen.

If in a first approximation all metal-ligand distances are set equal to » (e.g. all
ligands are lying on a sphere with radius ») d;; can be calculated and the total repulsive
energy U for identical monodentate ligands can be expressed as

2 e

U=ZuijEX—r—+
iJ

(75)
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X and Y are numerical coefficients and are calculated as a function of the angular
coordinates of the ligands. By minimizing the repulsive energy U, the most favorable
polyhedron (MFP) can be predicted. In general, the angular coordinates for the
HSM (n=00) are calculated somewhat different from those calculated for the MFP. If
for a polyhedron two radial distances r4 and rg can occur, the energy can be further
minimized by allowing the ratio 74/rg to be different from unity.

5.3. General PCEM expressions for the crystal-field parameters

The point charge electrostatic model (PCEM) is the oldest of the additive crystal-field
models. It was introduced by Bethe (1929) and has been described by, e.g. Hutchings
(1964) and Figgis (1966). In an additive crystal-field model, the contributions of each
ligand are taken into account separately. The basic assumption of the PCEM is that the
electric field felt by the central metal ion is generated by negative point charges, which are
situated around the central metal ion according to the symmetry of the site. The negative
charges are placed on the atomic positions of the ligands. The perturbation of the central
metal ion is considered as purely electrostatic, neglecting every covalent contribution.
The expression for the B"(; parameters in the PCEM model does not contain an integral
over the charge distribution, but a summation over discrete point charges situated on the
positions of the ligands:

y k
k= () [ 4m
B =) Zuet g gy T4 O o), (76)
N k
k 2 <r > 4n q q
B = LZI 21 g VT - (- Re Y] (0L, @), (77
il k
Kk 2 () [ 4r
Bi=) 2t gt gy OV IO ). (78)

The Y} are the spherical harmonics. They represent the angular part of the crystal-field
parameter. The coordinates are those from the point charges representing the ligands. N is
the number of ligands. (r*) is the expectation value of the k-th power of the radius of
the lanthanide ion:

(rF) = / ~ R2,(r)r* dr. (79)

For a crude calculation of the crystal-field parameters, the values reported by Freeman
and Watson (1962) or by Freeman and Desclaux (1979) can be used. Ry is the distance
from the central lanthanide ion to the L-th ligand. —Z ;e represents the (effective) charge of
the L-th ligand, multiplication with the electron charge —e gives the factor Z;e?. Although
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the PCEM is only a coarse approximation, it is attractive because of its simplicity and
it has some interesting features. It is helpful in predicting the sign of the crystal-field
parameters. It can be used to reduce the number of adjustable parameters in a fitting
procedure to determine the phenomenological B’; parameters.

The signs of the crystal-field parameters are merely determined by their angular part.
Indeed, the radial part has to be positive. By filling in the angular positions of the
ligands in egs. (76)-(78), one can predict the sign of the B’; crystal-field parameters.
One has to be aware that the choice of the coordination axes will effect the value and
sign of the crystal-field parameters. The conventions of Prather (1961) are therefore
always applied. Only the ions in the first coordination sphere around the central lanthanide
ion are considered, because otherwise the simple relation between the geometry of the
coordination polyhedron and the crystal-field splitting pattern will be lost. For qualitative
predictions this is a good approximation, since the splitting is in agreement with the point
group of the coordination polyhedron. It is remarkable that with such a simple model
good agreement can be reached between experiment and theory for the prediction of the
sign of the crystal-field parameters. Although it is unrealistic to assume the interaction
between the central metal ion and the surrounding anions as purely electrostatic, the
distribution of point charges reflects the symmetry of the crystal field. If one wants
to make quantitative predictions, and especially when the crystal-field parameters are
calculated by ab initio methods, the other ions in the crystal lattice have to be considered
too. This is what is done in lattice sums. And even then the PCEM will give often
no satisfying values for the crystal-field parameters. More sophisticated models have to
be used (Garcia and Faucher 1995). For crystals however, it is sometimes difficult to
determine the nearest neighbors, since some ions can be at a little further distance from the
central metal ion than those in the first coordination sphere and these will also contribute
to the crystal field felt by the lanthanide ion. In fact all ions in the crystal will contribute to
the crystal field, but because of the 1/R*! dependence, ions at a greater distance will be of
much less importance than those closer to the lanthanide ion. Problems may also occur if
an atom is a ligand of more than one metal ion. The sign of the parameters with k=4 and
k=6 are well predicted by the PCEM, taking only the coordination polyhedron around
the lanthanide ion into account. Agreement is less for parameters with k=2, because the
function 1/R? (k =2) decreases much slower than 1/R (k=4) and 1/R” (k=6). The non-
nearest neighbor ions have therefore a greater contribution to the parameters with k=2,
than to those with k=4 and 6. The sign prediction of the B’; crystal-field parameters
for lanthanide ions in different surroundings will be discussed below in this section. The
predicted signs are of great value to check the sign of the parameters obtained by the
fitting procedure. Some sign combinations are impossible or a given sign corresponds to
a coordination polyhedron with angles for the ligands which are physically meaningless.

It is often a good approximation to consider only one distance from the lanthanide ion
to the ligands. If the distances are somewhat different, it is however better to take these
differences into account by choosing a reference distance and relating all other distances
to the reference. The ligands can then be regarded as point charges on a sphere. We
choose the mean distance R as the reference distance. If two distances R; (N ligands)
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and R, (M ligands) have to be considered for the coordination polyhedron (R; <R;), the
radial and angular parts in the PCEM expressions are separated in the following way

(applied to BY):

N k

4
Z R,m s OV Re Y (01, 1)
< k) i (80)
+; Z.e R 2k”( ?Re Y] (0L, ¢r).
Rk+1

Z 2;1”1 ( Rk+1 \/ ( l)q Re Yq (HL, CPL)

Rk+1 (81)

Rk+1 ( I)q Re Yq (6L> (PL)>

Here it is also presumed that the effective charge —Z;e is the same for all ligands.
This presumption was necessary because the effective charges are not known, in
contradistinction to the distances R;. And for many crystalline matrices only one kind
of ligand occurs around the central metal ion (oxygen or halides).

Since the parameters B and B have the same radial part, this radial part will vanish in
the ratio B’q‘/Bg . In this way, it is possible to reduce the number of adjustable parameters
in the fitting procedure to only three: B, Bj and Bj. The other Bf parameters are then
constrained to the ratio which was calculated by applying the PCEM. This is interesting
for trigonal systems. As will be shown in sect. 5.7.2, the B and BS parameters which
represent the trigonal distortion of a hexagonal crystal field do not result in a further
splitting of the levels compared to the hexagonal crystal field, but influence, in the first
place, the composition of the wave functions. It is therefore advisable to hold them in the
PCEM ratios, as long as no additional information, like spectral intensities, is available.
Otherwise these parameters will be only fitting by-products. In general, it will be found
that the ratio B’q‘/Bg found from the case where all crystal-field parameters are adjustable
parameters, are not the same as the ratio calculated by the PCEM. Rajnak and Wybourne
(1964) pointed out that a deviation of the experimental ratio from the predicted ratio is due
to configuration interaction by the crystal field. A disadvantage of the procedure is that the
ligand coordinates have to be known. This is not a great problem for crystalline systems
since the atomic coordinates can be determined by diffraction methods. In crystalline
systems, one has to be aware that if the doping ion has a substantially different radius
than the radius of the ion which will be replaced by the doping ion, a distortion in the
lattice can occur. Then both radial and angular coordinates may change.

PCEM expressions for the B’; crystal-field parameters can be written down for the
different coordination polyhedra. By filling in the angular coordinates calculated for the
HSM or the MFP, one can predict the sign of the B parameters and the B%/B ratios.
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To derive general PCEM expressions it is instructive to consider a coordination
polyhedron as consisting of a prismatic body and a variable number of equatorial and
axial ligands. The only polyhedra which are difficult to describe in this simple scheme
are the dodecahedron and the icosahedron (along the threefold axis). It will be shown
that a dodecahedron can be considered as two interpenetrating tetrahedra. An icosahedron
described along the fivefold axis gives no problems.

The simplest case is one ligand on the positive z-axis (CN=1). The angular position
of the ligand is 8=0°. The point group is C,.y. Three parameters are required to describe
the crystal field: B3, B¢ and BS. The PCEM expressions for these parameters are:

2
.
B = Zez%z, (82)
4
.
By = Zez%sl, (83)
6
-
BS = Ze2<—R—72. (84)

An axial position is the most destabilizing of all angular ligand positions, because
cos  reaches a maximum value for #=0° Ligands on the z-axis have the largest
contribution to the crystal-field parameters.

The PCEM expressions for two ligands on the z-axis (CN = 2) are analogous to the case
of one axial ligand because of the additivity of the contributions to the PCEM expressions
of the crystal-field parameters. The point group of a ligand arrangement with two ligands
on the z-axis is Doopn. A crystal field with D, is described by the same parameters as a
Coov Symmetry (B2, B, BS). The values of the parameters in a system with two ligands on
the z-axis are twice the values of the parameters in the case of one ligand on the z-axis.

r2
B3 = 2Ze2<~R;32, (85)
4
.
By = ZZeziRT>, (86)
6
gy =222 (37)

All crystal-field parameters have a positive sign in both Coy and Deop.

The simplest coordination polyhedron with CN=3 is an equilateral triangle, situated
in the equatorial plane; the point group is D3y The y-axis is parallel to the twofold axis
and the x-axis is perpendicular to it, so that the x-, y- and z-axes form a right-handed
coordination system. The (8, @) coordinates for the three ligands are (90°, 90°), (90°, 210°)
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and (90°, 330°). The non-zero parameters are B3, By, BS and BS. The PCEM expressions
for this case are:

2
=222 (38)
9,2
B = §Ze2—R5—, (89)
15, (r°
BS = _EZ‘ART)' (90)
3v/231 6
B = ——32—Ze2<;—7>. 91)

It is clear that the crystal-field parameters do not have the same sign. B and Bg
are positive, B} is negative. It is possible to generalize the PCEM expressions of the
B% parameters for planar coordination polyhedra with a coordination number larger than 3.
The number of B’; parameters with g =0 will of course be symmetry-dependent. All these

planar polyhedra have a D,;, symmetry. The Bf parameters are:

2
B = —fZezﬂ

t2e L, ©2)

Bé = —8'262}75—, (93)
6 — 2

By = g2 R7 : (94)

Specific for a Dy, symmetry (CN=4), a B} and a B parameter are present. The
angular (0, @) coordinates for the ligands are (90°45°), (90°,135°), (90° 225° and
(90°,335°). One can derive the following PCEM expressions:

V35, L ()
Rl

BS = 2] Ze 2<r6>

4__4\/—

A rotation of the x- and y-axes over 45° around the z-axis will change the sign of the B}
and Bg parameters. The ligand coordinates are then (90°, 0°), (90°,90°), (90°, 180°) and
(90°,270°). This also results in an interchanging of the T; and T’y symmetry labels. Every
other rotation in the xy-plane will result in non-zero B’} and B’§ parameters.

By combining the PCEM expressions for axial and equatorial ligands, one can build
PCEM expressions for pyramids (C,,) and bipyramids (D,;,). In this model the lanthanide

By =~ (95)

(96)
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ion is situated in the base plane of the pyramid. This is a very exotic case since for normal
pyramidal arrangements the central metal ion is placed in the center of the pyramid.
However, one can imagine a hypothetical case in which one axial ligand has been removed
from a bipyramid, leaving a pyramid. For the bipyramids, the model can give an adequate
description. We consider here only one metal-ligand distance. An increase of a radial
distance results in a decrease of the crystal-field parameters. Based on the additivity
principle the following PCEM expressions are found for the bipyramids:

)y
B =28 (23] ©7
_ 2 [ 3
Bg—zez—és— _2+§ , (98)
o -
s 72 0) [, 5
By =2e' _2 1 6], (99)

with n the number of equatorial ligands.

The signs of the crystal-field parameters can be predicted. B3 is positive for a trigonal
bipyramid, zero for a tetragonal bipyramid (with one metal-ligand distance) and positive
for all other bipyramids (pentagonal bipyramid, hexagonal bipyramid, ...). B} is always
positive. BS is positive for all bipyramids with n < 6, otherwise it is negative.

A next step is the study of the prismatic (D) and antiprismatic (D,q4) coordination
polyhedra. The simplest prismatic polyhedron is the trigonal prism (D3, CN=6) and
the simplest antiprismatic polyhedron is the tetragonal disphenoid (D4, CN=4). The
tetrahedron is a special case of this tetragonal disphenoid. The PCEM expression for the
B2, B} and BS parameters are:

5= mze ) (3cos 0 1) (100)
0 R3 H

4_m 2<r4> 4 2

B} = ZZe a (35c0s* 8 —30cos” 0+3), (101)
6_ M 2<r6> 6 4 2

BO-——EZe F(Blccs 6 —315cos” 6 + 105¢cos” 6 - 5), (102)

where m is the number of ligands in the base plane of the prism.
By combining the expressions for axial, equatorial and prismatic ligands, one can derive
the general PCEM expressions for the B2, B} and BS crystal-field parameters:

2
B%):Ze2<1:—3> [p—g+m(300520—1)], (103)

4
Bé=Ze2<—;5—> [p+3§n+%(3500540—30c0520+3)}, (104)
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<r6> 5Sn m
Bg=Ze2—R7— p——1—6+§(23100560—315cos49+10500520—5) , (105)

where
p, mnumber of axial ligands (1 or 2);
n, number of equatorial ligands;

m, number of ligands in base plane of prism (% total ligands in prism).

By applying these formulas it is easy to write down PCEM expressions for every
polyhedron which can be thought of as being composed of prismatic, axial and equatorial
ligands. Examples are the tricapped trigonal prism (p=0, n=3, m=3), monocapped
square antiprism (p=1, n=0, m=4), bicapped pentagonal antiprism (p=2, n=0, m=5),

. One may however not forget that these expressions are valid for only one radial
distance. For the prismatic polyhedra it is assumed that if the ligands of the top plane are
found at 6, the ligands of the base plane are situated at 180 — 6°. In reality, this condition is
often not fulfilled for monocapped prismatic or antiprismatic polyhedra (C,, symmetry).

For the B’; parameters with g = 0 the PCEM expressions have to be derived by filling
in the ligand coordinates and summing over all ligands. These parameters depend on the
choice of the x- and y-axes, as already mentioned. Notice that axial ligands only have
contributions to g= 0 parameters, because in all expressions for the B’qc parameters with
g =0 a sin 0 dependence is found and sin0°=0.

Using egs. (103)<(105) it is possible to determine the §-values for which the B3, B}
and BS parameters will become equal to zero. Thus B3 =0 if

p-g+m(3cos20—1) =0, (106)
thus
1 1/2
cos 0= (l—é;np—jL—n> , (107)
or
2m—2p+n\"?
0 = arccos (—m——6—mu> . (108)

The symbols m, n and p have been defined above.
If p=n=0, the coordination polyhedron is a simple prism. The zero-condition for the
B2 parameter is

0= arccos\/; = 54.74°. (109)

This formula has a general validity, this means that for a trigonal, tetragonal, pentagonal,
hexagonal, ..., prism or antiprism B} =0 if §=54.74°. This angle will be met again below,
and will be named the “cubic angle”.
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Table 10
Predicted sign for the B crystal-field parameters in some selected geometries®

Polyhedron B} B® B} Bie  B§¢ BS BSe BS
Octahedron' 0 + 0 + + 0 - 0
Cube' 0 - 0 - + 0 - 0
Square prism (SP), prolate® + - 0 - + 0 - 0
Square prism (SP), oblate® - - 0 - + 0 - 0
Square antiprism (SAP) - - 0 0 + 0 0 0
Dodecahedron (Dod) + - 0 - - 0 - 0
Tricapped trigonal prism (TTP) + - 0 0 - 0 0 -
Monocapped square antiprism (MSAP) - - 0 + + 0 - 0
Icosahedron®? 0 0 0 0 - - 0 +

* The sign is calculated by filling in the angular coordinates of the HSM in the PCEM expressions. Only one
radial distance is considered. The coordination numbers and point symmetry groups can be found in table 9.
A zero means that the parameter is not present in the symmetry in question.

b B¢ will be negative for 30.56° <6 <70.12°.

¢ B} will be negative for all angles 6.

4 BS will be positive if 8 <21.2° or 48.6° <8 <76.2°.

° BS is negative if 8 <76.2°.

f The fourfold rotation axis is chosen as the quantization axis.

¢ The most stable SP is the cube. Therefore a difference is made between an oblate and prolate SP.

" The trifold rotation axis is chosen as the quantization axis.

The signs of the BE parameters for different coordination polyhedra are predicted within
the PCEM formalism. The angular coordinates are those for the HSM given by Kepert
(1977, 1979) and by Favas and Kepert (1980, 1981). The results are summarized in
table 10.

5.4. Influence of distortions on the crystal-field parameters

Crystal-field parameters which describe the distortion of an ideal coordination polyhedron
with a high site symmetry towards a lower symmetry, will be small if the distortion
is small. This is the basis of the “descent of symmetry” method for finding starting
values for the parameters. In many cases the simulation of an energy level scheme has
been successful by using a higher symmetry than the real one, so that fewer parameters
are required. This is very advantageous, since most lanthanide systems have only a low
site symmetry at the place of the rare-earth ion. Typical examples are the approximation
of the real S, symmetry of the scheelite-type crystals by a Dpy symmetry (Gorller-
Walrand et al. 1993b, Huang et al. 1984, Brown et al. 1969, Jenssen et al. 1975, da Gama
et al. 1981b), the C3, symmetry of the ethylsulphates by Ds, (Urland 1979) and the
C; symmetry of the double nitrates by a Cs, symmetry (Tinsley 1963, Gorller-Walrand
et al. 1992). Monoclinic and triclinic site symmetries are often approximated by the
orthorhombic C,, symmetry (Brecher 1974), because this is the point group with the
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highest symmetry for which no crystal-field degeneracy exists (for systems with an
even number of f electrons). C,, has the advantage that only real parameters have to
be considered. For instance, the C, symmetry of LaF; has been approximated by a
Cyy symmetry (Carnall et al. 1989).

In the “descent of symmetry” method the small parameters describing the distortion
are set equal to zero, so that the system is approximated by a higher symmetry. Only
as the parameters of this higher symmetry have been refined, additional parameters are
included to account for the symmetry lowering. Although the crystal-field splitting can be
described in a higher symmetry, it is necessary for the calculation of transition intensities
to consider the point group of low symmetry.

The Bf parameters only depend on the B-coordinates, whereas the Bf; parameters
{g = 0) depend on both the 8- and @-coordinates (Binnemans and Gérller-Walrand 1995a).
Distortions which only change the g-coordinates of the ligands, will have no influence
on the parameters. Distortions which incorporate a change of the #-coordinates, will
change all parameters. Distortion schemes with no influence on the B parameters are:
D — D, — Dyg, Byp — Cppy Dag — S4 and C,,y — C,,. Distortions which will change
all parameters are: D, — C,y and D,;, — C,. These distortions, except Daqg — S4, can
be illustrated by means of a tricapped trigonal prism (TTP). A TTP has CN=9 and a
Dsy symmetry. It is composed of a trigonal prism and three equatorial ligands. A D3y, —
D3 — Djq4 distortion corresponds to a @-rotation of the base and top of the prism until the
TTP has been transformed into a tricapped trigonal antiprism (D34). By a ¢@-rotation of the
equatorial triangle of the TTP, the D3, symmetry will be lowered to Csp. A C3y symmetry
can be achieved by lifting the three equatorial ligands out of the equatorial plane over
the same f-angle. An additional ¢-rotation of the triangle formed by these three ligands,
will lower the symmetry to Cs. A D3;, — Cs distortion is a combination of a D3, — Csy
distortion and a C;, — C; distortion. All these distortions can be seen as a subgroup
decomposition of the D3y, point group (Koster et al. 1963). The symmetry lowering of
D4 to S4 in a dodecahedron is a g-distortion which destroys the o4 mirror plane. If the
symmetry of the rare-earth site is lowered, there is not only a change of the crystal-field
parameters present in the higher symmetry, additional parameters will also occur.

5.5. Detailed discussion of coordination polyhedra

5.5.1. Octahedron (CN =)

Although the octahedron is frequently found as a coordination polyhedron in transition
metal complexes, it is much less common for lanthanides, because of their large ionic
radii. A well known example for lanthanides in an octahedral surrounding is the elpasolite
structure, Cs;NaRClg (Morrison et al. 1980a, Tanner et al. 1994b). Another example is
ThO, (Hubert et al. 1993). If the fourfold rotation axis is chosen as the main axis, the
crystal field in an octahedron will be described by the parameters Bg, Bf, BS, and BS. The
reason why no B} parameter is present in a Oy, symmetry is because the contributions of
each ligand to this parameter will cancel each other (the sum of the contributions is zero).
The coordination axes coincide with the fourfold rotation axes. The angular coordinates
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Table 11
Angular coordinates (8,, ¢;) for the ligands in an octahedron (O,) with regard to the fourfold and threefold
rotation axes

i Fourfold axis®® Threefold axis®"

0; () @ () 0, () @ ()
1 0 - 54.74 120
2 180 - 54.74 240
3 90 0 54,74 0
4 90 90 125.26 60
S 90 180 125.26 180
6 90 270 125.26 300

* If a fourfold rotation axis is chosen as the quantization axis (z-axis), the x- and y-axes will coincide with the
other fourfold axes. If a threefold rotation axis is chosen as the z-axis, the y-axis will be in the direction of a
twofold rotation axis and the x-axis is perpendicular to it.

b 54.74°=0, 4 125.26°=180°— O ;.

=

58

Fig. 7. Polar coordinates (0, ¢).

of the ligands are given in table 11. The conventions for measuring the polar coordinates
are given in fig. 7.
The expressions for the crystal-field parameters in the PCEM formalism are:

7,00
Bg = —2‘Z€2—R~5—, (110)
VD ()
Bi = '—4—Z€2—R—5—, (111)
6
BS = %Zez%, (112)

BS = Ze? L. (113)
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There are only two independent parameters in an Oy, symmetry (B and B§). B and B
are restricted by the ratios B3/B; and BS/BS:

B )2 114
BV e
B 7

B_ T 115
%3 (115)

These ratios are the “cubic ratios” and are also reported by Morrison and Leavitt (1982)
and by Caro (1976). The ratios reported by Prather (1961) are a factor v/2 larger, because
his operators are also tesseral harmonics. Both B} and B will be positive.

An alternative description of the octahedral crystal field is possible by choosing the
threefold rotation axis as the quantization axis (z-axis). The angular coordinates for the
ligands according to the threefold rotation axis can also be found in table 11. The y-axis
coincides with the twofold rotation axis and the x-axis is perpendicular to both the y-
and z-axis, forming a right-handed coordinate system. 8 is restricted to the cubic angle

Oeubic = arccos(l/ \/§> = 54.74° (54°44"). The crystal field is described by the parameters
B3, B, B, BS, BS. The PCEM expressions are:

—%Z 2<RZ>, (116)
Bt = \/3—7—Ze <R—> (117)
B = gz&%, (118)
By = ‘/lz?z 2<Ri>, (119)
B = 18 2<;> (120)

Only the Bj and the B are independent parameters, since the B3/B¢, BS/BS, BS/BS ratios
are symmetry restricted.

B 10

B __ 10 (121)
B! 7

BS /210

BS 24 (122
0

B¢ /231

BS 24 (123)

Figure 8 shows an octahedron with the fourfold rotation axis as the quantization axis and
an octahedron with the threefold rotation axis as the quantization axis.
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Fig. 8. Octahedron (O,).

5.5.2. Tetrahedron (CN =4)

The tetrahedron (Tg4) is considered here only theoretically, since CN=4 is too low for
lanthanide systems. But it is interesting to compare both octahedron, cube and tetrahedron.
The fourfold inversion axis or the threefold rotation axis can be chosen as z-axis. The
angular coordinates are given in table 12. The PCEM expressions for the parameters with
regard to the fourfold rotation axis are:

B} = ~%4Ze2%2, (124)
B} ~@Ze2<~;—>, (125)
BS = gzezg, (126)
BS = —5\9/——61_4Ze2<;—i>. (127)

B3/B§ and BS/BS are restricted to the cubic ratios. The Bf parameters for the tetrahedron
can be related to those for the octahedron:

4

B; (tetrahedron) = ~§B;‘ (octahedron), (128)
6 = 226 (octahed 129
B, (tetrahedron) = ﬁBq (octahedron). (129)

Compare eq. (128) with the well known relation Aetrahedron = —gA(,ctahedmn for transition
metal complexes (A=10Dq). Equations (128) and (129) can be used to derive the
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Table 12
Angular coordinates (8;, ®;) for the ligands in a tetrahedron (T,) with respect to the fourfold inversion axis
and the threefold axis

i With respect to S, axis® With respect to C, axis®

6, () @ 8, @ ()
1 54.74 315 0 0
2 54.74 135 109.48 120
3 125.26 45 109.48 0
4 125.26 225 109.48 240

2 5474°= ecubic; 109.48°= 2ei:ubic‘

Fig. 9. Tetrahedron (Ty).

expressions for the crystal-field parameters in a tetrahedron with the threefold rotation
axis as quantization axis from the expressions of those for the octahedron. The parameters
are in the cubic ratios (eqs. 132—134). It should be noted that both Prather (1961) and
Caro (1976) report wrong values for these ratios in a tetrahedron along the threefold axis.
In fig. 9, a tetrahedron is shown for both the choices of the quantization axis (fourfold
and threefold).

5.5.3. Cube (CN=§)

Until now no systems are known where the coordination polyhedron around the lanthanide
ion is a perfect cube. This is mainly due to the unfavorable electrostatic interaction or
steric repulsion in such an arrangement of ligands. Among the 5f compounds there are
however some examples of complexes with a nearly cubic geometry: (EtsN)s[UNCS)s]
(Countryman and McDonald 1971) and U(bpy)s (Del Piero et al. 1975). The cube is
attractive from theoretical viewpoint, because of its high symmetry and because many
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Table 13
Angular coordinates (6,, ¢;) for the ligands in a cube (O,). The fourfold rotation axis is chosen as the
quantization axis

; 0; (°)* @ )
1 54,74 45
2 54.74 135
3 54.74 225
4 54,74 315
5 125.26 45
6 125.26 135
7 125.26 225
8 125.26 315

2 Opypie = 54.74° (01 54°44').

coordination polyhedra for systems with CN=38 can be considered as originating from a
distorted cube. The coordinate axes coincide with the fourfold rotation axes. Since in a
cube the directions x, y and z are equivalent, the labels x, y and z can be interchanged.
The angular coordinates of the ligands in a cube can be found in table 13.

Because the octahedron and cube have the same symmetry (Oy), the crystal field
generated inside a cube is described by the same crystal-field parameters as the octahedron
(B2, B4, B and BS). The actual PCEM expressions for the parameters will be different,
because of the difference in coordination number:

4

Bj = _?gzg%, (130)
4

B} :_Z_@Zez%z, (131)

16 <r6>

BS = ?Zez—m—, (132)
6

BS = ——1—12——Zez<—r—>. (133)

For a cube, one also has to consider only two independent parameters B¢ and BS. B and
BS are testricted by the cubic ratios for Bj/B{ and B§/Bj as in the octahedron.

In a cube the B} parameter is negative and the BS is positive (in the octahedron both
parameters are positive). It is possible to discriminate between an octahedron (CN=6)
and a cube (CN=8) in a cubic symmetry on the basis of the sign of the B} parameters.
Bj will be in general larger than B§. This may give the impression that the fourth-rank
parameters will dominate in coordination polyhedra with CN=8.
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The cube can be seen as composed of two interpenetrating tetrahedra. Therefore
Bf (cube) = 2B} (tetrahedron). (134)

The relation between the B’; of the octahedron and those of the cube are:
B* (cub =SB4(thd ) 135
4 {cube) ~§qocaeron, (135)

64
BY (cube) = —36 (octahedron). (136)

In principle, the crystal field generated inside a cubic arrangement of ligands can also
be described with the threefold rotation axis as the quantization axis, but that is not
advantageous.

5.5.4. Cuboctahedron (CN=12)

A cuboctahedron (Oy) can be obtained by truncating either an octahedron or a cube.
It contains the eight equilateral triangular faces of the octahedron and the six square
faces of a cube. All vertices are identical and all edge lengths are equal to the metal—
ligand bond length. The angle between two adjacent metal-ligand bonds is 60°. Favas
and Kepert (1981) have shown that the cuboctahedron is less stable than the icosahedron,
which will be discussed in sect. 5.5.6. The cuboctahedron with CN=12 is however
the coordination polyhedron around the spheres in a cubic closest packing. Since the
cuboctahedron has Oy symmetry, the crystal field can be described with the fourfold or
the threefold rotation axis as the quantization axis. The ligand coordinates are given in
table 14. A cuboctahedron is illustrated in fig. 10.

The PCEM expressions for the fourfold axis as the quantization axis are:

7,2
B = —ZZeZF, (137)
V70, 5 (%)
Bj=~Tze2—Rs-, (138)
6_ 39,,(r%)
By =—1eZe =, (139)
6
B = —23—7—Ze2@. (140)

‘' 16v14

The y-axis is chosen to coincide with a fourfold axis and not a twofold axis. The cubic
ratios are found for B}/B} and BS/B§. The cuboctahedron can be considered as a special
case of the tetracapped square prism, namely one for which B3 =0 (6=45°).
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Table 14
Angular coordinates (6;, ¢;) for the ligands in a cuboctahedron (O,) with respect to a fourfold and threefold
rotation axis

i Fourfold axis Threefold axis

6, (° @; ) 0, ()° @ )
1 45 0 35.26 120
2 45 90 90 150
3 45 180 90 210
4 45 270 35.26 240
5 135 0 90 30
6 135 90 144.74 60
7 135 180 144.74 300
8 135 270 90 330
9 90 315 3526 0
10 90 45 90 90
11 90 135 144.74 180
12 90 225 90 270

*35.26°=90°~ 6.

Fig. 10. Cuboctahedron (Oy).

If the threefold rotation axis is chosen as the quantization axis, the PCEM expressions
are:

4

5= 122, (141)
4

B} = —ﬁﬁzéﬁ—> (142)
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13, ,(r®
o _ 2
By = m?Ze = (143)
13v210_ , (r%)
6 2
B = 28t (144)

13+/231 ro
B = —%Z&%. (145)
Once again, it can be shown that Bj/Bj, B$/BS and BS/BS are in the cubic ratios. By
rotating the upper triangle over 60° with regard to the lower triangle, the cuboctahedron
will be transformed into an anticuboctahedron (Dsy). The anticuboctahedron is the
coordination polyhedron found around the spheres in a hexagonal closest packing. As
long as 6=35.26°, the six square side faces will remain and B3=0. A O-distortion will
transform the square faces in trapezia, but the D3, symmetry will be preserved.
The parameters describing the crystal field in a cuboctahedron can be related to those
of an octahedron:

1
Bg (cuboctahedron) = _EBg (octahedron), (146)

13
BS (cuboctahedron) = —ZBS (octahedron). (147)

5.5.5. Tetrakishexadron (CN=14)

The tetrakishexadron (Oy) can be consideréd as the combination of a cube and an
octahedron. The coordination number is 14. Every face of the original cube is transformed
into a tetragonal pyramid, so that the total number of faces is 24. The tetrakishexadron is
thus a hexacapped cube (fig. 11). We consider only one radial distance, so that the points
of the cube and the octahedron are lying on one sphere. Different tetrakishexadra are
possible, the general formula is {0k} (in Miller-indices). The coordinates of the ligands
are the same as those of the cube and the octahedron together. Both the fourfold or the
threefold rotation axis can be chosen as the quantization axis.

For the fourfold rotation axis, the PCEM expressions are:

7,20

4 2

= __Zpgt) L

Bo =132 (148)
V70, ()

Bi=1—z2 L

1= g% (149)

6 _ 273 ,{r°

e (150)

Bf{= 637 Zez——~<r6>.
36414 R

(151)
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Fig. 11. Tetrakishexadron (Oy).

The cubic ratios are found for B}/Bj and BS/BS. The PCEM expression are simply the
sum of those of the cube and the octahedron.

. 1
B; (tetrakishexahedron) = §B3 (octahedron), (152)

91
BS (tetrakishexahedron) = EBS (octahedron). (147)

With the aid of these relations and the expressions for the crystal-field parameters of the
octahedron, it is easy to build the PCEM expressions for the tetrakishexadron along the
threefold rotation axis.

5.5.6. Icosahedron (CN=12)
The icosahedron (I symmetry) is composed of 20 identical equilateral triangles. All
12 vertices are identical and linked to 5 other vertices. Since the icosahedron possesses
a fivefold rotation axis, it is not compatible with the crystallographic space groups. So
only distorted icosahedra can occur in real crystals.

Theoretical studies of lanthanide ions in an icosahedral symmetry can be found in Judd
(1957) and Golding et al. (1985). The angle o between two adjacent metal-ligand bonds
is (Favas and Kepert 1981)

cos 72°

——— ) = 63.43° 5
1—cos72") ’ (134)

O = arccos (

For the description of the crystal field both the fivefold and the threefold rotation axis
can be chosen as the quantization axis (fig. 12). The angular coordinates for a lanthanide
complex with icosahedral symmetry are given in table 15. The simplest description is
along the fivefold axis. The icosahedron can then be considered as a special case of a
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Fig. 12. Icosahedron (1).

Table 15

Angular coordinates (6;, ¢,) for the ligands in an icosahedron (I;,)*

207

Fivefold axis

Threefold axis

0, () @ () 0 () e O

1 0 - 3738 180
2 180 - 142.62 0
3 63.43 36 37.38 60
4 63.43 108 79.19 120
5 63.43 180 100.81 180
6 63.43 252 79.19 240
7 63.43 324 37.38 300
8 116.57 0 79.19 0
9 116.57 72 100.81 60
10 116.57 144 142.42 120
1 116.57 216 142.62 240
12 116.57 288 100.81 300

# Both the fivefold and threefold rotation axis can be chosen as the quantization axis.

bicapped pentagonal antiprism (Ds4). Because 8 =63.43°, both the second and fourth-rank
parameters will be equal to zero. The icosahedral crystal-field is described by the sixth-
rank crystal-field parameters only. Levels for which J <3 cannot be split by the I crystal
field. The PCEM expressions for the BS and BS parameters are:

Ze

2<r6>

R’

(155)
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1277, 5 (r®
=—§~‘é—Ze2<—RT>. (156)

BS
There is only one independent parameter, since the two parameters are restricted to the
icosahedral ratio:

B |7

]—3—(6; V1T (157)
It is more advantageous to choose a threefold rotation axis as the quantization axis than a
fivefold axis, because it is useful for understanding distortion schemes like I;, — Cs, —
C3, which are found in the rare-earth double nitrates R;M3(NQO3);5-24H,0 (R=Ce-Eu;
M=Mg, Zn). Although the real site symmetry is Cs, it is very close to I,. The symmetry
can be lowered from I, to Csy by a distortion of the 8 coordinates. A further symmetry
lowering to Cj is possible by taking a distortion of the ¢ coordinates into account. Three
crystal-field parameters have to be taken into account (B, BS and BS). The icosahedral
ratios are in this case (Judd 1957, Wybourne 1965):

B§’_\/7
B V3 (158)

B¢ 14
Bg _ 14 159
BVl (159)

If the coordination polyhedron approximates the icosahedron, the crystal-field parameters
of rank k=2 and k=4 will be small. The parameters with k=6 will be almost in the
icosahedral ratio. By observing that in the rare-earth double nitrates the B5/BS and BS/B
ratios are close to the icosahedral ratios, Judd (1957) concluded that the coordination
polyhedron of these compounds can be considered as a slightly distorted icosahedron. It
is remarkable that Judd came to this result, before the structure of the double nitrates was
solved by X-ray diffraction. For Eu,Zn3(NOs);2-24H,0 (Gorller-Walrand et al. 1992) the
B3/BS and BY/BS ratios are 1.492 and —1.097, respectively (fitting in a Cs, symmetry).
Compare these values to the ratios predicted for the ideal icosahedron: 1.527 and —0.921.

5.5.7. Square prism — square antiprism (CN=8§)

The tetragonal prism or square prism (SP) is the simplest coordination polyhedron with
tetragonal symmetry. The point group is Day. The angular coordinates of the ligands in a
tetragonal prism (CN = 8) are the same as for the cube, except that 8 is now not restricted
to Beupic- There is thus a degree of freedom for the angular coordinates. The radial distance
from the ligand to the central metal ion is the same for all ligands. If 8 = 8. (54.74°), the
square prism will be transformed into a cube. According to the HSM and MFP, the cube is
the most stable form of a square prism. If the square prism is compressed (8 > Oqypic), one
speaks of an oblate square prism. If it is elongated (8 < Ocuic), it is called a prolate square
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Angular coordinates (8;, ;) for the ligands in a distorted square prism (CN=8) with D, symmetry®

Table 16

209

i 9, () 9 ()
1 0 45+ ¢
2 6 135+¢
3 6 25+¢
4 6 315+¢
5 1808 45—¢
6 180—6 135—¢
7 1806 225~¢
8 180—-6 315-¢

2 ¢ is the distortion angle. If ¢=0, the symmetry will be D,, (square prism) and if ¢=22.5° the symmetry
will be D,y (square antiprism). For 6=54.74° and ¢ =0, the coordinates of the cube are obtained. According

to the hard-sphere model, the most stable square antiprism is predicted for =59.2°.

Fig. 13. Distortion of a cube (Oy) (left) towards a square antiprism (D,,) (right).

prism. An angular twist of the top with regard to the base will lower the symmetry
to D4. Notice that in fact the top is twisted over an angle +¢ and the base over an
angle —¢ with respect to the D4, SP. The total distortion angle is therefore 2¢. This
way of presenting the problem is necessary, because the twofold rotation axis has to stay
parallel to the y-axis. The angular coordinates for the distorted square prism can be found
in table 16. After a 45° twist the coordination polyhedron will however be the highly
symmetric Archimedean antiprism (Dyg), which is also called square antiprism (SAP).
The distortion of a cube to a square antiprism is shown in fig. 13. In the HSM, the most
stable SAP is found for §=259.2°. The angles for the different » values in the MFP are
9=55.9°(n=1), 9=57.1° (n=6) and 0=57.9° (n=12). The decrease of @ for the MFP
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compared to the HSM corresponds to an elongation along the eightfold inversion axis.
In the distortion scheme the same 0 value is taken for both SP and SAP, although for
the two geometries the 6 values for the most stable polyhedra are different. The Dy, —
D4 — Duy distortion scheme has been considered also by Korol’kov and Makhanek
(1972, 1977). A D4q symmetry is not compatible with the crystallographic space groups,
because it shows in fact an octagonal (eightfold) symmetry. In crystalline systems, only
a subgroup of Dyy can be present. The coordination polyhedron around Y** in KY3F g
(Pierce and Hong 1974) is for instance a distorted square antiprism (Cg4,). Couture and
Le Paillier-Malécot (1984) pointed out that the crystal field at the rare-earth ion site in the
monoclinic hexahydrated trichlorides RCl3-6H,0 (C, symmetry) can be approximated by
a Dy4g symmetry. This method has been applied in the interpretation of the spectrum of
ErCl3-6H,0 (Couture and Rajnak 1984). A square antiprism with D4y symmetry can be
found however in molecular complexes. Symmetry lowering from Dyy, to its subgroups Dy,
Dy, C4, Cyv, Dyg and Sy has been discussed in some detail by Lempicki et al. (1968).
Note that D,4 is the point group of a dodecahedron and will be discussed below. Sy is
the symmetry of a distorted dodecahedron.

The crystal-field splitting in a tetragonal symmetry is described by the parameters B2,
B}, B3, BS and BS. These parameters are thus the same as for a cubic symmetry, except
that there is an additional parameter, B3. The expressions for the crystal-field parameters
according to the PCEM are

)

B} =Ze? = L4 (3cos’0-1), (160)
()

By =ze* L 5 (35cos* 0~ 30cos” 0+3), (161)
V0, () .

B = m—z—Zez—Rs——sm‘* 0 cos 49, (162)

621 z@ 60 _ 4 20

B§ 2Ze 7 (231cos® 0 —315cos* 0+ 105cos” - 5) (163)

6
B} =~ 2Lz <———>sm *6 (11 cos* 8- 1) cos4g. (164)

2V/14

These expressions are valid for a D4y symmetry. Dy, and Duy are then special cases:
¢=0 for Dgy, and 2¢=45° for Day. The B} parameter will be zero for 6= 0.y (54.74°)
and positive for 0 < Ocypic. This means that the sign of the B3 can be used to make
predictions about the shape of the coordination polyhedron. A positive sign for B3 is an
indication that the tetragonal prism is prolate (8 < O;.), a negative sign is an indication
for oblateness (8 > O.ypic). If the tetragonal prism is nearly a cube, B3 will be small. In this
sense, the absolute value of the B3 parameter is a measure for the tetragonal distortion of a
cube. If the symmetry is lowered further to orthorhombic, the B parameters will be in the
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Fig. 14. Angular §-dependence of the Bf crystal-field parameters in a D, symmetry.

same sense a measure of the orthorhombic distortion. The Bj parameter will be negative
for 30.6° < 8 < 70.1°. Since the @ values for most real structures will be in this range, it
is expected that the By parameters for systems with a Dy, or derived symmetries will be
negative. The B parameter will be positive if 6 <21.2° or 48.6° <6 <76.2°. The angular
dependence of the Bf parameters is visualized in fig. 14. The B; and B parameters will
reach a maximum absolute value for a D4, symmetry. Their values are reduced by a
distortion to a D, symmetry and will vanish for a Dyq symmetry.

The crystal-field splitting by a square antiprism (Daq) is described by only three
parameters (B, Bj and BY). Due to the absence of parameters with g =0, there will be
no off-diagonal matrix elements in the crystal-field energy matrix. States with a different
M value cannot be mixed by the crystal-field Hamiltonian and M will remain a good
quantum number for all 251 L; levels. If 0= 0.y, the crystal field is described by no
more than two crystal-field parameters (B} and BS). This polyhedron can thus be formed
from a cube by a 45° rotation of one square face relative to the parallel one.

Other coordination polyhedra with Du, symmetry are the tetragonal bipyramid
(CN=6), which can be scen as a distortion of the octahedron, and the bicapped square
prism (CN=10). The tetragonal bipyramid is not discussed here, because an angular
distortion cannot lower the symmetry to Dy4. The distortion scheme of a bicapped square
prism (BSP, Da4y) to a bicapped square antiprism (BSAP, Dy4q) is analogue to the one
described above. The PCEM expressions for the Bj and BS parameters will be exactly the
same as for the SP-SAP distortion scheme, since axial ligands do not have an influence on
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Fig. 15. Square antiprism (D,,) (left) and monocapped square antiprism (C,,) (right).

B’; parameters with ¢ = 0. The expressions for the B3, B} and BS parameters are somewhat
different.

Adding only one axial ligand to a square antiprism will result in a monocapped square
antiprism (MSAP). The CN is 9 and the symmetry Cg4,. For the most stable MSAP
04 =70.1° and Og=125.7° in the hard sphere model. Two 6 values are necessary to
describe the structure. Because of the axial ligand, the (capped) square top face is larger
than the square bottom face. Examples of rare-earth systems with a MSAP coordination
polyhedron are the oxyhalogenides ROX (R=La, Y, Gd and X=ClI, Br, I) (Hdls4 and
Porcher 1981, 1982a). A square antiprism and a monocapped square antiprism are shown
in fig. 15.

5.5.8. Dodecahedron (CN=23§)

A dodecahedron (CN=8) forms the coordination polyhedron for many lanthanide
systems. In crystalline systems the ideal dodecahedron (D,g) is found for the zircon
structure (¢.g. YPO,4 and YVQy,), while a slightly distorted dodecahedron (S,) is observed
in scheelite-type matrices (e.g. CaWQO, and LiYF,;). A dodecahedron can be derived
from a cube. As already mentioned, a cube can be considered as composed of two
interpenetrating tetrahedra. By compressing one tetrahedron along the S axis and
elongating the other, the dodecahedron will be formed (fig. 16). The dodecahedron
has 12 trigonal faces. There are two degrees of freedom for the angular coordinates
and also two degrees of freedom for the radial coordinates, although the latter is not
necessary. The choice of the coordinate system together with the ligand numbering
is given in fig. 17. The x and y axes coincide with the twofold rotation axes of the
dodecahedron. The coordinates of the ligands can be found in table 17. Only one radial
distance is considered. If the ions are approximated by hard spheres and R,/Rp =1, the
shape characteristics for the ideal dodecahedron are 6, =36.9° and 6 = 69.5° (Favas and
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Fig. 16. Distortion of a cube towards a dodecahedron. The dodecahedron is considered as composed of two
interpenetrating tetrahedra.

~

LI

Fig. 17. Choice of the coordinate axes in a
dodecahedron (D,y).

Kepert 1980). If 64 is larger than the ideal value and fy smaller, the dodecahedron

is oblate, otherwise it is prolate. According to Hoard and Silverton (1962), the values
for the most favorable dodecahedron are 64 =35.2° and 85 =73.5°, with R5/Rg=1.03.

For molecular complexes, 8,4 and 8g arc in the ranges 34.3°48.6° and 73.7°-88.2°,
respectively (Drew 1977). In crystalline systems 84 can be as low as 30° and Ra/Rp up to
1.08 (Linares et al. 1977). The dodecahedron which is defined here, may not be confused
with the regular geometric dodecahedron, which is composed of 12 pentagonal faces and
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Table 17
Coordinates (R;, 8;, ;) for the ligands in a dodecahedron (D,4)*

i R; 0; () ? ()
1 Ry N 45
2 Ry Oy 135
3 R, 6, 225
4 Ry Oy 315
5 Ry 1806, 45
6 R, 1808, 135
7 Ry 180~ 6, 225
8 Ry 180-0, 315

® The ratio R,/Ry is between 1.0 and 1.1. For the most favorable dodecahedron: 8, =35.2°, 8;=73.5° and
R,/Rg=1.03.

has icosahedral (Iy) symmetry. Another dodecahedron is the rhombic dodecahedron of
the cubic crystal system.

Since a dodecahedron possesses a tetragonal symmetry, the crystal-field splitting will be
described by the parameters B3, Bj, B and BS. The formal expressions of the parameters
in an additive model are:

2
B = Ze2—<—1%—>-2 (3 cos® B + 3 cos® O — 2), (165)
4
1
By = Zez%s—>§ (35cos® B + 35 cos* B — 30 cos” O —30cos® Op +6) , (166)
4
B = —Zez%—s—z——\/‘? (sin4 04 +sin* 0g) (167)

6
BS = Ze2—<L—>% (231cos® Ba + 231cos® Op — 315¢c0s* B4 — 315c0s* O

R (168)

+ 105¢cos® 64 + 105cos” O — 10),

6 %) 21 2 4 2
B{=-Ze (sin* B (11 cos® B4 — 1) +sin* O (11cos’ B — 1)) . (169)

R 414

If 64 =06R, the expressions will be the same as for Dy, symmetry. Bg s zero

if 64 = arccos [(2 -3 cos’ 0s) /3] Y2 This relation is only valid if the two radial
coordinates are the same. Since for most dodecahedra 65 < Ocupic, I8 > Ocwic and
(Ba + 0p)/2 2 Boupic, it is difficult to predict the sign of the B% parameter, especially when
the two radial coordinates are somewhat different. But it seems to be a rule of thumb that
B% is positive if (Ba + Op)/2 & Oeupic- This is illustrated in table 18 for Eu?* in different
zircon-type host matrices. The angular coordinates and B3 crystal-field parameters are



RATIONALIZATION OF CRYSTAL-FIELD PARAMETRIZATION 215

Table 18
Sign prediction for the Bf crystal-field parameter for Eu** in zircon-type host matrices (D,, symmetry)®

Compound R,/Ry B, (® 65 (®) %(9A+9,,) ©) B
Predicted sign Exp. value (cm™)

YPO, 1.03 3022 76.33 53.28 + +300
LuPO, 1.04 3095 76.53 53.74 + +200
YVO, 1.06 32.83 78.10 55.47 - -110
LuVO, 1.07 33.18 78.18 55.68 - =212
GdVO, 1.05 3245 77.89 55.17 - -66
YAsO, 1.05 31.88 77.80 54.84 - ~122
LuAsO, 1.06 3227 78.03 55.15 - =212
GdAsO, 1.04 3144 77.72 54.58 - -24

® Coordinates and experimental B} values from Linarés et al. (1977).

those reported by Linares et al. (1977). The values of the parameters were converted to
our formalism. All signs are predicted correctly. Small values for B2 are found if the
mean of the two angles is nearly equal to the cubic angle. The Bj sign inversion of Eu**
in YVO, and YPO, was also observed by Brecher et al. (1967, 1968) and interpreted in
terms of oblate and prolate dodecahedra. But speaking of the oblateness or prolateness of
a dodecahedron could give the suggestion that both the tetrahedra are compressed (oblate)
or elongated (prolate) relative to their position in the cube. In fact, one tetrahedron
is elongated and the other is compressed. A positive sign for the B} parameter is an
indication that one tetrahedron has been compressed to a larger extent than the other
tetrahedron has been elongated. If the coordinates are filled in eq. (165), the signs of the
B3 parameter for some compounds are calculated incorrectly.

For the other B’; one can predict that B} will be negative if both 6, and 05 are between
31.9° and 68.4°. Bg will be negative if 21.2° < 4 <48.6° and Og > 76°. In intermediate
cases where only one of the two conditions are fulfilled, predictions about the sign are
difficult to make. The same is true for the sign of the BS parameter, although for most
realistic angles, BS is negative. The sign of the B} however is restricted by symmetry and
has to be negative in a Dyg symmetry for our choice of the coordinate axes. For the ideal
dodecahedron (84 =36.9°, 85=69.5° and R,/Rg=1), all B’; parameters, except the B2,
will be negative.

5.5.9. Tricapped trigonal prism and related polyhedra (CN =9)

The tricapped trigonal prism TTP (CN=9) is one of the most frequently observed coor-

dination polyhedra for lanthanide systems, although not often in its full Dy, symmetry.
When top and base of the TTP are twisted relative to each other over a distortion

angle 2¢, the symmetry will be lowered to D;. D3 molecules are optically active (because

the sixfold inversion axis of the D1y, has been destroyed). Two enantiomorphic forms are
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Table 19
Coordinates (R;, 8;, ;) for the ligands in a distorted tricapped trigonal prism (D;)?

! R 0, () @ ()
2 R, 0 210+¢
3 R, 0 330+¢
4 R, 1806 90-9¢
5 R, 180-0 210-¢
6 R, 180-0 330-¢
7 Ry 90 30

8 Ry 90 150

9 Ry 90 270

2 ¢ is the distortion angle. For the tricapped trigonal prism TTP (D,,) ¢=0°. For the most favorable polyhedra,
0, is around 45° and the ratio R,/Rjy is between 1.0 and 1.1.

possible, depending on the sign of the distortion angle 2¢. If ¢=30°, the symmetry will
be Dygy. In a hexagonal D3j, symmetry, the crystal field is described by the parameters B2,
B}, BS and BS. By lowering the symmetry to D3 two additional parameters will appear:
B3 and BS. These two parameters can be scen as a measure for the distortion angle ¢. The
sign of the parameters will be opposite for the two enantiomers. A MCD study of the
Dsp, — Ds distortion in EuODA can be found in L. Fluyt et al. (1994). The Dsj, symmetry
is lowered to Cj, if the three capping ligands are removed out of the equatorial plane,
but all in the same direction and with the same distortion angle ¢. D3y, is on the other
hand lowered to Cs;, if the equatorial triangle with the three capping ligands is twisted
over an angle ¢ with regard to the base and the top of the prism. A combined effect of
the Cs, and Csy, distortions will result in a C3 symmetry (see also sect. 5.4).

The coordinates of the ligands in a distorted TTP can be found in table 19 and the
choice of the coordination axis in fig. 18. According to the HSM, 6=41.8°. The 0 value
for the MFP is however larger: 8=45.3° (n=1), 6=44.7° (n=6) and 6=43.9° (n=12).
If the ratio Rg/Ry is allowed to vary, the 6 value will increase further and Rg/Rs will be
between 1.0 and 1.1. R, represents the distance between the central metal ion and the
ligands of the prism (top and base), Rg is the distance between the metal ion and the
equatorial ligands.

The PCEM expressions for the tricapped trigonal prism are:

2 9

B} =Ze2<—R—325 (2c0s* 6-1), (170)
4

Bg=Ze2-<;%Z% (70 cos* 8~ 60 cos” 8 +9), (171
4

B = Ze2<;—5> i‘g—ﬁsixﬁ 0 cos 8'sin 3¢, (172)
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XV

Fig. 18. Choice of the coordinate axes in a tricapped trigonal prism TTP (D,,,) and trigenal prism TP (D,).

6
B = Ze2%7—>13—6 (462 cos® § — 630 cos* 6 + 210 cos? § - 15) , (173)
6 /
BS Z2< >3 10 in® 6 (11 cos’® @ — 3 cos 8) sin 3 ¢, (174)
B} —Z2< >3'23 (2sin® B cos6g+ 1) (175)

R

Only one radial distance is considered. The B} parameter will be zero for 6=45° For
the HSM a positive sign is predicted. This is also true for the MFP (n=6 and n=12).
For the MFP (n=1) a negative sign is predicted for B3 (§=45.3°). One can therefore
expect a small B3 parameter for an ion in a nine-coordination with a TTP as coordination
polyhedron. Exceptions can occur if the ratio Rg/R, is substantially different from unity
or if the symmetry is lowered by a distortion. For Eu(C,HsS0,)3-9H,0 64 =44.5° and
Rp/Ra=0.92 (Kuroda et al. 1981). The B3 parameter for Eu*" in this crystal is 168 cm™
{(Ohaka and Kato 1983). For Na;[Eu(ODA)3]-2NaClO4-6H,0 8, =46.1° and R,/Rz =0.96
(Kuroda et al. 1981). Here the value for the parameter is 41 cm™ (Berry et al. 1988). The
sign of B3 for EuODA is only predicted correctly if the two distances R, and Rp are taken
into account.

It can be checked that the zero B3 condition for a TP (CN=6) is given by 6= Opic.
So one would therefore predict a small value for Bf) if 0=~ 0qpic. But, for Ev®* in
GdAL;(BOs)s 60=54.2° (Kuroda et al. 1981) and B3 has a large value (530 cm™) (Gérller-
Walrand et al. 1994). A possible explanation is that the six coordinating oxygens (which
belong to the borate groups) cannot shield the large lanthanide ion effectively from its
environment. The ions in the crystal lattice which are not the nearest neighbors of the
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lanthanide ion will therefore have important contributions to the B3. The crystal field gen-
erated by the ligands in the first coordination polyhedron is in this case not a good approxi-
mation for the crystal-field perturbation which is felt by the lanthanide ion. The structure
of GdAl;(BOs)4 (Gorller-Walrand et al. 1988) can be seen as layers of borate groups.
The positive ions (Gd** and Al3', together with the Eu** ions as dopants) are situated
between these layers. The electron density at the equatorial positions is not high, which
explains a poor shielding of the more distant ions. Note the difference with the elpasolite
matrix Cs;NaRClg (Morrison et al. 1980a). Here the CN =6 also. Based on the octahedral
arrangement of the chloride ions in the first coordination sphere a zero value for B is pre-
dicted. This is proved experimentally. The elpasolite matrix is cubic so that the contribu-
tions to the B parameter of the ions outside the first coordination will also sum to zero.

The effect of an addition of an axial or equatorial ligand to a trigonal prism will be
reflected in the crystal-field parameters. Axial ligands will increase the B} parameter. The
effect of additional equatorial ligands is a decrease of the B} parameter.

For a TTP, B} will be negative if 35.8° < 6 < 63.9°. According to the HSM and MFP,
B} is expected to be negative. The signs of B} and BS will, as already mentioned, depend
on the configuration of the optical isomers. With our choice of the coordinate axes, a
negative sign is predicted for both the Bf and B parameters. It has to be noticed that most
BS parameters reported in the literature for systems with a tricapped trigonal prism as the
coordination polyhedron have a negative sign. This corresponds to a coordinate system
which has been rotated over +30° in the xy-plane, relative to our coordinate system.

The effect of an addition of an axial or equatorial ligand to a trigonal prism will
be reflected in the crystal-field parameters. Axial ligands will increase the B2 and
B} parameters and decrease the B parameter. The effect of additional equatorial ligands
is an increase of the B§ parameter and a decrease of the B2 and B§ parameters.

If in a D3y symmetry with CN=6 and 0=0.y (54.74°), one has in fact an
octahedron (Oy). For a cubic symmetry, the B2 parameter will of course vanish. The
octahedron (Oy,) can thus be seen as a special case of a trigonal antiprism (Dsq). A trigonal
prism and a tricapped trigonal prism are illustrated in fig. 19.

Caro et al. (1977a) have investigated the correlation between the magnitude of the
crystal-field parameters and the local surrounding of the lanthanide ion. They came to
the conclusion that the experimental values of the crystal-field parameters depend mostly
on the coordination number (CN) of the lanthanide ion. The shape of the coordination
polyhedron and not the site symmetry determines the magnitude of the crystal-field
parameters. They stated that for CN >9, the parameters of rank k=6 are large, for
CN=9, all parameters are small, for CN <9 such as 8, 7 and 6, first the parameters
of rank k=4, than the parameters of rank £ =2 increase. These rules are however only
valid in certain cases. For instance the crystal-field parameters for systems with CN=9
are small if the coordination polyhedron around the lanthanide ion is a tricapped trigonal
prism, but are large if the coordination polyhedron is a monocapped square antiprism
(Binnemans and Gorller-Walrand 1995b). The fact that the crystal-field parameters are
small for a tricapped trigonal prism seems to be a rule (Binnemans and Gérller-Walrand
1996a). The lanthanide crystal-field parameters are far more complex. The magnitude of
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Fig. 19. Trigonal prism (Dy;) (left) and tricapped trigonal prism (Dy;) (right).

the parameters is not only a function of the shape of the coordination polyhedron, the
parameter values depend also strongly on the ligand—central ion distance, on the nature
of the ligands itself, on the bonding characteristics, ... The shape of the coordination
polyhedron cannot be used to predict the value of the crystal-field parameters, it can be
used on the other hand to predict the signs of the parameters (see sect. 5.3).

5.6. Advantages and disadvantages of the use of the Eu** ion in crystal-field studies

Every lanthanide ion can be used in principle to investigate the crystal-field interaction
at the rare-carth ion site in a particular host matrix. For some ions, more transitions
will be observed in the energy region which is studied by optical spectroscopy
(near infrared/visible/ultraviolet) than for others. Not all lanthanide ions however are
suitable as probe for the site symmetry around the central metal ion, especially if one
wants to study distortions of an ideal high symmetric coordination polyhedron. Systems
with an odd number of f electrons (Nd**, Sm**, .. .) are out of the question, because for
a symmetry lower than cubic every *5*1L, level will be split in J + 1/2 crystal-field levels.
All crystal-field levels will be doubly degenerate in the absence of an external magnetic
field (Kramers’ degeneracy). A progressive lowering of the site symmetry will thus not
result in a progressive removal of the 2.J + 1 fold degeneracy of the 257!, level.
The best choice for a “crystal-field probe” is the Eu** ion, for the following reasons:
(1) The ground state "Fy is non-degenerate. This simplifies the interpretation of the
spectra to a great extent. The "Fy state will transform as the total symmetric repre-
sentation I'; of the point group. If the weak Dy « "Fj transition (ca. 17250 cm™)
can be observed (in C;, C,, and C,,y symmetries), it will be possible to determine the
number of non-equivalent sites in the host matrix. For each site only one transition
is expected.
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(2) 1L, levels with small J values can be found in the spectral region which can
be studied by optical spectroscopy. These levels are interesting, because there is
a straightforward relation between the crystal-field splitting and the crystal-field
parameters (especially for /=1 and 2). In this case, the crystal-field parameters
can be deduced directly from experiment.

(3) The different ./ levels in the energetic low-lying ’F and 3D terms are well separated
from each other. There is no overlap between crystal-field levels belonging to
different J states.

Especially the "F, levels are very suitable to be used in a crystal-field study, because
of the extra advantage that the reduced matrix elements have large values. Moreover, the
"F, states can still be described rather well in a Russell-Saunders basis (Ofelt 1963), in
contrast to the levels at high energy. The °D; states are less suitable than the "F, because
of their small value for the reduced matrix elements. Moune and Caro (1989) pointed out
that the crystal-field splittings of the *D levels are often difficult to fit, especially when
a large basis set is used. But the *D; levels have on the other hand the advantage that
they can be observed in the absorption spectrum. Most ’F; levels can be detected only
in the luminescence spectrum. The typical features of the Dy — ’F, transitions in the
luminescence spectrum of Eu?* have been discussed by Biinzli (1989). The "Fg level
(ca. 5000cm™) can be observed in the near infrared absorption spectrum, if the host
crystal is a rigid matrix. Otherwise overtones of the ligand vibrations prevent or hinder
the detection of the weak 4f—4f transitions. In hydrated crystals, it will be difficult to
record crystal-field transitions to the "Fg level. In the optical absorption spectra at room
temperature, one can observe transitions starting from ’Fy, and in crystals with a high
Eu’t concentration even transitions starting from the ’F, level can be observed (Gérller-
Walrand et al. 1994). The magnitude of the crystal-field splitting of the "F; multiplet can
be determined from the *Dy «— F, transition (ca. 16900 cm™). The absolute energetic
position of the crystal-field levels of "F; can be found from this transition only if the
position of the Dy level is known from the *Dg « ’Fy transition. If the latter position
cannot be detected (symmetry forbidden in some point groups), the energetic positions
of the "F; level have to be determined from the SD; « ’F; transition (ca. 18650 cm™).
The crystal-field levels of the D; multiplet can be determined by the magnetic dipole
transition °D; — "Fy (ca. 19000 cm™). The °D, « ’Fj transition (ca. 21450cm™") and
the D, «— F; transition (ca. 21 100 cm™) are useful for the determination of the crystal-
field levels of the D, multiplet. The former is an induced electric dipole transition,
whereas the latter is allowed by the selection rules of both magnetic and induced
electric dipole transitions. In most cases, the crystal-field levels of the D; level can
only be probed by the D3 « ’F) transition (ca. 24 000 cm™). The D3 « "F, transition
(ca. 24350 cm™) is forbidden by the selection rules for induced electric dipole transitions
(Judd 1962, Ofelt 1962), because |AJ| = 3. The latter transition is only found for crystals
with a strong crystal field (e.g. the rare-earth garnets), where J-mixing is important. The
5D, level is also interesting for crystal-field studies. The Dy « "Fy transition is found at
ca. 27 600cm™" and the Dy « 7F; transition at ca. 27250 cm '. The knowledge of the
energetic position of the L multiplet (ca. 25 100 cm™!) is important for the determination
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Table 20
Free-ion levels of Eu’* between 0 and 40000cm™, calculated with the mean free<ion parameters for Eu**

(table 5)
Wy, Eg. (cm™) WL Ee (cm™)
F, 0 3P, 32790
'F, 379 °F, 33055
F, 1043 5F, 33092
F, 1896 ’F, 33366
F, 2869 SE, 33513
F, 3912 5F, 34040
Fq 4992 *1, 34057
5D, 17227 i 34388
D, 18973 51, 34966
°D, 21445 T, 35429
D, 24335 *1, 35453
5L, 25125 5K, 36168
5L, 26177 K, 37320
G, 26269 P, 38132
G, 26493 K, 38247
5G, 26611 5G, 38616
5Gy, 7G, 26642 5Ky 38667
5L, 27095 K, 38780
D, 27583 G, 39143
L, 27844 K, 39518
SLig 28341 3G, 39726
Ji 30870
°H, 31070
H, 31292
SHy, °H, 31511

of the free-ion parameter « (Gorller-Walrand et al. 1994). The *Lg « "Fj transition is the
most intense transition in the ultraviolet-visible spectrum of Eu®*. Only the spin-allowed
transition ’F¢ « Fq in the infrared can be more intense.

A disadvantage of Eu’* is the low intensity of transitions to °D,; (¢ <1mol™' Lem™),
which require relatively high doping concentrations of the single crystals (a few %).
Another disadvantage is its tendency to be reduced to Eu?*. The allowed f-d transitions of
Eu”* have a much higher intensity than the forbidden f-f transitions of Eu**. There will
be, even at a low Eu?" concentration, such a strong absorption in the blue and ultraviolet
region that no 4f” levels above °D; can be observed.

The references with experimental data for Eu** doped into crystalline host matrices
are summarized in table 1. The mean free-ion parameters of Eu** (table 6) were used to
calculate the free-ion levels between 0 and 40 000 cm™! (table 20). The density of states
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above 25000 cm™! is high. In practice, only the crystal-field levels of the multiplets 7F,
D, and *L can be assigned without detailed energy-level calculations. Only a few studies
report transitions to other multiplets (Berry et al. 1988, Gérller-Walrand et al. 1993b).
Although a large number of crystal-field levels is calculated in the 25000-40 000 cm™
region, a rather small number of transitions will be observed in the spectrum. The reason
is that most other transitions do not obey the selection rules for induced electric dipole
transitions ( |AJ| = 2, 4 or 6 for transitions starting from "Fy).

5.7. Splitting of multiplets with small J-values

571. J=1

The observed number of crystal-field levels in a /=1 level ('F; and °D;) gives an
indication for the symmetry class of the rare-earth ion site. This is especially useful
for polycrystalline samples. A J =1 level will not be split in a cubic crystal field. The
threefold degeneracy remains, It will be split in two levels (a non-degenerate and a twofold
degenerate crystal-field level) in the presence of a hexagonal, trigonal or tetragonal crystal
field. An orthorhombic, monoclinic or triclinic crystal field will remove all crystal-field
degeneracies and three crystal-field levels can be observed. In this way it is possible
to detect distortions in the crystal lattice at the rare-earth ion site. The 7F; and °D,
levels are suitable for this, because normally all crystal-field levels of these multiplets
can be observed experimentally. This is in general not the case for multiplets with a
larger J value for which some crystal-field levels are often experimentally missed, due
to the low intensities of the transition which has to be used to locate them. Binnemans
and Gorller-Walrand (1995b) have related small crystal-field splittings of the 'F; and
D, manifolds to the structure of the coordination polyhedron.

The sign of the second-rank (k=2) crystal-field parameters can be determined from
the splitting pattern of the 'F; and °D; multiplets, after assignment of the crystal-
field levels. For a hexagonal, trigonal and tetragonal symmetry, only the B parameter
has to be considered. If the non-degenerate level |0) is at a higher energy than the
twofold degenerate level |+1), the sign of the B3 parameter is positive. There is a linear
relationship between the magnitude of the B2 parameter and the total splitting of the
7F; level, so that it is possible to determine this parameter directly from experiment.
The linear relationship is less distinct for the °Dj, because of the small crystal-field
splitting due to the small value of the reduced matrix element U?. A larger relative error
in the determination of the crystal-field splitting, will result in a larger uncertainty for the
B? parameter. The total splitting of the "F; and the °Dy levels of Eu?* in different host
crystals (trigonal symmetry or higher) together with the corresponding B2 parameters are
given in table 21. A least-squares fitting gave a non-zero intercept, due to the errors on
the crystal-field parameters: |B3| = 447AE ("F;) —44.41. The regression coefficient is
0.99792 (see fig. 20). Since a zero intercept is expected in the absence of a crystal field
(free-ion case), an alternative least-squares fitting has been done by forcing the straight
line to go through the origin: | B3| = 4.04AE (F;).
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Total crystal-field splitting AE (cm™) of the 'F; and °D, multiplets for Eu** in different host crystals®

Table 21

223

Compound AE ('F) AE (°D)) B} (cm™)  Refs.

Cs,NaEuCl 0 0 0 Schwartz (1975)

GdAsO, 0 0 -12 Linareés et al. (1977)

LaOF 3 0 -1 Holsé and Kestild (1995b)
GdOF 3 4 -3 Holsd and Kestild (1995b)
YOF 10 3 —-28 Holsd and Kestild (1995b)
EuODA 18 4 41 Berry et al. (1988)

GdvO, 18 2 —-66 Linareés et al. (1977)

La,0,S 26 7 106 Sovers and Yoshioka (1969)
YAsO, 27 6 ~122 Linares et al. (1977)
Gd,0,8 33 8 91 Sovers and Yoshioka (1969)
Y,0,S 38 8 101 Sovers and Yoshioka (1969)
Ew(C,H;50,);-9H,0 39 4 168 Ohaka and Kato (1983)
YVO, 42 9 -122 Brecher et al. (1967)
Lu,0,8 46 6 114 Sovers and Yoshioka (1969)
Eu,Zn,(NO;),-24H,0 49 11 146 Gorller-Walrand et al. (1992)
LaCl, 50 8 178 DeShazer and Dieke (1963)
Eu(Br05);-9H,0 52 8 202 Hasunuma et al. (1984)
Na;Eu(WO,), 53 16 180 Huang et al. (1984)

LuAsO, 58 10 ~212 Linares et al. (1977)
NagEu(MoO,), 60 18 200 Huang et al. (1984)

LuPO, 61 15 200 Linares et al. (1977)

Luvo, 74 14 -212 Linares et al. (1977)

LiYF, 96 22 349 Gérller-Walrand et al. (1993b)
YPO, 97 21 293 Brecher et al. (1968)
Eu(OH), 101 18 422 Cone and Faulhaber (1971)
GdAL(BO;), 130 30 530 Gorller-Walrand et al. (1994)
YAL(BO,), 130 36 493 Gorller-Walrand et al. (1988)
KY,Fy, 133 32 ~551 Porcher and Caro (1976)
YOCI 192 42 ~813 Holsd and Porcher (1981)
GdOCl 218 48 -907 Hols and Porcher (1981)
YOBr 225 53 -964 Holsd and Porcher (1982a)
GdOBr 251 6l —-1098 Holsa and Porcher (1982a)
LaOCl 290 75 —-1281 Holsd and Porcher (1981)
LaOl 338 g1 —-1482 Holsd and Porcher (1982a)
LaOBr 346 83 -1499 Holsa and Porcher (1982a)

® The splittings are proportional to the B} parameter. Systems with orthorhombic or lower symmetry are not
considered, because an addititional B2 parameter is required to describe the crystal-field splitting. The absolute
values of the splittings are given. The sign of the B3 is determined by the relative position of the degenerate and
the non-degenerate crystal-ficld level. Entries are given in the order of increasing splitting of the ’F, level.
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Fig. 20. Correlation between the splitting of the ’F, level in Eu** and the absolute value of the B2 crystal-field
parameter,

These rules can be proved by diagonalization of the crystal-field energy matrix within a
J =1 multiplet. The matrix elements can be calculated using the method described above.
The reduced matrix elements are left unspecified, because we want to consider a general
case. The non-zero matrix elements are Hy; = H_,_; = —-‘/: UPBS and Hy = 2‘1/51—4?723(2).
There are no off-diagonal matrix elements. Dlagonahzatlon of the matrix is therefore very
easy and will give the following eigenvalues (energies):

Epyy =Epyy = ~——U"Bj, (176)

Ejg) = U232 (177)

From these relations it is directly clear that if the B parameter is positive, the |0) level
will be at a higher energy than the degenerate |+1). T? is positive for both ’F; and °D;.

The total crystal-field splitting of the J =1 multiplet is %EUZB%. After inserting a value
for the reduced matrix element, the total splitting can be calculated. The barycenter of
the crystal-field level is the same as the free-ion level. This will be in general true for
each calculation in an intermediate coupling scheme, but not when J mixing is considered
(Gorller-Walrand et al. 1994).
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In an orthorhombic, monoclinic or triclinic symmetry the twofold degeneracy of the
level is removed and this further splitting is described by an additional parameter, B2.
By applying the PCEM model, the relation between the B and the B2 parameter can
be calculated. Now the energy matrix will contain two non-diagonal matrix elements,
Hi =H_1= vl U232 After diagonalization, one can find the following energy

Tz
levels:
2
Ejp) = ‘/~U2B (178)
V14, 2, 7\/_—2
By = —z VB Y U*B3, (179)

V14

_ 2 12
E|*1,1)+ = TU BO

7v2,

7

5 \/_U B3 (180)
|-1,1) is an abbreviation for —’ﬁ (-1) + [+1)) and |-1,1)" for \/Li (|-1) = |+1)). These
relations are valid within the usual Condorn—Shortley phase convention. M does not remain
a good quantum number. Since the orthorhombic C,, symmetry is often used as an
approximation for monoclinic and triclinic symmetries, we will discuss this case. The
symmetry labels for the wave functions in a C,, symmetry are I's for |0}, I'; for |-1,1)"
and Ty for |~1,1)". T, and I'y correlate with the twofold degenerate representations in
hexagonal, trigonal or tetragonal symmetry. The sign of the B} parameter determines the
relative position of the I'; level with respect to the barycenter of the I'; and I'y levels. If
B3 is positive, the T3 level will be at a higher energy. The magnitude of the B} parameter
is proportional to the difference in energy between the I'; level and the barycenter of the
T, and Ty levels. The sign of the B2 parameter determines the relative position of the I,
and T’y levels. The T, level will be at a higher energy than the Ty level, if B3 is positive.
The magnitude of that parameter is proportional to the energy difference between the I',
and I'y levels. Moreover, the I'; and the I'4 level will have the same relative position in
both the 7F; and the °D; multiplet. One has to be careful when applying these rules,
since they will not be valid if the C, axis is not parallel with the main crystal axis. In
that case one has to work with rotated coordinate systems. A typical example is Eu®* in
the tysonite structure (LaF3) (Gorller-Walrand 1993).

For symmetries lower than orthorhombic, no further crystal-field splitting will be
observed, since all crystal-field splitting is already removed. The additional parameters
will have an influence on the calculated energy levels, but this change could also be taken
into account by the two parameters B3 and BZ. It is indeed perfectly possible to describe
the two energy differences between the three crystal-field levels by only two parameters.
For the calculation of the spectral intensities the additional parameters are required to
modify the crystal-field wave functions. In a C,; symmetry for instance, every wave
function of the *D; multiplet is a linear combination of the |0), |+1) and |~1) functions.
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Table 22
Matrix elements for the J =2 levels of Eu**

22 2 14
Hey = : frm;z \/_U“B“ Hy,=H. = %U"B‘
V2
H,=H_, = 3 \/_UZBZ—TU4B4 H2_1=H,21=3-\/‘/;U“B4
“2v2_, 1 v .
Hpy=H,,= —=U0B+—=UB H,=H_,=—2=T'B
22 -2-2 5\/— 0 \/5—5 0 12 1-2 3\/—
572. J=2

The J =2 levels of interest in Eu** are ’F, and °D,. The crystal-field splitting of these
levels is in first approximation described by the second- and fourth-rank parameters
(k=2 and 4) only. The different matrix elements can be found in table 22. The J =2 levels
are split in a cubic environment (Oy) in the same way as the d orbitals of the transition
metals, namely in a twofold degenerate (E, or I'}) and a threefold degenerate (T, or
T:) level. As described above (sects. 5.5.1 and 5.7.1), the B} parameter will be absent
in a cubic symmetry. The crystal field is described by the parameters Bj, Bf, BS and BS,
but one has to take the cubic ratios B§/Bj and BS/B§ into account (see sect. 5.5). After
diagonalization of the energy matrix, one can find the following eigenvalues:

2
\/ggU“BO, (181)

4
E(Tag) = W U*Bl. (182)

The E, level of °D;, will be found at a higher energy than the T, level, if the Bj parameter

is positive (because T s positive). This is the case for an octahedron. Experimental
evidence is given by Eu*" in the elpasolite matrix Cs;NaEuCls (Schwartz 1975). For
a cube, the B} parameter is negative and the relative position of the two levels is
E(Ty,) > E(E,). If ’F, is considered, the situation is reversed, because T* is negative.
Although the crystal-field splitting of the J=1 levels is the same for both hexagonal,
trigonal and tetragonal crystal fields, the splitting of the J =2 levels will be different
in each of those symmetries The simplest case is the hexagonal crystal field (g =6),
for which only the B3 and Bjj parameters have to be considered. Since there are no off-
diagonal matrix elements states with a different M quantum number will not be mixed.
There are two degenerate levels (|+:1) and |£2)) and one non-degenerate level (|0)). After
diagonalization of the energy matrix, one finds the following energy levels:

2\/5—2 2 2 e
SYITPBE + —==TBE, 183
53 0 4/55 (183)

E(Eg) =

Eypy =
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V2
Epny = 5 5 UBs - 3\/—U“B (184)
2‘/—_232 U*B;. (185)

B =5 A \/_

Since the position of the levels is a function of two parameters, no simple relationship
can be deduced for the relative position of the crystal-field levels. If B2 is accidentally
equal to zero, an equal spacing will be found between the three levels. The degenerate
|£2) level will be at the intermediate position in all cases. Because one can determine
the B2 parameter from the splitting of a J =1 level, the experimental position of two of
the three crystal-field levels in the J =2 level is in theory sufficient to determine Bj. The
position of the crystal-field levels in the octagonal Ds4g symmetry (¢=38), is the same as in
the hexagonal crystal field, due to the absence of non-zero off-diagonal matrix elements.
In a tetragonal symmetry (g =4), non-zero off-diagonal matrix elements are found be-
tween the (+2| and the |-2) states, so these states will be mixed by the tetragonal crystal-
field Hamiltonian. The two wave functions have the form [2,-2)" = % (|-2) + |+2)) and

2,-2)" = ﬁ (|-2) ~ |+2)). The behavior of the |0) and |+1) levels will be the same
as in the hexagonal field. In a tetragonal crystal field, a J=2 level is split into three

non-degenerate and one twofold degenerate crystal-field level. After diagonalization, the
following relations are found for the energy levels:

ﬁl()):%\gUsz \/_U434’ (186)
Ejgpyy = ?\%UZ% - 3{%(—}43“ (187)
E|2=2>+:~§—?UQ i3 \/__U“B“ 3\\//:(1434 (188)
Ep2y —3—\/277235 ——U'B} - ‘/—U“B“ (189)

3\/* 3V11

B} can be determined directly from the splitting between the £ 2,-2)+ and the Ep _5)- level,

since the energy difference between the two levels is equal to ;—\/—‘/%U“Bi. The sign of

the B} parameter determines the relative position of the two levels. The sign of the
B% parameter will change if the x- and y-axes are rotated over =45° around the z-axis.
In a trigonal symmetry (¢=3), the crystal-field Hamiltonian will mix |+1) into |-2)
and |-1) into |+2). One degenerate level will have mainly a |+1) character and the other
will be mainly [£2). Compared to the hexagonal crystal fields, there is no further splitting
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of the J =2 levels. The non-diagonal matrix elements are H_j, = H,_, = —%U“Bg and
Hoy=H, = E%U"'Bg. The corresponding energies are:

ol 2
Ejg) = 2v2 U'B; + —=U"By, (190)

5v3 V55

(Hu +H22)+\/(H11 +Hyf —4(HypHyy — HioH )

Epnay = Epgy =

2 3
(191)

(Hu+Hn)- \/(Hn +Hy) —4(HypHy —Hy2H )

Epay =By = 5 :
(192)

According to McGlynn et al. (1972), the wave functions for the mixed |+1,-2) and
|-1,+2) states can be written in trigonometric form. The mixing of two states ¥, and
Wy can be described as:

|W_)=sina|¥a)—cosa|¥sp), (193)
|W,)=cosa|W,)+sina|Wg). (194)
with tan2a = 2H sp/ (H aa — Hig), where Haa and Hpp are diagonal matrix elements,

and Hp is a non-diagonal matrix element. The mixing parameter « is restricted to
45° < @ < 135° The D, wave functions except |0) are therefore:

[+1, =2) =sina|+1) —cosa|-2), (195)
|+1, =2)" =cosa [+1) +sina|-2), (196)
[-1, 42) =sina|-1) ~cosa|+2), (197)
-1, +2)" = cosa |-1) +sin a |[+2), (198)
and
2H, 2H-
tan2a = 2= 2 (199)

Hy-H,, Hy1-Hyp

|+1, =2)" and |1, +2)" are degenerate. The same is true for |+1, =2)” and |-1,+2)".

It 1s not easy to extract the Bf] parameters for trigonal crystal fields directly from
experimental data. It is therefore advisable to restrict B3/B} to the PCEM ratio. If
all the crystal-field levels of the J =2 multiplet are known, so that the experimental
barycenter can be obtained, it is possible to determine the Bf parameter by the shift of
the |0) state from the barycenter. The B} parameter can be extracted from the splitting
of aJ=1 level.
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For lower symmetries it is in general not possible to extract the B; parameters directly
from experiment, because of the large number of non-diagonal matrix elements. If g=2,
there will be a mixing of the |0} state with the |+2) and |-2) levels on one side and the
|-1) and |+1) levels on the other. A fitting procedure is then required.

573.J>2

The above rules for an extraction of the BZ crystal-field parameters directly from
experimental data cannot be applied for most symmetries to J levels for which J > 2,
because of the presence of a large number of off-diagonal matrix elements. Every level
is in this case a function of at least three parameters. It is more difficult to determine the
B% parameters than the second- or fourth-rank parameters. One can first determine the
B§ parameter and subsequeritly the BS parameters (¢ # 0). In the end both Bf and BS are
varied in order to remove discrepancies. An alternative approach is to restrict BS/BS to
the PCEM ratio, because in this way only one sixth-rank parameter will remain.

5.8. The Eu’" ion as probe for point group determination

By making use of the selection rules for induced electric dipole (ED) and magnetic
dipole (ED) transitions (see Appendix 5), it is in principle possible to discriminate
between the different point groups. This has been explored by several authors, like Sinha
and Butter (1969). These authors determined the symmetry of europium complexes, but
their symmetry discriminating table contains unfortunately many errors. Biinzli {1989)
has discussed the use of the °Dy; — ’F, luminescent transitions of Eu’* for the point
group determination of complexes in solution. He gave ED and MD selection rules
for the Dy — "F, transitions (/ =0 to J =4) of Eu*" in numerous point groups, both
centrosymmetric and non-centrosymmetric. Polarization is not taken into account.

We have developed a procedure to determine the point group of the lanthanide site on
the basis of selected transitions in the absorption spectrum of the Eu** ion doped into the
system under study. The method can be applied also to the luminescence spectrum, so
that it is usable in different circumstances. Only the 18 non-cubic crystallographic point
groups, which have no center of inversion, are taken into account: Ds, Cq,, Cg, Dsp, Csp,
Cav, Cs3, D3, D4, Cay, Cs, S4, Dag, Dy, Cay, C;, Cs and Cy. The centrosymmetric point
groups are not considered, because in this case induced electric dipole transitions cannot
gain intensity by mixing of configurations of opposite parity in the 4f” configuration by
the odd part of the crystal-field potential. Electric dipole transitions can here occur only
by vibronic coupling. The cubic point groups with no center of inversion (O, T4 and T)
are not found for lanthanide systems.

The most interesting transitions in the Eu’* absorption spectrum are: SDg «- 7Fg,
Dy « "Fy, °Dy + "Fy, D4 — "Fy and °Lg — "Fy. All these transitions are induced
electric dipole (ED) transitions, except the >D; « "Fy, which is a magnetic dipole (MD)
one. The corresponding transitions in the luminescence spectrum are *Dg — "Fg, D, —
"Fy (or Dy — "Fy), *Dy — "F, and Dy — "F4 (or Dy — 'Fg if observed). The
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procedure will be given for the absorption spectrum. The °D; « 'F, transition allows
one to make a first crude separation. If three peaks are observed for this transition, the
point group is orthorhombic, monoclinic or triclinic. Two peaks are an indication that the
point group is hexagonal, trigonal or tetragonal.

If the symmetry is found to be orthorhombic (D;, C,,), monoclinic (C,, C;) or
triclinic (Cy), a further division can be made on the basis of the D, « "Fy transition.
Three peaks indicate that the point group is D,, four peaks that the symmetry is C,,.
If five peaks are detected, three possible symmetries are still left: Cg, C; and C;. These
can only be separated in single crystals, where polarized spectra can be obtained. The
transitions of a system with C, or C; symmetry are polarized: 3 (x +y)+ 2z for C; and
2 (x+y)+3z for C,. This is not the case for C;, since all crystal-field transitions are
allowed in all polarizations (no symmetry restrictions).

A discrimination between the hexagonal, trigonal and tetragonal point groups is also
possible. If the D, « "Fj transition shows only one peak in the ¢ spectrum and none in
the 7 spectrum (10), the point group is Ds, Dsp, Csp or Ds. According to Biinzli
(1989), no ED transition is expected for a J =0 to J =2 transition in Dy4. The A((I'y) —
E(T';) transition is however allowed, since the (x,y) components of the ED operator
transform as E. Next, one has to check the D, « F; transition. One peak in the
o spectrum (10) proves that the symmetry is Dg. If two peaks are observed in the
o spectrum and two peaks in the 7 spectrum (20 + 27), the symmetry is C3,. The presence
of two peaks in the 0 spectrum and one peak in the Tt spectrum (20 + 27t) shows that the
symmetry is D3y or Dy4. In order to determine whether the point group is D3, or Dy,
the peaks of the *Lg «— 7Fy have to be checked. For a D3, symmetry, two peaks in the
o spectrum and one peak in the 7t spectrum (20 + 17t) are expected. For Dy, three peaks
in the 0 spectrum and one peak in the 7 spectrum are forecast, thus (30 + 17) for short.

Two peaks in the o spectrum and none in the 7t spectrum (20) of the °D, « "F,
transition are the spectroscopic signature for a D3 symmetry. One peak in the 0 spectrum
and two in the 7t spectrum (10 +27) are an indication for a S4 symmetry. If one peak is
found in the 0 spectrum and one in the 7t spectrum (10 + 1), the point group can be Cgy,
Cs, Cay, Cgor Dyg. Then the D4 < "F transition has to be considered again. (20 + 17t)
is an indication for Dyq, (20 + 27) for C4y and (20 + 37) for Cy. If one peak is detected in
the 0 spectrum and one in the 1t spectrum (o +1T), two possible point groups are left: Cg,
and Cg. A discrimination is possible by considering the peaks in the *Lg «— F, transition:
two peaks in the 0 spectrum and two peaks in the 7 spectrum (20 + 27t) for Cg,, two peaks
in the 0 spectrum and three peaks in the 7 spectrum (20 + 37) for Cq.

A °D, « 'F, transition with two peaks in the 0 spectrum and one peak in the
7t spectrum (20 + 1) is an indication for a C3, or a C; symmetry. The *D4 « ’F,
transition will give exclusion: (30 +2mx) for Cs, and (30+3m) for C;. The point group
determination scheme is given in fig. 21. In table 23 the point groups of the rare-earth
sites in the most common crystalline host matrices are summarized.

The °D; « "Fg and °D; « "F transitions alone can already give a lot of information.
The °D; « Fy allows the discrimination between the low and high symmetric point
groups. The °D, « 7F; provides a unique spectroscopic signature for the S4, D3, D,
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Table 23
Point group of the rare-earth site in crystalline host matrices?

Point Host crystal

group

Oy Elpasolites A;BRX, (A=Cs, Rb; B=Li, Na, K; R=Ce~Lu, Y; X=F, Cl, Br) e.g. Cs,NaYCl,
Dsy R(Br0O,);-9H,0

Cip LaCl;, LaBr;, La(OH),, ethylsulphates R(C,H;S0,);-9H,0

Gy Y,0,°

Csy KY,F,y KLu,F,y, ROX (R=La, Gd, Y; X=Cl, Br, 1)

Dy YPO,, YVO,, YAsO,, RPO,, RVO,, RAsO,

Ss AXO, (A=Ca, Ba, Sr, Pb, Cd; X=W, Mo), e.g. CaWO, (scheelite) LiYF,, LiLuF,

D, Oxydiacetates Na,{R(C,H,0;),]-2NaClO,-6H, 0, borates R;Al(BO;), (R=Ce-Lu, La, Y)
Cyy R,0,S (R=Ce-Lu, La, Y,); ROF (R=La, Gd, Y)

G, Double nitrates R,M;(NO;),,-24H,0 (R = Ce-Eu; M=Mg, Zn); Eu(DBM),-H,0

D, Rare-earth garnets A;B,0, (A=Ce-Lu, Y; B=Al, Ga) e.g. Y;ALO,, (YAG)

Cy CdF,°

C, LaF,, RF,, RClL,-6H,0, Y,0,°

C, ROOH (R=La, Gd, Lu, Y); LaWO,Cl, La,WO,Cl,

C, LigR(BO,);

® The hosts are classified according to the crystallographic point groups. However, for several point groups, no
examples are known. These point groups are not mentioned. The exact point group of the host is reported, not
the point group of higher symmetry which can be used to describe the site symmetry approximately.

®In Y,0; both C;; and C, sites occur.

¢ In CdF,, C,, and C,, sites are also present.

and C,, point groups (in combination with the splitting of the *D; «+ "Fy), while this
transition gives a strong indication for the other point groups. A C4, symmetry can
be distinguished from a D4 symmetry on the basis of the sign of the A-term in the
MCD spectrum (Gérller-Walrand and Fluyt-Adriaens 1985). These two transitions can
be observed in most cases, whereas this is not always true for the Dy « ’F; transition.
The D4 «- 'Fy transition cannot be detected if a strong absorption of the ligands is found
in the near ultraviolet spectral region or if a part of Eu** is reduced to Eu**. Eu** shows
strong absorption bands, due to allowed f-d transitions, which can mask the Dy « 7Fj.
Often the *Lg + "Fy cannot be recorded either. Luminescence measurements can give
relief.

Besides the problems of absorption by the ligands or Eu?* absorption of transitions,
other problems may also occur. Although some transitions are allowed by the selection
rules, it is possible that they are not found experimentally because their intensity is weak.
This is especially a problem if the doping concentration is low or if the optical path
length is small. A small crystal-field splitting can also be problematic. If the separation
between two crystal-field levels is small, the absorption or luminescence peaks will
overlap. As long as the second peak can be observed as a shoulder of the first peak,
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it is still possible to determine the symmetry. It is however worse if the splitting is so
small that only one peak is observed. The line width of transitions in single crystals
is fortunately small, but this is not the case for solutions. In solutions and glasses,
the inhomogeneous line broadening can even mask the whole crystal-field splitting fine
structure, making a symmetry determination impossible. Inhomogeneous line broadening
occurs if a distribution of sites with little different energies is present. Symmetry
determination in solutions is therefore to a large extent restricted to molecular complexes,
which have a well-defined first coordination sphere. If the Dy « ’F transition shows
more than one peak, it is an indication that more than one non-equivalent site is present.
The peaks of the transitions from each site are superposed on the spectrum, so that a
simple straightforward point-group determination is not possible in this case. We also
assume that the Dy «— "Fy and the 3Dy «— "Fy transitions are pure ED transitions,
neglecting all MD contributions. Hasunuma et al. (1984) report some MD lines for the
Dy — F, and Dy — "F4 transitions in Eu(BrOs)s;-9H,0.

For solutions and polycrystalline samples no polarized spectra can be recorded. The
procedure will be the same, but now only the number of peaks found for a particular
transition have to be considered. Now it is not possible to distinguish a C, from a C; or
C, symmetry. The S4 symmetry has the same spectrum for the °D, « F transition as the
Csy and C; symmetries. The Dy « "F transition can give a solution: four peaks for S,
five peaks for Cs, and six peaks for C;. A similar problem is found for the D; symmetry,
which cannot be distinguished from a Cg,, Cg, C4y, Dag or C4 symmetry. Even the Dy «
"F,y will give no unambiguous answer, since for both D; and Cs, four peaks are predicted.
Here, the Dy « "Fy transition will give a way out, because this transition is allowed for
Cyy, but forbidden for D3. Another check is the fact the D; molecules are optically active,
while C4, molecules are not. D3 molecules give a CD signal, if the sample is not a racemic
mixture.

6. Conclusion

Enormous progress has been made since the discovery by J. Becquerel in the first decade
of this century that the low temperature absorption spectra of the trivalent lanthanide ions
consist of a great of number very small lines resembling atomic spectra. Spectroscopists
are not only able to explain the features of a spectrum in a qualitative way, they can also
extract a set of free-ion and crystal-field parameters. This parameter set is the greatest
possible reduction of the experimental data and it allows one to reconstruct the energy
level scheme of the 4f” configuration and even to make predictions about energy regions
which cannot be probed experimentally. Powerful theoretical tools for this work are group
theory and tensor algebra. High-speed computers enable the handling of large matrices
which are necessary in accurate energy calculations. Computers make it possible to work
with a considerable number of parameters in order to reach a very good agreement
between experiment and theory. The tendency in lanthanide spectroscopy is to introduce
new parameters every time discrepancies between experiment and theory are found. Such
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large parameter sets do not of course enhance a physical understanding of the problem.
The question about the reliability of these parameter sets is a criticism often heard from
non-spectroscopists and even from transition-metal spectroscopists. We have tried in this
chapter to clarify the description of the crystal field felt by a trivalent lanthanide ion
in a crystalline host matrix. The concept of the coordination polyhedron was used to
rationalize the crystal-field parameters and to make a close connection between structure
and spectroscopic behavior. We are conscious of the fact that describing the crystal field
by taking only the first coordination sphere into account, is a very simple presentation
of the reality. Physicists and especially those who want to calculate the crystal-field
parameters by ab initio methods, may feel somewhat unhappy with our model. But a
simple model is more suited for an understanding of the crystal-field perturbation, since
it allows one to explain many features of the crystal-field splitting in a qualitative way. We
do agree that for an accurate simulation of the energy level scheme elaborate calculations
and a great number of parameters are necessary. Special attention was therefore also given
to the determination of phenomenological parameters and the energy level calculation.
Although many spectroscopic studies of trivalent lanthanide ions are available in the
literature and the theory has reached a mature level, one does not have to fear that
lanthanide spectroscopy will soon become a closed chapter in science. A lot of work has
still to be done. For most systems only the lower »*1L; levels of the highly degencrate
4f" configurations have been investigated. Spectroscopic studies span the 040000 cm™'
spectral region for only a few transparent host crystals with a relatively high symmetry
for the rare-earth site. Intense broad band absorptions due to, for instance, charge transfer
or allowed f-d transitions prevent the detection of the weak 4f-4f transitions in the high
energy range by conventional optical absorption methods. If the sample does not show
luminescence, only scarce spectroscopic information will be available in the 0-5000 cm™!
range. Restrictions by the selection rules also reduce the number of crystal-field levels
which can be detected. Assistance can be expected from exotic spectroscopic methods
which can cover a broader energy range than absorption and luminescence spectroscopy
and for which other selection rules are applicable. A step in that direction are two-
photon absorption (TPA) and spectroscopic methods based on the Zeeman effect (MCD,
EPR). Who knows what other methods will be available in the future? The study of
crystal-field effects in opaque materials has received only limited interest, because optical
methods cannot be used for those systems. Until now, the interpretation of the spectra
has been restricted to a large extent to the energy level scheme alone. A lot of additional
information can be gained from a study of the intensities of the transitions between
crystal-field levels. Parametrization of the transition intensities is a more formidable task
than the parametrization of the energy level scheme, so that this subject is considered
by only a few research groups. A goal to be reached in lanthanide spectroscopy is the
reconstruction of the spectrum by ab inifio calculations without the need of parameter
sets. There has to be a one-to-one agreement between the experimental and the calculated
spectrum, both in energetic positions of the peaks and spectral intensities. At this moment,
we are still far from that. It can be asked what the impact of the quark model developed by
Judd will be when it has been totally worked out. The use of spectroscopy for structural
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investigations in solid compounds has not been explored totally yet. Instead of explaining
the spectral features with the aid of structural data from X-ray and other diffraction
methods, spectroscopy has been complementary to these. An advantage of spectroscopy
is that it is very sensitive to small distortions of the ideal structure. The need of methods
for structural study of systems in solutions including biological systems, assures that
lanthanide spectroscopy will be a field of study in the 21th century.
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YH = sin 0 (13cos® 0 — 27cos* @ + 15c0s? 6 — 1) 57
T T eavar ( e
Y7i6 3003 \/—— cos O sin® O eTi6?
32+/4m

Y;m:q:\/gs \/_ in’ g eEi7?
64+/4m
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Appendix 2. Normalized tesseral harmonics (> = x? +)? + z%)

N —
00 4
. _V3z
10 o r
. _ V3x

_ 2 2 2
Zio”mr“z@ X =)
YA =\/§\/§lxz
21 \/ZJ_L’ r2
s _V3Vs
21 \/‘TJ_L' r2y
¢ _@i(z_ 2)

22 2\/4—][—’,2 Y
s _V3Vs1,
2 o Jam
7 1
Zgoz%ﬁ (223~3x22—3yzz)
¢ Mi(w - )
N aam g
V67 1
75 = 4\/2]—”—3(429 2y ~y*)
c A\/Tgﬁl 2 2)
32 = 2\/15 ;g(zx zy
V157 1
Z5, = —2xyz
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c v 10\/7_1_ (x3~3xy2)
/T
= VT (3 y)
P o4vax P
VO 1 2 2.2 2.2
Z4y = —m=— (82" +3x* + 3y* - 24x%y? - 24)%2% + 6x7)?)
8y/4m
c _ Vlo\/g_l_( 32__3y2)
4 am
v104/9 1
R L
4/ax rt
c _\/3\/5_1_( 2_x2_y?) ( ~ )
w4 am
V591 22
Zy = AT (6 2 oxt-y )2xy
v 91
Zss M—— (x—3 2)xz
4/4m 1t
zs ——————70\@—1—( 2y yz
8 g an AT
Zc Mi( 4 6x2y2 +y4)
“ o 8vam
L= YL L4y (2 y2)
“- 8\/E rt
\/_ 1 2 2\2
Z% = (85 4023(x2+y)+15(x2+y) Z>
8\/
‘/ ,/ 1
VAR (82 +xt 4yt 2xh? 12x222—12y222)x
8ax
VISVIIT oy 2.2 2.2 2.2
Zi = (8 +xt+yt e 2%yt - 12072 - 12)%2%) y
8v4an
\/1’0_\/ 11
78 - ; = (222~ %2 —y?) (¥ = y}) z
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2= \/f/f :5 (2% —x* —y*) 2xyz

Z4 = ‘16—\/‘:_; :5 (82° ~x* —y%) (¥’ - 30%)

Z5 = ‘(6—\/‘/_— :5 (82% ~x* —y%) (3x*y —»*)

7, - 3‘2_\/4_‘;— e 4y

Z5, = 3 ‘g_\/%— :5 (x> = y*) dxyz

zg5—3‘1/6_\/f1 (= 102y + 5xp*)

Zi = %\/4—_1[@:5 (»° - 10°%% + 5yx)

30—16“\}_3_1 [162° =120 (<2 +37) 2 +.90 (2 +3?) 22 =5 (x* +57)’]
zZ = \/8_\/4\1/—1: :6 [ 82° - 202° (x* +y*) + 5z (x* +y2)2] x

Z5 = \/;/;/_]:’L [ 82° —202° (x* +)%) + 5z (x* +y2)2}y

5, = \/3221—\/;/_; ! [162 <16 (2 +37) 22+ (2 +3%)°] (2 - »?)
zZs, = \/32?\/;/_;1 (162 =16 (% +57) 22+ (2 %)’ | 20y
Z4= ‘/12?\/&— :6 (822 = 3x* = 3)) (x* ~3y*) xz

z5 - “fGT\/f % (8237 - 37) (367 )7) (32 ) 2

26, = IV L 00 02y (62 4

“ " TevAn 1o
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3VTV13 1 2 2\ (43 3
Zoy=—rr ‘6% 3 (1027 - x* —y%) (4x°y — 4xy’)
Zis = EAALLAAES 16 (x° - 10°y% + 50p*) 2

16\/4]1’ ¥
Zis= 3VISAVIS 16 (° = 10p°x* + 5px*) 2
16\/4]1’ r

7o _ V462+/13 1

(x6 - 15x4y2 + 15x%y* —y6)

66 Wﬁ

Z4 = \/fﬂé_ :6 (322 —%) (x* - 3y*) 2xp

78 = 16‘/\/—_ﬂ (1627 = 1682 (x2+y2) +2102° (32 +)?)" - 352 (2 +7)]
VIV/15 1 272, 2\2 402 2 6
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Z5, = —3\/?\/—\:_—;[_5;17 {48 5_802° (x2 +97) + 152 (x2+y2)2} 2y

5, - ?2—/__:7 (80 - 6022 (2 +57) +3 (2 +52)7] (- 37) x

Z5, = \;—\/\/—;:7 {80 6022 (x + %) +3 (x2+y2)2} (3x2 -y y

Z5 = \/f\/in_rl7 (1022 =3z (x* +y%)] (x* - 6257 + %)

Z5, = ‘/;f/;/_n_rg [102% -3z (x* +y%)] (x> - ) 4xy
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VAg3 TS 1
Z5 = TN/ 12z 2 (x2 +y%)] (5x4y~ 10x%° +5°)
V6006 /15 1
c 6 _ 15542 2.4 6
VATES 32\/ﬁ r7[ 15x"y* + 15x“y y]z

s _ V600615 1
T 3o Am o

7o \/1716\/1—51()6
77 64+/4mr *7

75 _ V1716 V15 615 1 (s
T edavaAnr 1+

(3x2 —yz) (x2 - 3y2) 2xyz
—21x%y? +35x%)% - 7xy6)

by —35x% +21x%° —y7)

Appendix 3. Crystal-field potentials

A3.1. Dy, groups

V) (Dyy) = B3Ch + B3(C?, + C3) + ByC + B3(C*, + C3) + BI(CH, + CY)
+ BSCS + BS(C, + C5) + BS(CO, + C§) + BE(CS + C5)

VOdd(Dzh) =0

Veven(Day) = B5Cj + B3Co + B3CG + B(CY + C¢)

yodd(Dyy) = B3H(C3, + C3) + B3i(C2, + C3) + B'I(CT5 + C)

VN (Dyy) = BACE + BCh + BH(C*, + CP + BSCS + BS(C®, + C5)

yoi(Dyy) = 0

yee(Dsy,) = BAC3 + ByCq + BSCS

Vo4 Dsy) = B'5i(C25 + C3) + B'T(CI5 + C3)
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yevenp BiC% + ByCq + BSCS + BS(CS + C8
(Dgh) = + + BoCq + Bg(CZs + Cy)

V(D) = 0

V(Do) = B3C3 + B{Cq + B§CS
0~0 0~0 0

VOdd(Dooh) =0

A3.2. D,q groups
VeN(Dyq) = BEC2 + B{Ch + B4(C*y + C4) + B§CS + BS(CE,4 + CF)

y4d(D,g) = B3i(C, — C3) + B3I(C°, ~ C3) + B'Ji(C7, - Ch) + B'H(CT — C))

Ve (Daq) = BEC3 + BECh + BH(C? — C3) + BSCS + BY(CS, - C%) + BY(CS + C8)

Vo4d(Dsg) = 0

Jeven D4d — B2c2 +B4C4 +B6C6
0%-0 0~0 0~0

Vo4(Dyy) = Bi(C°, — C3) + B'I(CT, - C)

Veen(Dsq) = B3C3 + B3Ch + BSCS + BS(CS5 - C%)

Vo*(Dsq) = 0

Ve (Dgq) = B3CE + BaCh + BSCS

VoU(Dgy) = B'TI(CT - CY)
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A3.3. D, groups

Ve (D,) = B3C3 + BA(C2, + C2) + ByCy + B3(CH, + C3) + By(CY, + C))
+ BSCS + BS(CS, + C5) + BY(CS, + C§) + BY(C + CY)

yo4(D,) =B3i(C?, - C3) + B'3i(C3, — C3) + B{i(C2, - C3)
+B'T(CT, - CH+ B H(C7, - C)) + B'L(CT - CY

VoNDs) = BACE + ByCq + BY(C?y - C3) + B§C§ + BY(C®, — C3) + B(C% + C§)

yodd(Dy) = B3i(C35 + C3) + B'3(C3, + C3) + BI(CT, + C)) + B'Li(CT4 — CY)

Veven(D4) - BSCS + Bgcg + Bi(Ci‘ + Ci) + BSCS + BS(CE4 + Cg)

yo4(Dy) = B3i(C?, — C3) + BH(CT, - C))

Ve (Ds) = B3CE + B3Co + BYCG + BY(CYs - C9)

yodd(Ds) = BR(C s + C3) + BH(CT + C)
5 5

VN (De) = B3CE + B{Co + BYCG + Be(Co4 + CF)

y°¥(De) = B'§i(CLs - CF)
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A3.4. C,, groups
Veen(Cyy) = B2CE + BH(C2, + C3) + BoCy + BY(CH, + C3) + BI(C, + CY)
+ BSCS + BS(CS, + C5) + BS(CS4 + C§) + BS(C4 + CY)

yodd(C,,) =BACL + B3CE + BY(C3, + C3) + B3C3 + B3(C>, + C3) + By(C3, + C3)
+BIC) +BYCT, + C)) + BY(CT, + C) + BUC s + C})

VN (Cy,) = BAC2 + BACH + B3(C*; — C3) + BSCS + BS(CS, — C3) + BS(C6 + CY)

yod(Cy,) =BLCL + BYCY + BY(C3; - C3) + B3Cy + B3(CY, - C3)
+B]Ch+B}(CTy — C3)+ B)(Cl4 + C})

VYN (Cyy) = B3CE + BACG + BY(C*y + C3) + BSCS + BS(C8, + C5)

yodd(C,,) = BYCL + BYC3 + B3C3 + B3(C3, + C3) + BJCL + B3(C1, + C})

Voven(Cs,) = BAC2 + BECo + BSCS + BS(C®5 — C9)

Vo4 (Cs,) = BYCL + BAC3 + B3C3 + BY(C35 - C3) + B{C) + BI(CT5 - C])

Vovn(Cey,) = BACE + BECh + BSCS + BS(CS + C9)

Vodd(Cey) = BYCY + B3CY + B3Ch + BYCl + BY(CTs + C])

VN (Cooy) = B§CG + BYCY + BSCH

Vo4 Coov) = BoCy + ByCh + BiCH + By Cy
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A3.5. Cy groups

VN (Can) = B3CG + B3(C2, + C3) + B3i(C2, - C3)
+BiCH + BY(CY, + C3) + BSi(CY, - C3)
Bi(CY + CH + BE(CH, - CD
+B6CO + BS(CS, + C5) + B'Si(CE, - C5)
+BY(C8, + C§) + B'Si(CS, — C5)
+ BY(CSs + C&) + B'Gi(CE — C)

yo4(Can) = 0

VN (Cap) = BECE + BACG + BSCS + BS(C4 + C8) + B'Si(CE - C§)

Vodd(Cap) =B3(C3; — C3) + BY(C3, + C3) + B3(C? — C3) + BI(C25 + C3)
+BJ(C?y — CY)+ BJi(C7y + C))

VEN(Can) =B5Ch + BGCy + Bi(C24 + CJ) + B'4i(CL, - CO)
+BSCS + BS(C, + C§) + B'Si(CE, - C9)

Vodd (C4h) =0

VN (Csy) = BAC3 + BECh + BSCS + BS(C5 — C5) + B'Si(C5 + CY)

podd(Csp) = BI(C3s — C3) + B3(C35 + C2) + BUCTs - Chy + B'L(CT5 + CL)

VY (Cen) = BEC + BaCh + BSCS + BY(CC, + C8) + B'Si(C8 - CY)

yodd(Cen) = 0



RATIONALIZATION OF CRYSTAL-FIELD PARAMETRIZATION 247

A3.6. C, groups

Veen(C,) =BCE + BA(C2, + C2) + B'2i(C%, - C2)
+BiCq + B5(CY, + C3) + B5i(CY, — C3) + BY(C*, + CH + B'§i(C*, - CD)
+B§CS + BS(C®, + C5) + B'Si(CE, — C%) + BS(CS, + C§) + B'Si(CE, - C9)
+BY(C8 + C8 + B'&(C - C8)

yedd(Cy) =BLCL + B3C3 + B3(C3, + C3) + B3i(C?, - C3)
+B3Cy+ B3(C2, + C3) + Bi(C, ~ C3) + B3(C3, + C) + B3i(C°, - C3)
+BiCl+ By, + C) + B Ji(CT, ~ C)y+ BY(CT, + C)) + B'i(C7, ~ C))
+BUCT + CH+ B'L(CT - C))
Veen(Cy) = BACE + ByCy+ B3(CY5 — C3) + B'3i(C*, + C3)
+BSCS + BS(CE — C%) + B'Si(C5 + C5) + BY(CS¢ + C8) + B'Si(CE - CF)
Vodd(Cy) =BiCY + B3C3 + B3(C3, — C3) + B3i(C3, + C3)
+B3C5 + B3(C?; — C3) + B'3i(C°5 + C3)
+BjCh+ BY(C7y — C)+ B'Ji(CTy + C1) + BY(C7y + C)+ B'li(CT, - C))

Veen(Cy) = BAC3 + ByCa + By(CY, + C3) + B'3i(C*, - CY
+BSCS + BY(CS, + C) + B'Si(C, - CY)

Vodd(Cy) =BLCY + BYCY + BSC) + BY(C3, + C3) + B'3i(C, - CY)
+ByCo + Bi(Cy + Cl)+ B'ji(CT, - C))

VN Cs) = BRCY + B{Cy + BECS + BY(CS5 - C5) + BSi(C + CY)

Vol(Cs) =BYCh + BYC3 + ByCy + BI(C35 — C3) + B'Si(C°5 + C3)
+B{Cl +BY(C"s - CH+ B'l(CT 5+ C])

Veven(c ) — BOCO +B4C4 +B0C0 + B (C66 + C )+B/gl(cé g)

Vol(Co) = B4Ch + BRCY + BYCY + BYCh + BY(CT s + Cl) + BTi(CT, — CT)
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A3.7. S, groups

VEN(S,) = BEC2 + BECA + BH(CH, + Ch) + B4i(CY, ~ C))
+BSCS + B§(CS4 + CY) + BSi(CS, — C5)

rodd(s,) =B3(C3, + C3) + BRI(CY, — C3) + B3(CP, + C3) + B'5i(C, - C3)
+BJ(C7, + C) + BJ(CT, — C) + BUCT s + C) + B'L(CT - C))

VeYN(Se) = B3CE + B4Ch + BY(C?y — C3) + B'5i(CY + C3)
+ BSCS + BS(CS, — C%) + BSI(CS5 + C3) + BY(CS + C8) + B'Si(CEg — CF)

VoU(Sg) =0

Veven(Ss) = B3C3 + By Co + B3C

yodd(Sg) = BI(C, + C3) + B'3i(C3, — C3) + BI(CT4 + C) + B'Ji(CT, — C})

A3.8. Low-symmetry groups

Veen(Cy) = BCE + B3(C%, + C3) + B'3i(C%, - C3)
+BACE + BH(CH, + CH+ B'H(CH, - € + BY(CYy + C + B(CY, ~ C))
+ BSCS + BS(C®, + C3) + BSI(C, — C5) + BY(C, + C9) + B'§I(CS, - CF)
+BY(CS + CO + B'&(CS — CY)

you(Cy) —B’(cl CH+B'H(C, +Cly+BUC?, — CY) + B3(C3 + CY)
BYC?, — C3)+ B3i(C3 + CH + BY(C, - C}) + BRi(C? + CY)
+ 33(c5 — C3)+ B'3i(C5 + C3) + BY(C35 — C3) + B'3(C35 + C3)
+BUCT, - C) + BTCT, + CT) + BY(C1, - C) + B'I(CT5 + CT)
+Bl(CTs~ Ch+ B'H(CTs + CH + BY(CT, - Ch) + B'T(CT, + C7)



RATIONALIZATION OF CRYSTAL-FIELD PARAMETRIZATION

249

Veen(Cy) = BECE + B3(C2, — C) + BRi(C?) + C1) + B3(C%, + C3) + B3i(C2, - C3)

+BACh+ BHCH, — Ch + B'H(CH, + € + BY(C?, + C3) + B'3i(CY,

+BHCY - CH + BH(CY, + CH + BI(CH, + CH + B4i(CY - CY)

+BSCS + BY(CS, — C§) + B'$i(CS, + C%) + BS(CE, + C5) + B'Si(CS,

+ BS(CS — C9) + B'Si(CS, + C§) + BS(CS4 + C) + B'Si(CE, — CF)
+ BY(CS5 — C§) + B'SI(CSs + CS) + BY(C4 + C§) + B'Gi(CE ~ CO)

yer(c) =0

Ve (Cy) = BACE + B3(CY, — C}) + BRI(C? + C}) + B3(C?, + C3) + B3i(C,

-C)

-C9)

-C3)

+BiCE+Bi(CY -CH + B} 1(C41+C)+B(C42+C)+B 2(C*, - C3)

+ BHCH — CH + B'H(CY + CH + BY(CY, + CH + B3i(CE, - C))
+BSCS + BS(C8, - C) + BSi(CE, + C8) + BZ(C62 +CS) +BSi(CS,
+ BY(C® — C8) + B'Si(CE, + C5) + BY(CE, + C5) + B'§i(CE, ~ CF)
+BY(CSs — CS) + B'SI(CC5 + C8) + BY(CE¢ + C8) + B'i(Co — C5)

Vo4(Cy) =ByCo+ BI(CL, — C) + B'1i(CL, + C)

+B3C3 + BI(C? ~ CH+B3i(C3 + CH + B3(C?, + C3) + B3i(C,
B3(C? — C) + B3i(C* + C3)

+ Bgc0 +B3(C3, - C) + B3i(C?, + C)) + B3(C2, + C3) + Bi(C3,

+B3(C> — C3) + B3I(C; + C3) + B3(C°4 + C3) + B'3i(C%, - C2)

+B3(C35 — C3) + B'3(C35 + C3) + B} C}

+B](CT, - C)H+Bi(CT, + C])+ BYCT, + C) + B'Ji(CT, - C))

+BYCTy —C)+ BH(CT + CY)+ BYCTy + C) + BJ(CT, — C))

+BUCTs—CDy+ B'H(C 5 + Cy + BYCT s+ CH + B'Li(CT s - C])

+BI(C7, — CH+ BTH(CT, + C))

-C

-C))

-C3)
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A3.9. Cubic groups

A3.9.1. Wrt the fourfold rotation axis

V3 V7
Veven O — B4 C4 4 —_— C4 + C4 +B6 C6 C6 C6
(On) =By | Co i (CL+Ca) | + 85 |Cg 2 ( )
Vodd(oh) =
V35 V7
pevenT .y = B4 | 04 + Ci +CH | +B - Lo CE +C¢
(Ta) 0% J14 ( 4) 010 \/i ( 6 6)

V11

(CL-C)) - VoY (Cls-Ch)

Voul(Ty) = B3i (C3, - C3) + B']

A3.9.2. Wrt. the threefold rotation axis

10 V210 V231
V(0 = {C‘——‘/\;(Ci,—@)}%" {Cé——m (€4 =€)+ —5= (€5 + CY)
V40,) =0
10 210 231
per - By {ca 2 c:)} cmci- 20 ey o Y (cz+c:>}
V2 2 411
Vesl(Ty) = By | Co + —= (C, = C3) | +BiCo + By | Co + —= (C2, - C
( ) I: 5 ( ) [} 0 0 \/ﬁ( -3 3) \/ﬁ

(c, - c;)}
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A3.10. Icosahedral group (1)

A3.10.1. Wrt the threefold rotation axis

V7 14
Veven(Ih) = BS [C’g + 7§ (C§3 - Cg) - ﬁ (CEG + Cg)

ye) =0
A3.10.2. Wrt the fivefold rotation axis

peven(1,) = BS {cg + \% (CSs cg”)}

yedd,) =0
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Appendix 4. Correlation between Bethe and Mulliken symbols for irreducible

representations

The correlation between the Bethe and the Mulliken symbols for

the irreducible

representations in the non-centrosymmetric point groups is given in the following table.
The labels for the centrosymmietric point groups can be found easily by adding the labels
u and g to the Mulliken symbols or + and — to the Bethe symbols of the corresponding

point group lacking the inversion center.

I I, T3 L4 Ts Ls
0 A As E T, T -
T, A A, E T, T, -
T A E T - -
Ds A A B, B, E, E,
Cev Ay Ay By B, E, E;
Dsn A A Al Al B/ E/
Cs A E» B o
Csn A’ E’ A" E”

continued
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T, r, s T, T T
D; Al Az E - - -
Gy Ay Ay E - ~ -
G A E — - _
D4 Aq Aj B, B, E -
Cyy Aq Aj B, B, E —
Dag Al A B, B, E _
Cq4 A B E -~ —
Sy A B E - -
Coy A B A, B, — _
D, A B, B, B; - —
C, Al A" - - - _
C A - - - - -

Appendix 5. Selection rules for induced electric dipole (ED) and magnetic dipole
(MD) transitions

The selection rules for induced electric dipole (ED) and magnetic dipole transitions are
presented. The irreducible representations are labelled according to the notations of Koster
et al. (1963). The double groups are indicated by an asterisk. The definitions of the
polarization directions @, 0, T, x, y, z, R,, R, and R, have been given in sect. 3.3.
The selection rules for the orthorhombic, monoclinic and triclinic double groups are not
given, because all transitions are allowed. The selection rules for the centrosymmetric
point groups are not specifically reported, since these can be easily deduced from the
tables of the non-centrosymmetric point groups. The ED selection rules do not have
to be considered, since the induced electric dipole transitions for these point groups
are strictly forbidden if no vibronic coupling is considered. The MD selection rules for
the centrosymmetric point groups are the same as those for the subgroup missing the
inversion center, with that difference that each representation becomes a parity label and
that only transitions between representations with (+) parity have to be considered. The 11
centrosymmetric point groups with the corresponding non-centrosymmetric point groups
(in parentheses) are Oy (0), Tn (T), Den (Ds), Con (Cé), Dan (Dy), Can (Ca), D3q (D3),
Cs;i (Cs), Doy (D7), Cop (C3) and C; (Cy). There are, of course, also 11 centrosymmetric
double groups. For the cubic point groups, only the MD selection rules for Oy are
given. ED transition are forbidden and the other cubic point groups are not expected
for lanthanide compounds.
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AS5.1. Cubic groups
On MD
It I3 It i It
I-T - - - Rxa Ry: RZ -
r; - - - - Rx; Ry: Rz
rg— - - - RxaRyaRz RxaRyaRZ
rj;— Rx’RyaRz - Rx,RyaRz RJnRyaRz RxaRyaRZ
rg - Rx’Ry’Rz Rx:Rngz Rx:Ry:Rz Rx’RyaRz
Oy MD
Iy Iy Iy
rg Rx:Ry,Rz - Rstys Rz
r; - Rxg Ry; RZ RxaRy’ RZ
Iy Ry, Ry, R, Ry, Ry, R, Ry, Ry, R,
A5.2. Hexagonal groups
Dg ED MD
I I Iy Iy I's T I I Is Iy Is Ts
I - T - - a,0 - - g - - a,T  —
I, T - - - a,0 — g - - - a,7T -
I3 - - - i1 - a,0 - - - g - a,
T4 — — T — — ao - — g — — a, T
I's a,0 a,0 -— — T a,0 a1 o,nT - - g -
T - — a,0 a,0 a,0 7« a, T Qi - — - g
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D¢ ED MD
I; I's I's I; I's | 1PN
I; a,a, - a,o a,a, — a, T
I - a,o, 7T a,o - a,0, a,
Iy a,o a, o g a, T a,mw g
Cev ED MD
Iy I I3 Iy Is | 13 I I Iy T4 I's T
I T - - - a,0 - - g - - a, T -
I, - T - - a,0 - g - - - a,T -
I - - T - - a,0 - - - g - a,
T4 - - - T - a,0 - - g - - a, T
Is a,0 a,0 - - T a,0 a,T a,JrT - - o -
Ts - — a0 a,0 a0 T a,T a,T - - — g
6v ED MD
Iy g Ty Iy s Ty
Iy a,o, T - a,o a,o,mw — a,
I's — a,o, a,o - a,0,7T a,
I's a,o a,o T a, T a,w g
Cs ED MD
I, I3 Iy [se I I3 | I'sg
I T — - a, o g — — a,T
I3 - a,0,m  ~ - - a,0,% = -
T4 - - a,onr - - - a,o,m -
I'se a, o — - i 4 Qa, T — - g
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Ci ED MD
P7 rg rg F7 rg rg
I; T a, o ,0 o a, a, T
I's a, o T , 0 a, T o a, T
T a, o a, o a, st a, o
Dsp, ED MD
Iy I, Is | I's I's I I, I'; Iy I's I
I - - - T - a,o - o - - a,imT -
I - - T - - a,o o - - - a,7T -
I - b2 - - a,o  — - - - g - a,
| T - - - a,0 - - - o - - a, T
I's - - a,0 o,0 a,0 T a,T aiax -~ - g a, T
Ts a,o a,0 — — ig ao - - arT a,rT a,xT 0
3h ED MD
Iy I'y Ty Iy I's s
I - a, T, o a,d a,0,7 - a,
I's a, 7T, o - a,o - a, g, a, T
Iy a,o a,o iia a, T a, T g
Csp ED MD
I I3 [y Ise I I3 Iy Iss
I - a, o T - g - - a, 7T
I3 a,o a,o - - g a, T a, T
T4 /1 - - ,0 - a, o -
Ise — T a,o , 0 a, a, - g
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3h ED MD

I'7g To.10 Tiio I'7s T'10 | RTRY;
I'7g - a, T, 0 a,0 a,0,T - a, 7T
To,10 a, T, o - a, o - a,0,7T a, T
T2 a,0 a, o T a, T a, T g
AS.3. Trigonal groups
Ciy ED MD

I'y Iy I's I Iy I'
T, T - a, o - g a, T
I, - T a, o g - a, T
I; a, o a, o a,0, 7T a, T a, T a,0,7
Cay* ED MD

Iy Ise Iy Is6
Iy a, T, o a, o a,0,T o,
Ise a,0 a,7T
Ds ED MD

I I I3 I I I3
T - T a, g — o a, T
T, — a, o — a, T
I3 a, o a, o a, o, a, T a, T a, 0,7
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D3 ED MD

ry Tsg I'y Ts
I'4 a, i, o a,0 a, o, a, T
Ise6 a,o a, T
Cs ED MD

I F2,3 I I3
I a,0 a, 7T
I3 a, o a,0,7T a, T
C; ED MD

Iys Ts Tas Is
Tss a, i, o a,0 a,0,7T a, T
I's a,o a,TT
AS5.4. Tetragonal groups
D4 ED MD

I I, I3 I, Is I I, I; | I's

T, — T - - a,o - g - - a, T
I, T - - - a,0 O - - - a,
I3 - - - T a,0 - - - g a, T
Iy - - - a,o - - - a, T
T's a, o a, o a,oc a0 arT d,xT a,IT aaT O
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D; ED MD
Cs Iy Ts I;

| 13 a,0,7 a,0 a,0,7 a,7T
I’; a,o a,0,7T a, T a,o, 7T
Cuy ED MD

Iy I I; T4 [s I I I3 Iy Is
I T - - — , - g - - a, T
I, - T - - ) g - - - a, T
I - - T - , - - - g a, 7T
I, - - - T ,0 - - - o, 7T
Is a,0 a0 a0 a0 arT o ax anrT O
Ci, ED MD

Ls Iy Ts Iy

| 3 a, o a,0,T a,0,T a, T
I'; a,o,m a,o a, T a, o,
Dyq ED MD

[y I I3 [y [s Iy [ I3 [y [s
I - - - T , - g - - a, T
I, - - T - ) g - - - a, T
I - T - - , - - - g a,7T
I T - — - s - - o - a, T
I's a a0 a,0 Qa,0 axT axT T a O
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2d ED MD

Is | Ts Iy
I's a, o a, o, a,0,7T a, T
I; a,0,7 a, o a, T Q,0,7
Sa ED MD

Iy I, T4 I Iy I3y
I11 - V4 s o - a: T
FZ T - ’ - g a, T
I34 a,o a, o a, T a, g
Sk ED MD

I'se I8 [se I'7s
Ise a, o a,o, T a, 0,7 a, T
[7s a,0,7 a, o a, T a,0,7
Cq ED MD

I I T34 I I, [34
I T - a,o o - a,
I, - b1 a, o - a, T
I54 a,o a, o T a, T a, T o
Ci ED MD

Is6 [7g Isg I'78
I'se a, 0,7 a, o a, o, a, T
Iz a,o a,o,7T a, T a,o,TT
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A5.5. Orthorhombic groups

D, ED MD

I I, Iy I, I 1) Iy Ty
I - y z x - R, R, R,
r2 y - P z Ry - Rx Rz
I3 z x - y R, R, - R,
Iy x z y - R, R, Ry -
Coy ED MD

Iy I, I3 T, I Iy I; Ty
I z X - y - R, R, Ry
I, X z y - Ry - R, R,
I - y z x R, R, - R,
Iy y — X z R, R, R, -
A5.6. Monoclinic groups
C ED MD

I I I I
I z X,y R, R\ .R,
I, x,y z R R, R,
Cs ED MD
F1 1“2 1“1 I‘2

rl X,y z RI’R,V RZ
) z X,y R, R.,R,
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AS.7. Triclinic group
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Ci ED MD
1"1 rl
rl xay7 Z RX5Ry’RZ

Appendix 6. Full-rotational group compatibility tables

The full-rotational group compatibility tables show how a free-ion J level is broken
up into crystal-field levels when the ion is placed in a crystalline environment with a
distinct point symmetry. The irreducible representations (irreps) are labelled according to
the notations of Koster et al. (1963). The tables are given up to J =8 for even-electron
systems and up to J = 17/2 for odd-electron systems. The double groups are marked by an
asterisk. Although higher J values may occur for trivalent lanthanide ions, they are of less
importance for the study of the energy levels in the ultraviolet, visible and near-infrared

parts of the spectra.

O, O;

J Irreducible representations J Irreducible representations
0 ry 172 r;

1 r; 32 T;

2 r;+r: 5/2 I';+T;

3 I+ +T; 772 I, +T;+T;
4 I'i+I;+T;+T¢ 972 I'; +2I

5 ry+2r; +T: 1172 Ty +T;+2I;
6 r+I;+ 4+ +2I°% 1372 T +2I'; + 2l
7 I;+T;+20; +2I'; 15/2 T +2I; +3I;
8 I'y+2r; +2I; + 2I': 1772 2T; +T; +3I;




262 C. GORLLER-WALRAND and K. BINNEMANS

D D§

J Irreducible representations J Irreducible representations
0 r, 172 r,

1 r,+T; 32 r,+T,

2 I +T5;+7T 512 I'+T;+ Ty

3 F,+T,+T,+0T+T 7/2 [, +2I+7T
4 N+, +T,+Ts+2I 9/2 I'; + 2T + 2T,
5 [, +T,+T,+2+2T, 11/2 2I'; + 2T + 2T,
6 2T, +T,+T,+T, + 2l + 2T 13/2 3T, + 2l + 20
7 I'+2I', + Ty + Ty + 305 + 20 15/2  2I'; + 3T + 3T,
8 2+ T, + 3+ T, + 3T + 30 1772 3@, + 30 + 31,
Cq, G

J Irreducible representations J Irreducible representations
0 T, 172 r,

1 r,+T; 32 r,+T,

2 I+ +7T 572 I,+Ty+T,

3 F,+T,+0,+T5+T 772 I', +2I + T,
4 '+ +T,+Ts+20 9/2 [, +2I + 200
5 I+ I+, +200 + 2T 112 2I'; + 25 + 21
6 2+ T, + T3+ T, +2Is + 2T 13/2 3T, +2I'y + 2T,
7 I +2T, +T,+ T, +3I +2I 152 2I'; + 30 + 3T,
8 2+, + T3+ T, + 3005 + 30 17/2 3T, + 30 + 3l
D, D,

J Irreducible representations J Irreducible representations
0 T, 172 I

1 r,+T5 32 I+ 1,

2 'y +T's+ T 52 I,+Ty+T,

3 I+ 4+, +5+ T 772 2 + Ty + Ty
4 r+r,+T,+T,+2I 9/2 2T, + Iy + 200,
5 I,+I;+T,+2s+2I¢ 112 2I; + 2T + 2T
6 2y + Ty + T + Ty + 2005 + 200 1372 2I'; + 3Ty + 200
7 r+2r,+I; +I', +305 + 20 152 3I'; + 20 + 3@,
8 2, + T, + T3 + T, + 305 + 3T 172 3T, + 3T + 30,
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Cs 10

J Irreducible representations J Irreducible representations
0 r, 172 |

1 I, +Ts 32 T +T 0

2 [+ + g 52 I + Lo+ T

3 ')+ +20 +Tsg 7/2 Tog+ 20610 + T

4 Iy +20; +200, + sy 9/2 T + 205 + 2010,
5 [ +20,; +2, +20 112 205 + 209, + 20 310,
6 3T, + 20, + 2T, + 2054 1372 30,5 + 2090 + 20 10,
7 3l + 20,3 + 20, + 305 152 2@;5 4+ 30940 + 3011,
8 3, + 30, + 2N, + 3054 1772 305 + 30900 + 301102
C3h C;h

J Irreducible representations J Irreducible representations
0 r, 12 APRT

1 [y + s 32 Loio + Tz

2 I+ T3+ se 52 Tog+ Topo + Thia

3 I+ +20, + Ty 7/2 g +Tg+Thn

4 [ +20,; +20, + Ty 9/2 2T + Ty + 200
5 [ +20,; +20, + 25 1172 2T + 2040 + 20 1110
6 3T, + 20, + 2T, + 204 1372 2@ + 30,0 + 20,
7 30, + 2@, + 20, + 305, 152 2T,5 + 300 + 30112
8 3, + 30,3 + 20, + 3054 1772 30,5+ 3050+ 300
D, D

J Irreducible representations J Irreducible representations
0 r, 172 r,

1 r,+7r, 32 [, + Ty

2 r, +2r, 572 2T, + T's6

3 r,+2r,+2r, 72 3, + s

4 2T, + T, + 3T, 972 3r, + 205

5 I, +2I, +4T, 1172 4T, + 2T,

6 3r, + 2I', + 4I°, 13/2 5T, + 2l

7 2T, + 3T, + 5T, 15/2 5T, + 3@

8 ar, + 2T, + 6T, 172 6T, + 3T 54
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Cs, G,

J Irreducible representations J Irreducible representations
0 I, 12 r,

1 r,+r, 3/2 [y + Ty

2 I +2r, 5/2 2y + s

3 I +2I, +2I, 712 3T, + T,
4 'y + T, + 300 9/2 3F, + 200
5 Iy +2I, +4I, 1172 AT, + 2T
6 r, +2I', +4I, 132 5T, + 205,
7 2I'y + 3, + 5T, 15/2 5T, + 305,
8 30, +2I';, + 61, 17/2 6Ty + 3T 54
C, G

J Irreducible representations J Irreducible representations
0 r, 172 Iys

1 r,+I,+7T, 3/2 I+ 20
2 r,+2r,+2r, 512 2,5 +2I'
3 ar, +2I', + 2T 712 3,5 + 21
4 r, + 3T, + 3T, 972 3,5 + 40
5 3r, +4@, + 3T, 1172 4@, + 4@
6 5C, +4I', + 40, 13/2 5T,5 + 4@
7 5I', + 50, + 5T, 152 5,5 + 6
8 5r, + 60, + 6T, 1772 6,5 + 60
D, D,

J Irreducible representations J Irreducible representations
0 T, 12 I

1 r,+7T 32 I'y+0,

2 r,+r;+Iy+7T5 5/2 I, +2I,

3 Iy+T3+T,+20; 712 2T + 2T,
4 2+, + Ty + Ty + 2005 972 3l + 2l
5 I'i+2IL+ Iy + T, + 30 1172 3¢ + 30,
6 2I'y + Ty + 20y + 2T, + 315 1372 3T +4T,
7 I +20, + 2T, + 2, + 4T 1512 AT + 4T,
8 30, + 20, + 2I'; + 2, + 405 1772 5T+ 4I,
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Ca G

J Irreducible representations J Irreducible representations
0 T, 12 I,

1 r,+TI; 32 Is+T1,

2 I+, +T,+T5 52 Iy +2I,

3 I,+T,+T,+2I; 72 2I'g + 2,
4 2N+, + T3+ T, + 2T 9/2 3l +2I,
5 I +2r,+T,+T,+3T; 112 3¢+ 2l
6 2r, + ', +2I; + 2, + 3@ 13/2  3I', +4T,
7 I, +2I, + 2, + 20, + 4L 1572 4T4 + 4T,
8 3T, + 2T, + 2T + 2, + 475 17/2  5T¢+ 4T,
D2d D;.d

J Irreducible representations J Irreducible representations
0 r, 172 r,

1 r,+T; 32 Ig+Tr,

2 r+r;+Ir,+T, 52 2 + T,

3 I+, +, +26; 72 2l +2I,
4 20+ T, + T+, + 2l 9/2 I + 3T,
5 I +2r,+r; + Iy + 375 112 3l + 3T,
6 2y + T, + 2, +2F, + 3T 1372 4T, + 3T,
7 ', +2I, + 2T, + 2T, + 4T 15/2 4T ¢ + 4T,
8 3T, +2I', + 20, + 2T, + 4T 17/2 4T + 5T,
C, C,

J Irreducible representations J Irreducible representations
0 r, 1/2 |

1 I+, 32 | PP

2 I +2I,+ 05, 5/2 Is6 + 2@
3 I',+20, +2I';, 7/2 2l + 2T 54
4 3 +2I'; + 2T, 972 3l + 2T 44
5 3l +2I', + 3T, 112 3T+ 3T
6 3, +4T; + 35, 13/2 3@ + 40,
7 3 + 4T, + 4T, 1572 4T + 40,
8 5[ + 4T, + 4T, 17/2 5T + 4054
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S S

J Irreducible representations J Irreducible representations
0 r, 1/2 I

1 T, +T,, 32 Te+To

2 T, +20,+ T, 52 2T+ T,
3 I, +2r, + 2y, 72 2T 56 + 2T 44
4 3T, + 2, + 2T, 9/2 2Ty + 3T,
5 3T, + 2T, + 3T, 11/2 3[4+ 3Ty
6 AT, + 4T, + 3T, 132 4T+ 305,
7 U, +40, + 4T 5, 15/2  4Ts6 + 4@,
8 ST, + 4T, + 4T, 172 4T + 5T,
D, D;

J Irreducible representations J Irreducible representations
0 T, 12 T,

1 I,+T,+T, 32 2l

2 2+, + 5+ 10, 512 ar,

3 r,+2r,+2r,+2r, 72 4L

4 3r, + 2T, + 25 + 2I°, 912 5T

5 2, + 30, + 3, + 300, 1172 ol

6 4T, + 3T, + 3T, + 3T, 13/2 7T

7 AT, + 4T, + 4T, + 4T, 1572 8T,

8 5Ty +4I', + 405 + 4@, 172 9T

Ca G

J Irreducible representations J Irreducible representations
0 r, 12 I

1 r,+T,+T, 32 2r,

2 2, + T, +T5+ 1, 5/2 ar,

3 r, +2I';, +2I'; +2I, 7/2 4Cs

4 ar, + 2, + 2, + 2l 92 5T

5 2T + 30, +3T', +3I', 112 6l

6 4T, + 3T, + 3T + 3T, 13/2 7T

7 3, + 40, + 40, + 4T, 152 8L,

8 STy + 40, + 40, +4I, 172 9T,
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C, G

J Irreducible representations J Irreducible representations
0 r, 172 | O
1 I, +2T, 32 2T,
2 ar, + 21, 5/2 £) WA
3 3T, +4rI, 7/2 4r';,
4 5T, +4rI, 9/2 5T,
5 5T, +6rI', 1172 65,
6 T, + 6l 132 7T,
7 T, +8I', 152 8T,
8 9r, + 8T, 172 9T,
C, C;

J Irreducible representations J Irreducible representations
0 r, 172 | WA
1 I, +2r, 3/2 2T,
2 r, + 21, 5/2 3I54
3 3r, +4r, 7/2 4T,
4 5T, +4rI, 9/2 5T 54
5 5T, +6rl, 1172 6T,
6 T, +6rI', 132 7T,
7 7T, + 8T, 152 8T,
8 9r', + 8I, 172 9Ty,
C, G

J Irreducible representations J Irreducible representations
0 r, 12 r,

1 3r, 3/2 ar,
2 5T, 512 3r,
3 T, 7/2 4T,
4 ar, 9/2 5T,
5 11T, 112 6I',
6 13T, 132 7T,
7 15T, 152 8T,
8 17T, 17/2  9r,
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Introduction

The present chapter consists of two main sections, presenting data about binary and
ternary rare-earth phosphides, respectively. Section 1 deals with material on phase
diagrams of R~P systems, the crystal structures of all known binary phosphides, their
chemical properties, and methods of preparation. Section 2 contains similar information
on ternary rare-earth phosphides, and additionally includes systematized data on physical
properties and the valence state of lanthanoid atoms.

The crystallochemical peculiarities and structural relationships of the binary and
ternary rare-earth phosphides are discussed from the viewpoint of the coordination of
the phosphorus atoms.

1. Binary phosphides

The present section deals with the material on binary phosphides in the following order.
Section 1.1 presents data about interactions in R—P systems and some phase diagrams.
The systems are considered in order of increasing R atomic mass. Information about
the structure type of binary phosphides and their lattice parameters is included in this
part. There are also references to works concerned with the investigation of their physical
properties. Section 1.2 describes the structure types to which R binary phosphides belong.
Each structure type contains a structure projection and the coordination polyhedra of
the phosphorus atoms. Crystallochemical regularities of binary phosphide structures
are considered in sect. 1.3. Generalized data on the chemical properties of the binary
phosphides, including some thermodynamic characteristics, are reported in sect. 1.4.
Section 1.5 is concerned with methods of binary rare-earth phosphide synthesis.

1.1. R-P systems

1.1.1, Se-P

Scandium phosphides have been obtained by heat treating mixtures of elemental
components in evacuated silica tubes. Komissarova et al. (1965) established that scandium
monophosphide has a melting point higher than 2300K and begins to dissociate at
T=1173 K. Berger (1981) determined the crystal structure of Sc3P which is of the
Fe;C-type with a=0.67540, 5=0.88449, ¢=0.57662 and of Sc,P; of the Th;Fe;-type
with @=0.89340, ¢ =0.57349. Berger (1980) revealed the existence of two polymorphous
modifications of the phosphide Sc;P,, one with the structure of Cr;C; (a=0.69781,
5=0.37570, ¢=1.43655) and the other with the anti-Sb,S; structure (a=1.01075,
5=0.36944, c=1.0179). All these structures were studied by the X-ray powder method
without determination of the atomic parameters. Parthé and Parthé (1963) obtained
scandium monophosphide ScP for the first time and determined that its crystal structure
belonged to ST NaCl (a=0.5312). Niessen and de Boer (1981) mention the phosphides
ScP; and Sc,P but data about their crystal structure are absent. Electric and magnetic
properties of ScP were studied by Perkins et al. (1981) and Burdet et al. (1988); X-ray
spectral investigation of ScP was performed by Myers et al. (1985).
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1.1.2. Y-P

Tandelli (1961) obtained yttrium monophosphide YP for the first time and determined that
it crystallizes with the NaCl structure: a=0.5662. Franzen and Hariharan (1980} studied
the thermal dissociation of YP. Information about phosphides Y,P and YP; (Niessen
and de Boer 1981) needs confirmation. Ren and Meng (1985) determined that YP is
a semiconductor with a band gap of 1.0eV.

1.1.3. La-P

Iandelli and Botti (1936) obtained the phosphide LaP, Hordijenko and Hol’nik (1977)
determined its melting point as 3400 K. Kost et al. (1983) state that thermal dissociation
of LaP begins higher than 1123 K. Thermal dissociation of LaP was studied by Franzen
and Hariharan (1980). No homogeneity range was found for the monophosphide LaP in
the temperature range 8002450 K by Hol’'nik et al. (1979); this has been confirmed by
other researchers. From these data one can conclude that LaP has a constant composition.

Phosphide LaP, was obtained for the first time by von Schnering et al. (1975) and
LaPs by Wichelhaus and von Schnering (1976). Both phosphides were synthesized by
heat treating a correct mixture of the elemental components with the addition of KI
and I, in evacuated silica tubes. Two-zone heating (1353-923 and 1023-853K) and
different duration of treatment (5 and 7 days) were used for LaP; and LaPs, respectively.
Wichelhaus and von Schnering (1975) synthesized phosphide LaP; by interaction of
the components in a melted eutectic mixture KCI+NaCl at 813 K. Ono et al. (1974)
determined that LaPs does not decomposed up to 973 K.

Iandelli and Botti (1936) determined a NaCl-type structure for LaP with a=0.6024, it
was confirmed by Ono et al. (1974) (a=0.60346). Phosphide LaP, has two polymorphous
modifications. Hayakawa et al. (1976) established that the LTM (up to 1023 K) of LaP,
crystallized with the LaAs, structure (a=1.2530, b=0.8881, ¢=1.3967) and for the HTM
of LaP; they proposed an orthorhombic structure with a=0.8839, 5=0.8882, ¢=1.3966,
and a possible space group Im2a or Imma. Neither of these structures are completely
determined. By the X-ray single-crystal method von Schnering et al. (1975) investigated
the HTM of LaP; and found a monoclinic structure of a new type: a=0.8883, b=1.3942,
¢=0.8825, £=90.15°, R=0.063.

Using an X-ray single-crystal method Wichelhaus and von Schnering (1976) es-
tablished that LaPs crystallizes in a monoclinic structure of a new type: a=0.9768,
b=0.9679, ¢=0.5578, §=105.25°, R=0.051. Ono et al. (1974) give the other lattice
parameters for LaPs (without a complete structure determination): a=0.4971, b=0.9613,
¢=0.5534, 3=103.8°. According to the last data the a parameter is half of that given
by Wichelhaus and von Schnering (1976), all other parameters satisfactorily agree.
Taking into account the complete structure investigation performed by Wichelhaus and
von Schnering (1976) we prefer their results.

Phosphide LaP; has a novel structure type with a=0.7923, b=1.1656, c=0.6989,
$=93.24°, R=0.028 (Wichelhaus and von Schnering 1975).

Ren and Meng (1985) studied the electrical properties of LaP and established that it
is a semiconductor with a bandgap of 1.46eV.
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1.1.4. Ce-P

Using the results of X-ray, densimetric and magnetic analysis Vasil’eva et al. (1970) and
Hulliger and Ott (1978) observed that cerium monophosphide has a small homogeneity
range at temperatures between 1073-1473K, but the limits of this range were not
determined. Hordijenko and Hol’nik (1977) established the melting point of CeP as
3253 K. CeP;s is not decomposed up to 973K (Ono et al. 1974). von Schnering et al.
(1976) reported the existence of a phosphide CeP.

Tandelli and Botti (1936) determined that the crystal structure of CeP belongs to the
NaCl-type with a=0.591; a more precise value of the lattice parameter, a=0.5909, is
reported by landelli (1961). CeP undergoes a first-order phase transition at a pressure
of 9.0HPa which is accompanied by a decreasing unit-cell volume of 3% (Vedel et al.
1987). CeP, with a NaCl-type structure, remains up to 19 HPa and at 19-23 HPa two
modifications, one with NaCl and the other with a CsCl structure, exist. Leger et al.
(1987) determined that at normal pressure cerium atoms are in the valence state Ce*"
and at 9.0 HPa the charge of the latter changes to Ce>**.

The crystal structure of the LTM of CeP; belongs to the ST NdAs,: a=0.4065,
b=0.6580, ¢=1.0145, 5=105.64° (Ono et al. 1974) or a=0.40641, b=0.65826,
¢=1.01591, B=105.686° (Hassler et al. 1974). von Schnering and Hoénle (1988) report
that the HTM of CeP; has the LaP, structure. The lattice parameters of CePs have
been determined using the X-ray powder method: a=0.5500, b=0.9624, ¢=0.4955,
B=105.83°, possible space group P2,/m or P2, (Ono et al. 1974); these values are close to
the respective parameters of LaPs determined by the same authors. Perhaps the structure
of CePs belongs to the LaPs-type (cell parameter « in this case must be doubled). Using an
X-ray single-crystal method von Schnering et al. (1976) determined a LaP;-type structure
for the compound CeP;.

1.1.5. Pr-P

The phase diagram of the Pr—P system was proposed by Mironov (1981) (fig. 1). Mironov
(1984) reports that the homogeneity range of cerium monophosphide depends on the
preparation method. At a saturation of metallic praseodymium by phosphorus the homo-
geneity range is described by the formula PrPgss_; 00, and at the phosphorus separation
from monophosphide by the formula PrP gpo-0.974. Hol’'nik et al. (1979) confirmed that
the homogeneity range includes the compositions PrP and PrPjg74. Mironov (1988)
determined that a dense layer of phosphorus defective PrP (¢=0.585) is formed on the
metal surface during the interaction of metallic praseodymium with phosphorus vapors;
with further interaction the defectivity decreases and the lattice parameter a increases.
Torbov et al. (1971) noted that thermal dissociation of PrP begins at 713 K.

Higher praseodymium phosphides PrP, and PrPs have been obtained by synthesis from
the elemental components at 1273 K (Hassler et al. 1974) and at 973 K (Ono et al. 1974),
respectively. Data about the existence of the phosphides PrP, 5 (Torbov et al. 1974) and
PrP; (von Schnering et al. 1976) need confirmation.
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landelli and Botti (1936) established the NaCl-type structure for PP, a=0.5872, Ono
et al. (1974) report a refinement of the parameter, a=0.59143. Hol’nik et al. (1979)
indicate that the lattice parameter depends on the phosphorus content in the phosphide:
at the composition PrPg 974 a=0.5897 and at PrP a=0.5903.

The structure of PrP; was determined by Hassler et al. (1974) by powder method; it
belongs to the NdAs,-type with a=0.40315, 5=0.6553, ¢=1.01046, =105.968°. Using
the X-ray powder method Ono et al. (1974) determined the lattice parameters of PrPs
(a=0.5471, b=0.9589, c=0.4934, 3=103.68°, possible sp.gr. P2T/m and P2T1), but a
complete structure investigation was not carried out. Wittmann et al. (1977) report that
the structure of PrPs belongs to the NdPs-type. Using the X-ray single-crystal method
von Schnering et al. (1976) established LaP;-type structure for PrP.

1.1.6. Nd-P

The phase diagram of the Nd-P system (fig. 2) constructed using the results obtained by
Samsonov et al. (1977, 1978) is given in Kost et al. (1983). The existence of the compound
NdP; 5 requires confirmation. Thermal dissociation of NdP begins at 653 K (Torbov et al.
1974). The phosphide NdP has been synthesized by heat treatment of the elemental
components in an evacuated silica tube at 1023 K (Wichelhaus and von Schnering 1976).
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Tandelli and Botti (1937) determined that NdP has the NaCl-type crystal structure with
a=0.5838. According to von Schnering and Hénle (1988) NdP, crystallizes with the
NdAs; structure. Using a single-crystal method Wichelhaus and von Schnering (1976)
determined the NdPs structure to be a new type with ¢=0.4938, 5=0.9551, ¢=0.5444,
B=103.27°, R=0.037.

Niedzielski and Tro¢ (1984) studied the magnetic susceptibility of a polycrystalline
sample NdP in the temperature range 4.2-800K and H < 7kE using the Faraday method
and found antiferromagnetic order at 7’y =11 K. Ren and Meng (1985) found NdP to be
a semiconductor with a bandgap of 1.15eV.

1.1.7. Sm-P

Hol’nik et al. (1977) investigated the homogeneity range of samarium monophosphide
at temperatures of 1315-2022K using mass-spectral and X-ray phase analysis and
determined that it is described by formula SmP; gg0_g952. Torbov et al. (1971) showed
that thermal dissociation of SmP begins at 623 K. Wichelhaus and von Schnering
(1976) obtained the phosphide SmPs by heat treatment of the elemental components
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in an evacuated silica tube at 973 K during 5-7 days. Ono et al. (1974) note that the
phosphide SmPs is decomposed above 973 K.

Iandelli (1956) found the NaCl-type structure for SmP with a=0.5760. The crys-
tal structure of SmPs belongs to NdPs-type with a=0.4936, b=0.9508, ¢=0.5411,
B=102.90° (Wichelhaus and von Schnering 1976).

The electrophysical properties of SmP were studied by Paderno et al. (1970), Ren and
Meng (1985) determined that SmP is a semiconductor with a bandgap of 1.1eV.

1.1.8. Ev-P

A number of compounds are reported in the Eu-P system, namely Eu,P, EusP3, EuPg ),
EusPs, EuP; g, EuPy 75 (Mironov et al. 1975), EusP, (Hulliger and Vogt 1970), EusP,
(von Schnering and Hoénle 1988), EuP (Bruzzone et al. 1964), EusP4 (von Schnering
et al. 1984), EuP, (Mironov and Brygalina 1973), two modifications of EuP; (von
Schnering et al. 1976) and EuP; (von Schnering and Wittmann 1980). The composition
of EuyP; and EuyP5 was established by chemical analysis (Mironov et al. 1975) and they
probably are identical with the compounds of similar composition EusP; and Euy P4 with
determined crystal structures. Mironov and Brygalina (1974) measured the melting point
of the phosphides EusP; (1573K), EuP (2473K) and EuP; (1113K); Eu3P4 is melted
at 1220K (von Schnering et al. 1984). Schmettow et al. (1984) investigated the kinetics
of thermal decomposition of EuP; and EuP3, which proceed by the following schemes:
EuP; — EuP; (637-795K) — EuP, (749-945K) and EuP; — EuP, (738-956K) —
EusPy4 (788-949K) — EuP (993-1227K). Howell and Pytlewski (1970) found that the
thermal dissociation of EuP begins at 1103 K. The temperature of the polymorphous
transformation of EuP; is about 940K (Schmettow et al. 1980).

Hulliger and Vogt (1970) determined an anti-Th;P4-type structure for compound Eu; P,
a=10.5755. von Schnering and Honle (1988) reported that phosphide EuyP; belongs to the
Th;P4-type structure and that EusP,4 belongs to EusAss-type, but they do not determine
their lattice parameters. EuP has the NaCl-structure with a=0.5755 (Bruzzone et al.
1964). Using an X-ray single-crystal method von Schnering et al. (1984) determined the
crystal structure of EuzP4 which belongs to the Sr3Ass-type with a=1.4050, b=1.7085,
¢=0.5738, R=0.044. EuP, has its own structure type (mP18) (von Schnering and
Honle 1988). a-EuP; belongs to EuAss-type structure: a=0.9068, b=0.7222, ¢=0.5598
(von Schnering et al. 1976) and 3-EuP; belongs to the EuAs;-type: a=1.123, b=0.7345,
¢=0.8394, $=103.34° (Chattopadhyay et al. 1988b). Using an X-ray single-crystal
method von Schnering and Wittmann (1980) determined the EuP; structure as a new
type: a=1.1488, h=0.5700, c=1.0610, 5=106.08°, R=0.031.

Schmettow et al. (1984) estimated the standard enthalpy of formation of europium
phosphides compared to EuP and concluded that a-EuP; and EuP; have high stability
and EuP, is unstable. Mironov et al. (1975) investigated the magnetic properties of
the europium phosphides and showed that EuP contains Eu3* jons, EusP, and EuP,—
Eu?* ions and the other phosphides are characterized by an intermediate valence of
europium atoms. The magnetic behavior of a-EuP; at low temperature is very complicated
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(Chattopadhyay et al. 1987a, 1988b,c). The Curie point of Eu;P; is 25K (Hulliger and
Vogt 1970).

1.1.9. Ga-P

Two binary phosphides GAP and GdPs were found in the Gd—P system; both were obtained
by heating a mixture of the elemental components in evacuated silica tubes. According
to Menge and von Schnering (1976) GdPs has already formed at 873 K. The melting
point of GdP was found by different authors to be from 2229 to 2773 K; these data are
generalized by Kost et al. (1983). Mironov et al. (1971) note that homogeneity range
of gadolinium monophosphide is described by formula GdP; g¢_g.96. Torbov et al. (1971)
determined that the thermal dissociation of GdP begins at 603 K.

The crystal structure of GdP is of the NaCl-type with 4 =0.5723 (Iandelli 1961). Menge
and von Schnering (1976) determined that GdP5 has the NdPs structure with a=0.4928,
b=0.9446, ¢=0.5370, f=102.58°, R=0.039.

Kost et al. (1983) have summarized the results on the electrical and magnetic properties
of GdP. According to Menge and von Schnering (1976) GdP is paramagnetic with

Uesr =7.83 Up.

1.1.10. T6-P

Two binary compounds, TbP and TbPs, are known in the Tb-P system; TbPs was obtained
by interaction of the elemental components in evacuated silica tubes at 773-1023 K
(Wittmann et al. 1977). Reliable data about the homogeneity range of TbP are unknown.
Thermal dissociation of TbP begins at 553 K (Torbov et al. 1971).

Olcese (1961) determined that the crystal structure of TbP belongs to the NaCl-
type with a=0.5688; these data are in good agreement with Iandelli (1961): a=0.5686.
Hulliger and Levy (1969) found that the cubic cell of TbP is deformed into a
rhombohedral cell below 9.5 K. TbP5 has the NdP;-type structure (Wittmann et al. 1977).

Faffius and Kotzler (1983) measured the homogeneous magnetization of a TbP single
crystal in the temperature range 5-14 K and in a magnetic field up to SOKE and observed
a first-order transition from a paramagnetic to an antiferromagnetic phase with a Néel
temperature Tn=7.1K.

1.1.11. Dy-P

Two binary compounds, DyP and DyPs, were found in the Dy-P system, their
homogeneity ranges have not been determined. Phosphide DyPs was obtained by the same
method as TbPs. According to Torbov et al. (1971) the thermal dissociation of DyP begins
at 523 K.

DyP is of the NaCl-type structure with a=0.5654 (Iandelli 1961). Hulliger and Levy
(1969) observed a tetragonal deformation of the DyP cell below 10K and at 4.2K the
lattice parameters are: a=0.5655, ¢=0.5638. Wittmann et al. (1977) determined the
NdPs-type structure for the compound DyPs.
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Ren and Meng (1988) determined that DyP is an n-type semiconductor with a bandgap
of 1.15 eV; some electrical parameters of DyP were also measured.

1.1.12. Ho-P
The compounds HoP and HoPs are obtained in Ho—P system; HoPs was obtained by the
same method as TbPs.

HoP has the NaCl-type structure with a=0.5626 (landelli 1961). Fischer et al.
(1985) report HoP phase transitions at low temperatures connected with magnetic
transformations. HoPs has an NdPs-type structure (Wittmann et al. 1977).

1.1.13. Er-P
In the system Er-P, phosphides ErP and EtPs are known; the last was obtained by the
same method as used for TbPs.

Independently, Iandelli (1961) and Bruzzone (1961) determined an NaCl-type structure
for ErP, a=0.5606. ErPs has the NdPs-type structure (Wittmann et al. 1977).

1.1.14. Tm-P
The compounds TmP and TmPs are found in the system Tm—-P. TmPs was obtained by
the same method as for TbPs.

Iandelli determined that TmP crystallized with the NaCl-type structure, a=0.5573.
TmPs is of the NdPs-type structure (Wittmann et al. 1977).

1.1.15. Yb-P

The compound YbsP, was synthesized for the first time by Pytlewski and Howell (1967).
Wittmann et al. (1977) report two modifications of YbPs obtained by interaction of
elemental components in evacuated silica tubes at 773-1023 K. At higher temperatures
the compound YbP is formed. Torbov et al. (1971) determined that thermal dissociation
of YbP begins at 1193 K.

YbP has the NaCl-type structure with a=0.5554 (landelli 1961). According to
Wittmann et al. (1977) one of the modifications of YbPs has the NdPs-type structure.
The other modification of YbPs, type (mP24), which was determined by the X-ray single-
crystal method (von Schnering et al. 1976) is of a new type.

Vol and Kohan (1976) systematized the physical characteristics of YbP. Ren and Meng
(1988) confirmed that YbP is a n-type semiconductor with a band gap of 1.30 eV. Bonville
et al. (1988) studied the Mossbauer spectra of YbP in the temperature range 0.045-10 K.

1.1.16. Lu-P
Binary phosphides LuP and LuPs are known in the Lu-P system; LuPs was obtained by
the same method as TbPs.

Tandelli (1961) established the NaCl-type structure for LuP, a=0.5533; LuPs is of
NdPs-type structure (Wittmann et al. 1977).
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1.2, Crystal structure of binary phosphides

The characteristics of the structure types of binary phosphides given in the text contain
the following information: the name of the first representative of the ST and its Pearson
symbol; reference; the figure number showing the structure; the space group and lattice
constants. After that the table contains the atom identifications, the position in the
space group and atomic parameters x, y, z; the last column lists the atoms forming the
coordination arrangement of the central atom.

Each figure shows one projection of the unit cell, the coordination polyhedra of the
phosphorus atoms and some structure peculiarities. In the case where atomic parameters
of some phosphides are not refined they are given as for their respective prototype or
other isotypic structure. STs are considered in order of increasing phosphorus content in
the compound. The number near circles indicates the third coordinate of the atom.

Krypyakevych (1977) has proposed the systematics of structure types of intermetallic
and related compounds based on the analysis of the coordination polyhedra of the smallest
atom. This author distinguishes 17 groups to which the coordination polyhedra of the
smallest atoms belong. In analyzing the crystal structures of intermetallic compounds
some problems, connected with choice of the smallest atom, arise. In the case of the metal
compounds with boron, carbon, silicon, and phosphorus the nonmetal element is always
the smallest. Kuz’ma (1983) successfully used this concept for the analysis of the structure
types of borides. In analyzing the structure types of the binary and ternary phosphides
we will hold to the systematics developed by Krypyakevych (1977) also because the CPs
of phosphorus atoms are given in the figures.

1.2.1. Fe3C, oPl16

Structure type FesC (Villars and Calvert 1985; fig. 3, table 1) has space group Pnma,
a=0.67540, b=0.8449, ¢=0.57662 (for Sc;P) (Berger 1981).

Only one phosphide Sc;P belongs to Fe;C-type structure. The atomic parameters in
ScsP are not refined. In the structure of Sc;P (fig. 3) paired columns of deformed trigonal
prisms are placed parallel to the ¥ axis. Phosphorus atoms occupy only half of the trigonal
prisms, therefore in filled columns [PSce] and empty [[IScs] prisms alternate with one
another.

Table 1
Atomic parameters for Sc;P?*

Atom Position Fractional coordinates Atomic

x y z arrangement
Scl 4(c) 0.044 1/4 0.837 125¢ 2P
Sc2 8(d) 0.181 0.063 0.337 11Sc 2P
P 4(c) 0.881 1/4 0.431 6Sc

* Atomic coordinates are as for the structure Fe,C (Villars and Calvert 1985).
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Fig. 4. Crystal structure of Sc,P; (ST Th,Fe,) and joining of trigonal prisms (PScs] and empty octahedra
[EScq].

1.2.2. ThyFe; hP20
Structure type ThyFes (Florio et al. 1956; fig. 4, table 2) has space group P6ymc,
a=0.89340, ¢=0.57349 (for Sc;P3) (Berger 1981).
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Table 2
Atomic parameters for Sc,P;?

Atom Position Fractional coordinates Atomic

x y z arrangement
Scl 2(b) 1/3 2/3 0.060 12Sc¢ 3P
Sc2 6(c) 0.126 0.874 0.250 11Sc 3P
Sc3 6(c) 0.544 0.456 0.030 11Sc 2P
P 6(c) 0.815 0.185 0310 6Sc

* Atomic coordinates are as for the structure Th,Fe, (Florio et al. 1956).

In the structure ScyP; (ST ThyFe;) scandium atoms also form trigonal prisms joined
with one another via edges of their bases. Triangular sides of these are joined in such a
manner that trigonal prisms form empty octahedra (fig. 4). Trigonal prisms are occupied
by phosphorus atoms and no PP contacts occur. Besides that one can see empty octahedra
in the structure of S¢yP;. Scandium atoms have CNs 15, 14 and 13.

1.2.3. CrsCs, oP20

Structure type Cr3C; (Meinhardt and Krisement 1960; fig. 5, table 3) has space group
Pnma, a=0.69781, 6=0.37570, ¢ =1.43655 (for Sc;P;) (Berger 1980).

l
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Fig. 5. Crystal structure of Sc,P, (ST Cr;C,).
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Table 3
Atomic parameters for Sc,P, (ST Cr,C,)?

Atom Position Fractional coordinates Atomic
x y z arrangement
Scl 4(c) 0.030 1/4 0.406 9Sc 5P
Sc2 4(c) 0.175 1/4 0.770 8Sc 4P
Sc3 4(c) 0.850 1/4 0.930 6Sc 5P
Pl 4(c) 0.092 1/4 0.204 8Sc
P2 4(c) 0.228 1/4 0.952 7Sc

2 Atomic coordinates are as for the structure Cr;C, (Meinhardt and Krisement 1960).

Fig. 6. Crystal structure of Sc,P, (ST anti-Sb,S,) and stacking of trigonal prisms.

1.2.4. anti-Sbh,S3, oP20
Structure type anti-Sb,S; (Scavnicar 1960; fig. 6, table 4) has space group Pnma,
a=1.01075, b=0.36944, c¢=1.01793 (for Sc;P,) (Berger 1980).

The compound Sc;P; has two modifications with the structures of Cr;C; and anti-
Sb,S; (figs. 5, 6). These structure types are closely related; in both structures two-thirds
of all the trigonal prisms formed by scandium atoms are filled with atoms of smaller size.
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Table 4
Atomic parameters for Sc,P, (ST anti-Sb,S;)*

Atom Position Fractional coordinates Atomic
x y 2 arrangement
Scl 4(c) 0.04668 1/4 0.12969 8Sc SP
Sc2 4(c) 0.37613 1/4 0.06439 7S¢ 5P
Sc3 4(c) 0.21613 1/4 0.79647 7S¢ 5P
P1 4(c) 0.30851 1/4 0.49890 7S¢
P2 4(c) 0.47390 1/4 0.82207 7S¢

* Atomic coordinates are as for the structure Hf;P, (Lundstrdm 1968).

All trigonal prisms joined in columns are centered by phosphorus atoms, and the filled
and empty trigonal prisms alternate in stacks. The allocation of columns and stacks of
trigonal prisms in the structures is shown in figs. 5 and 6. The columns of trigonal prisms
are connected with empty prisms and the smallest atoms (phosphorus) have no contact
with one another.

8 . 57 o
50 @ e A

Fig. 7. Crystal structure of Eu,P, (ST anti-Th,P,).

1.2.5. anti-Th3Py4, c120

Structure type anti-ThyP4 (Meisel 1939; fig. 7, table 5) has space group 143d, a =0.9026
(for EuzP,) (Hulliger and Vogt 1970).
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Table 5
Atomic parameters for Eu,P,

Atom Position Fractional coordinates Atomic

x ¥ z arrangement
Eu 16(c) 0.065 0.065 0.065 6P
pPe 12(a) 3/8 0 1/4 8Eu

* Occupancy 88%.

The crystal structure of the phosphide Eu;P, (Hulliger and Vogt 1970) belongs to
the anti-ThyP4 type (Meisel 1939). The europium atoms occupy the positions of the
phosphorus atoms in Th; P4 and the P atoms occupy 88% of the positions of the Th atoms,
as a result the composition of this europium phosphide is described by the formula EusP;.
The CP of the phosphorus atoms — a normal 8-vertices polyhedron also occurs in the
sheelite structure; the europium atoms are placed into a distorted octahedron (fig. 7).
Krypyakevych (1962) considers ST anti-Th;P4 as a deformed packing of a-Fe-type cells,
which are formed by ions of P>~ and Th*" ions included in voids of such a packing.
Interatomic distances between Eu and P atoms are shorter than the sum of the atomic
radii of the respective elements: dg,p=0.3311 and 0.2953.

1.2.6. NaCl, cF8
Structure type NaCl (Bragg 1914; fig. 8, table 6) has space group Fm3m, a=0.60346
(for LaP) (Ono et al. 1974).

All rare-earth monophosphides have the NaCl-type structure (Bragg 1914). It is
characterized by octahedral coordination of phosphorus atoms (fig. 8). The interatomic
distances (8r_p=1/2a) are close to the sum of atomic radii of the components.

Q Fig. 8. Crystal structure of LaP (ST NaCl).
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Table 6
Atomic parameters for LaP

Atom Position Fractional coordinates Atomic

X y 2 arrangement
La 4(a) 0 0 0 6P
P 4(b) 1/2 172 12 6La

P2

(=
F
3

Fig. 9. Crystal structure of Eu,P, (ST Sr;As,) and fragment of a chain of phosphorus atoms.

1.2.7. Sr3Asy, 0F50
Structure type Sr3Ass (Deller and Eisenmann 1977; fig. 9, table 7) has space group Fdd2,
a=1.4050, b=1.7085, ¢=0.5738 (for Eu3P4) (von Schnering et al. 1984).

The phosphide Eu;P, has the ST Sr3Ass (von Schnering et al. 1984). The CPs of
the phosphorus atoms are deformed trigonal prisms (one of the prisms edges is almost
a right quadrangle) formed by europium atoms. The coordination environment of the
phosphorus atoms includes other P atoms: one P1 and two P2 (fig. 9). Four phosphorus
atoms are linked in a zigzag-like chain (fig. 9) which may be considered as a part of
the framework from the a-ThSi, structure. Sr;Ass; may then be considered as a defect
variant of a-ThSi; (Eu;P4,) (von Schnering et al. 1984). The interatomic distances of
the respective atoms in the structure Eu; P4 vary between 0.4028 and 0.4082 (for Eu—Eu);
0.3202 and 0.2998 (Eu-P); Spj_py =0.2229; Spypr =0.2321.
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Table 7
Atomic parameters for Eu,P,
Atom Position Fractional coordinates Atomic
x y 2 arrangement
Eul 8(a) 0 0 1/4 8Eu 8P
Eu2 16(b) 0.24812 0.08229 0.99324 8Eu 8P
Pl 16(b) 0.3399 0.9228 0.0079 6Eu 1P
P2 16(b) 0.5826 0.9999 0.2566 6Eu 2P

Table 8
Atomic parameters for CeP,*?

Fig. 10. Crystal structure of CeP, (ST NdAs,) and fragment of a chain of phosphorus atoms.

Atom Position Fractional coordinates Atomic

X y 2 arrangement
Ce 4(e) 0.9124 0.3126 0.1402 op
P1 4(e) 0.4610 0.6436 0.1708 5Ce 1P
P2 4(e) 0.2727 03777 0.4503 4Ce 2P

* Atomic coordinates are as for the structure NdAs, (Villars and Calvert 1985).

1.2.8. NdAs;, mP12
Structure type NdAs; (Villars and Calvert 1985; fig. 10, table 8) has space group P2,/c,
a=0.40641, b=0.65826, c=1.01591, $=105.686° (for CeP;) (Hassler et al. 1974).
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The crystal structure of CeP, belongs to NdAs,-type (fig. 10). The phosphorus atoms
have CPs in the form of tetragonal pyramids (P1) and distorted tetrahedra (P2) with one
or two additional phosphorus atoms, respectively (fig. 10). The phosphorus atoms form
fragments of zigzag-like chains (fig. 10). The interatomic distances vary between 0.4064
and 0.3932 (CG—CC); 0.3127 and 0.2919 (CC—P); 5p1_p2:0.2404; (Spg_pz =(0.2453.

1.2.9. LaP,, ml48

Structure type LaP, (von Schnering et al. 1975; fig. 11, table 9) has space group Ia,
a=0.8883, b=1.3942, ¢=0.8825, f=90.15".

4 O
% Ow OQ OO S .,
DQO” ! 56 8; 1 059&: ’

Fig. 11. Crystal structure of LaP, and method of joining of (a) five and (b) three phosphorus atoms.

The structure type LaP, (von Schnering et al. 1975) is characterized by a variety of
phosphorus CPs, such as tetragonal pyramids (Pl and P8), trigonal bipyramids (P3 and
P4) and distorted tetrahedra (all other P atoms). Some of them are shown in fig. 11.
The phosphorus atoms are linked in groups consisting of five or three atoms (fig. 11).
Interatomic distances are: Oy, 1, =0.4078-0.3848; &1,.p =0.3195-0.2968; 6p_p=0.2314—
0.2197.
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Table 9
Atomic parameters for LaP,

Atom Position Fractional coordinates Atomic
x y 2 arrangement
Lal 4(a) 0.20449 0.02279 0.39836 3La 9P
La2 4(a) 0.77735 0.20685 0.62875 3La 9P
La3 4(a) 0 0.05815 0 3La 9P
La4 4(a) 0.38055 0.28849 0.32170 3La 9P
P1 4(a) 0.3138 0.1168 0.1153 SLa 1P
P2 4(a) 0.5582 0.1221 0.1593 4La 2P
P3 4(a) 0.6746 0.3723 0.4352 5La 1P
P4 4(a) 0.4842 0.3805 0.0289 S5La 1P
P5 4(a) 0.4152 0.5052 0.1684 4La 2P
P6 4(a) 0.0859 0.3790 0.1766 4la 1P
P7 4(a) 0.0666 0.2177 0.4643 4La 2P
P8 4a) 0.9126 0.1358 0.3184 SLa 1P

Fig. 12. Crystal structure of a-EuP; (ST BaP,) and chain of phosphorus atoms.

1.2.10. BaP3; mClI6

Structure type BaP3; (von Schnering and Dahlmann 1971; fig. 12, table 10) has space
group C2/m, a=0.9068, h=0.7222, ¢=0.5598, f=113.15° (for a-EuP3) (von Schnering
et al. 1976).

The crystal structure of a-EuP; belongs to the ST BaP; (von Schnering and Dahlmann
1971), but we have not found the data about the atomic parameters in the o-EuPj
structure; fig. 12 shows the structure of a-EuP; with the atomic coordinates as for BaPs.
The phosphorus atoms have CPs in the form of trigonal bipyramids (P1) and distorted
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Table 10
Atomic parameters for a-EuP,

Atom Position Fractional coordinates Atomic
x y 2 arrangement
Eu 4(i) 0.173 0 0312 4Eu 9P
P! 4(i) 0.407 0 0.030 2Eu 3P
P2 8()) 0.413 0.235 0.286 4Eu 2P

3 Atomic coordinates are as for the structure BaP; (Villars and Calvert 1985).

tetrahedra (P2) (fig. 12). P1 atoms link P2 pairs forming a puckered network parallel to
XY (fig. 12). The reported interatomic distances are in the range: Sp,-p = 0.3427-0.2990;
Op-p=0.2250-0.2201 (Bauhofer et al. 1985).

1.2.11. S¥P;, m(C32

Structure type SrP; (Dahlmann and von Schnering 1973; fig. 13, table 11) has space
group C2/m, a=1.123, b=0.7345, ¢=0.8394, =103.34° (for -EuP;) (Chattopadhyay
et al. 1988¢).

Pt

Fig. 13. Crystal structure of 3-EuP; (ST SrP,) and chain of phosphorus atoms.

The crystal structure of B-EuP;3 belongs to the ST SrP; (Dahlmann and von Schnering
1973), its projection is shown in fig. 13; the atomic coordinates as accepted for SrPs.
The CPs of the phosphorus atoms are trigonal bipyramids (P1 and P2) and distorted
octahedra (P3 and P4) (fig. 13). The phosphorus atoms P1 and P3 form puckered six-
member rings linked into a framework by P2 atoms. Besides that there occur contacts
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Table I1
Atomic parameters for $-EuP;?

Atom Position Fractional coordinates Atomic
X y z arrangement
Eul 4(i) 0.2921 0 0.2243 4Eu 11P
Eu2 4(i) 0.9573 0 0.2591 SEu 9P
P1 4(i) 0.6758 0 0.1645 2Eu 3P
P2 4(i) 0.5837 0 0.3672 2Eu 3P
P3 8()) 0.0985 0.2622 0.0259 4Fu 2P
P4 8(/) 0.1485 0.2457 0.4879 4Eu 2P

 Atomic parameters are as for the structure SrP, (Villars and Calvert 1985).

between P2 and P4 atoms which form zigzag-like chains —P2-P4-P2-P4—. Interatomic
distances are: Ogy p=0.3512-0.2999, 6p_p =0.2224-0.2186 (Bauhofer et al. 1985).

1.2.12. NdPs, mP12

Structure type NdPs (Wichethaus and von Schnering 1976; fig. 14, table 12) has space
group P2,/m, a=0.4938, b=0.9551, c=0.5444, f=103.27°.

Fig. 14. Crystal structure of NdP; and framework of phosphorus atoms.

A projection of the crystal structure of NdPs (Wichelhaus and von Schnering 1976)
is shown in fig. 14. The CPs of all phosphorus atoms are distorted tetrahedra formed by
neodymium and phosphorus atoms (fig. 14). Zigzag-like chains of phosphorus atoms are
joined with one another by P3 atoms and form a framework. No Nd—Nd contacts occur in
NdP; structure. Interatomic distances are: Sngp =0.3046-0.2991; 6p p=0.2211-0.2162.



PHOSPHIDES 307
Table 12
Atomic parameters for NdP;
Atom Position Fractional coordinates Atomic
X y 2 arrangement
Nd 2(e) 0.01903 1/4 0.35744 8P
Pl 4(f) 0.3815 0.5903 0.0422 INd 3p
P2 4N 0.2899 0.5338 0.3991 2Nd 2P
P3 2(e) 0.2864 1/4 0.9092 2Nd 2P

1.2.13. LaPs, mP24

Structure type LaPs (Wichelhaus and von Schnering 1976; fig. 15, table 13) has space
group P2;/m, a=0.9768, b=0.9679, ¢=0.5576, 3=105.25°.

55 O 926
2 % oy O
46 5
O O.?_f NO)
PYR 5O A
OO ; Q.»
(J.ing'
@)
Lo P

Fig. 15. Crystal structure of LaP; and framework of phosphorus atoms.

The structure type LaPs (Wichelhaus and von Schnering 1976) is closely related to the
NdPs-type and differs from it by a double lattice parameter a (fig. 15). In both structures
the CPs of the phosphorus atoms and their bond types are identical. Interatomic distances
are: Op,-p=0.3121-0.3035; dp_p=0.2216-0.2167.
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Table 13
Atomic parameters for LaP;

Atom Position Fractional coordinates Atomic
x y z arrangement

Lal 2(e) 0.03434 1/4 0.38966 gp
La2 2(e) 0.51321 1/4 0.36193 gp
P1 4 0.1891 0.5942 0.0256 1La 3P
P2 4(f) 0.6895 0.5856 0.0494 1La 3p
P3 4 0.1373 0.5447 0.3707 2la 2P
P4 4 0.6562 0.5387 0.4110 2La 2P
P5 2(e) 0.1518 1/4 0.9418 2La 2P
P6 2(e) 0.6396 1/4 0.9165 2La 2P

1.2.14. LaP;, mP32
Structure type LaP; (Wichelhaus and von Schnering 1976; fig. 16, table 14) has space
group P2;/n, a=0.7923, b=1.1656, ¢=0.6989, 3=93.24°.

In the crystal structure of LaP; (Wichelhaus and von Schnering 1976) all the
phosphorus atoms have CPs in the form of distorted tetrahedra of two kinds: [PLaP;] and
[PLa,P,] (fig. 16). The first are characteristic of atoms P1, P2, P5 and P7, and the second
of P3, P4 and P6. The phosphorus atoms form a framework (fig. 16). The interatomic
distances are: 8;,p=0.3232-0.3061. ép_p=0.2246-0.2172.

Fig. 16. Crystal structure of LaP, and framework of phosphorus atoms.
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Table 14
Atomic parameters for LaP,

Atom Position Fractional coordinates Atomic
x y 2 arrangement

La 4(e) 0.21745 0.15034 0.10282 10P
Pl 4(e) 0.4080 0.4661 0.0968 1La 3P
P2 4(e) 0.7376 0.1144 0.3747 1La 3P
P3 4(e) 0.9531 0.3374 0.2501 2La 2P
P4 4(e) 0.8209 0.0984 0.0848 2la 2P
P5 4(e) 0.9934 0.5122 0.1552 1La 3P
P6 4(e) 0.5280 0.3105 0.2144 2La 2P
P7 4(e) 0.7516 0.2812 0.0368 ILa 3P

1.2.15. EuP;, mP32

Structure type EuP; (von Schnering and Wittmann 1980; fig. 17, table 15) has space
group P2,/n, a=1.1488, »=0.5700, c=1.0610, 5=106.08°.

Fig. 17. Crystal structure of EuP; and framework of phosphorus atoms.
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Table 15
Atomic parameters for EuP,

Atom Position Fractional coordinates Atomic
x y P arrangement

Eu 4(e) 0.2863 0.3931 0.0376 9P
P1 4(e) 0.0837 0.0405 0.0796 1Eu 3P
P2 4(e) 0.5664 0.2176 0.1487 1Eu 3P
P3 4(e) 0.0293 0.2074 0.2453 1Eu 3P
P4 4(e) 0.3636 0.2031 0.3249 2Eu 2P
P5 4(e) 0.8621 0.0667 0.2763 1Eu 3P
P6 4(e) 0.7226 0.0940 0.0879 2Eu 2P
P7 4(e) 0.5418 0.0549 0.3308 1Eu 3P

The coordination of phosphorus atoms in the EuP;-type structure (von Schnering and
Wittmann 1980) is the same as in the LaPs-structure (fig. 17). The phosphorus atoms
are linked in ribbons of complicated configuration (fig. 17). The distances between the
phosphorus atoms in the ribbons vary between 0.2235 and 0.2180, while those between
phosphorus atoms from different ribbons are about 0.350. The interatomic distances Eu~P
are 0.3262-0.3062.

1.3. Crystallochemical regularities

The reported data on the formation of binary rare-earth phosphides and their crystal
structure provides an opportunity to make some generalizations. The data about
compositions and structure types of all known binary rare-earth phosphides are listed
in table 16.

Known scandium phosphides contain 50 or less at.% of phosphorus and in this
way they differ in principle from other rare-earth phosphides. The crystal structures of
scandium phosphides (except ScP) are characterized by a trigonal-prismatic coordination
of phosphorus atoms. They are more closely related to the structures of the ['Va transition-
metal (Zr and Hf) phosphides than with the other rare-earth phosphides.

The greatest number of phosphides are known for europium, and, certainly, this is
connected to the variable valence of europium. That is why the other binary phosphorus
systems of the rare earths with probable variable valence require additional investigation,
particularly the higher phosphides RP; of light rare earths. No promethium phosphides
are known, but formation of PmP and PmPs compounds is very probable.

Phosphorus CPs in the structures of the binary rare-earth phosphides belong to six
groups and the structure types belong to four of 17 groups distinguished by Krypyakevych
(1977). The smallest atoms have only a few kinds of coordination polyhedra. The
relationship of such a structure to a definite structure group is determined by the
polyhedron with the fewest number of vertices. As one can see from table 17 there is
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Table 17
Coordination polyhedra of phosphorus atoms in the structures of binary rare-earth phosphides

ST CP of P atom

normal trigonal prism  octahedron trigonal tetragonal tetrahedron
polyhedron, bipyramid pyramid
8 vertices

Fe,C
Th,Fe,
Cr,C,

antj-Sb, S,

anti-Th,P, |
NaCl |

Sr,As, |

NdAs, | u
LaP,

BaP,

SrP, | |
NdP,

LaP;

LaP,

EuP,

a regular change from the definite structure group to another group due to the increasing
phosphorus content in the compound. In compounds with a P content up to 0.57 at.%
the coordination environment of the phosphorus atoms are normal 8-vertices polyhedra
and trigonal prisms. Only in monophosphides P atoms have octahedral coordination, and,
together with a trigonal bipyramidal one in both EuP; modifications the CPs have six
vertices. All phosphides with phosphorus content higher than 80 at.% are characterized
by tetrahedral coordination of P atoms.

Analysis of the minimum interatomic distances in structures of binary phosphides
(table 18) does not show any clear tendencies. The Sg_p largely depends on the atomic
radius of R and to a smaller degree on the phosphide composition. Hovewer, some
increase of the minimum interatomic distances dg_p is observed in phosphides with higher
phosphorus contents. The minimum value of the §p_p for most phosphides corresponds
to the P-P distances in the phosphorus modifications, 0.221 (white phosphorus)
and 0.224 (red phosphorus) with an average value of 0.2219 (Hittorf phosphorus)
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Table 18
Minimum interatomic distances in the binary rare-earth phosphides

Phosphide ST Minimum &

R-P P-P
LaP NaCl 0.3017 -
Eu,P, Sr;As, 0.2998 0.2229
CeP, NdAs, 0.2919 0.2404
LapP, LaP, 0.2968 0.2196
a-EuP, BaP, 0.2990 0.2201
(3-EuP, SrP, 0.2999 0.2186
NdP; NdP; 0.2991 0.2162
LaP; LaP; 0.3035 0.2167
LaP, LaP, 0.3061 02172
EuP, EuP, 0.3062 0.2180

D
9%
2321 ~f @
2
T
2 O b

Fig. 18. Bond types of phosphorus atoms in the structures of (a) Eu,P,,
(b) NdP, and (c,d) LaP,.

(Krebs 1968). According to Pearson (1977) the covalent radius of the phosphorus atom
in a single bond is 0.110.

In all binary rare-earth phosphides with a phosphorus content equal to or less than
50 at.% the phosphorus atoms are isolated and no P-P contact occurs. Chemical bonding
between phosphorus atoms is observed in phosphides with higher phosphorus contents
(figs. 18, 19). In these structures phosphorus atoms are linked to one another forming
zigzag-like chains. Increasing the P content in compounds leads to the appearance of
complicated frameworks (fig. 19). It is considered that separate groups of phosphorus
atoms have a negative charge and form complicated anions. In the structure of
monophosphides, phosphorus atoms are isolated and are in the P*~ valence state, and
are compensated by R** cations. In the phosphide Eu;P4 the phosphorus anions have
the composition P§~. In LaP; (von Schnering et al. 1975) there exist two types of anions
(P3™ and P1") which correspond to the phosphanes P;Hs and PsHj, respectively. Thus, the
structure of LaP, may be considered as derivatives of those phosphanes (LasP3P5). Using
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Fig. 20. (a) Lattice parameter g of rare-earth monophosphides and (b) unit cell volume of rare-earth
pentaphosphides per one formula unit vs rare-earth atomic number.

a formal valence scheme penta and heptaphosphides may be considered as R**(Ps)*~ and
R3*(P;)*", respectively. Magnetic susceptibility measurements of GdPs at 298 K (Menge
and von Schnering 1976) which allows calculating the effective magnetic moment of the
gadolinium atom (fiexp =7,83 yig) confirms the existence of Gd®* ions.

Some information about the valence state of the lanthanoid atoms in their compounds
shows the dependence of the lattice parameters due to the change of the R atomic number.
All the rare earths may be considered for monophosphides with the NaCl-type structure
(fig. 20). Using the listed data one can make conclusions about the R** valence state of
all the rare earths. A small deviation from a linear dependence of the lattice parameter vs.
atomic number is observed only for cerium monophosphide. This anomaly is probably due
to an intermediate valence of cerium atoms between Ce** and Ce**. For the light rare-earth
pentaphosphides we consider the change of the unit-cell volumes which correspond to one
formula units. The variation is caused by the RPs phosphides belonging to two structure
types with a different number of formula units per unit cell. As one can see (fig. 20b) a
linear dependence indicates the trivalent state of the R atoms in these compounds.

Magnetic susceptibility measurements (Iandelli 1956, 1961) confirm the R** valence
state of the rare-earth atoms in monophosphides. The magnetic behavior of all rare-earth
monophosphides shows the Curie—Weiss law, except SmP and EuP which show Van Vleck
paramagnetism.

The magnetic properties of the europium phosphides were especially studied in detail.
Using the calculation of the effective magnetic moments of the europium atoms Mironov
et al. (1975) determined the valence state of the europium atoms in phosphides: in EuP
europium is almost solely in the Eu?* state, in EuP, the valence state is Eu** and in Eu; P,
and EuyPs (there may be a question about the compound EusP,) europium atoms are in
intermediate states between Eu®" and Eu’*. The existence of Eu?* ions in EusP, and EuP,
was also shown by Hulliger and Vogt (1970) and Busch et al. (1971). von Schnering et al.
(1984) note that the magnetic moment of europium in EusPy (tes =7.94 pip) is less than
that for the Eu?* ion; it may be rationalized by the presence of up to 5at.% of Eu’*.
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Reliable data about the valence state of ytterbium atoms in their binary phosphides
have not been found.

1.4. Chemical properties of binary rare-earth phosphides

The chemical properties of the binary rare-earth phosphides have been studied fully only
for monophosphides, their thermodynamic characteristics have also been determined.
Thermodynamic data of formation and atomization of the R monophosphides are listed
in table 19.

Table 19
Standard enthalpy of formation and atomization (kJ/mol) of solid binary rare-earth phosphides
Compound —AHY%; s Reference(s) AHY n. 0515k Reference(s)
ScP 343.5 Franzen et al. (1980) 940.98 Chua and Pratt (1974)
YP 412 [andelii (1961) 1051 Chua and Pratt (1974)
LaP 319.66  Hordijenko (1988) 1082.6 Hordijenko (1989)

1068.59 Hordijenko et al. (1979)
1137.42 Franzen et al. (1980)

LaP, 453 Niessen and de Boer (1981)

CeP 313.8 Hordijenko (1988) 1097.14 Hordijenko et al. (1979)
PrP 356.9 Hordijenko (1988)

NdP 346.9 Hordijenko (1988) 990.8 Hordijenko et al. (1979)
SmpP 378.2 Hordijenko (1988) 842.6 Hordijenko (1989)

EuP 306.3 Hordijenko (1988) 797.9 Hordijenko and Mironov (1983)
Gdp 313.8 Hordijenko et al. (1982) 1027.3 Hordijenko et al. (1982)
TbP 313.8¢ Hordijenko (1988)

DyP 315.12 Hordijenko (1988)

HoP 316.7® Hordijenko (1988)

ErP 318.8® Hordijenko (1988)

TmP 319.2° Hordijenko (1988)

YbP 3209° Hordijenko (1988)

LuP 32222 Hordijenko (1988) 1066.9 Hordijenko et al. (1979)

2 Predicted data.

Powders of the monophosphides (except EuP and, to some extent, LaP) are stable
in air. Mironov et al. (1977) determined that rare-earth phosphides are oxidized in air
above 673 K. The products of oxidation are complex phosphates and above 1223K
orthophosphates.

The chemical behaviors of some rare-earth monophosphides in different solvents are
listed in table 20. Kost et al. (1983) showed that the monophosphides (except EuP)
react slightly with water. Mineral acids (HNO;, HCl) and CH3;COOH decompose
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R monophosphides producing PHj. Polyphosphides are stable in water and are dissolved
only in oxidizing acids.

von Schnering et al. (1984) note that Eu;P; hydrolyzes slightly. The products of its
interaction with water and with H;SO, are phosphine and diphosphine, respectively.
LaP; may be kept in air and in water (von Schnering et al. 1975). Dilute acids interact
by forming PHj, P,Hs and solid phosphane. Interaction with dilute alkaline solutions
proceeds slowly and also produces PHj3.

Single crystals of LaPs and NdPs are stable in dilute alkaline solution and non-
oxydizing acids (Wichelhaus and von Schnering 1976). Single crystals of GdPs are stable
in concentrated solutions of NaOH and HCI, but are slowly decomposed by concentrated
HNO; (Menge and von Schnering 1976). The phosphide LaP; does not interact with dilute
solutions of alkalis and non-oxidizing acids (Wichelhaus and von Schnering 1975).

In summary we can conclude that the chemical stability of binary rare-earth phosphides
increases with increasing phosphorus content of the compounds.

1.5. Preparation of binary rare-earth phosphides

The direct methods based on interaction between the components at high temperatures
are most frequently used for preparing binary rare-earth phosphides. As a rule, this
interaction proceeds in evacuated silica tubes. Mixtures of the separate powders of metal
and red (or white) phosphorus are placed into a tube and slowly heated up to 900-1200 K
with further annealing for 50100 hours at this temperature. The interaction between the
components begins at a temperature of about 673 K and its velocity depends on many
factors. It should be mentioned, that the temperature of synthesis is chosen according
to the definite compounds which are to be obtained. Thus, for example the LaP, was
obtained at 1453 K and LaP5 at 1023-953 K. In general, phosphides with high phosphorus
content are formed at relatively lower temperatures. The phosphides obtained may contain
some oxide impurities which result from the presence of oxygen in the powders of the
initial components and/or in silica. Very often mixtures of phosphides are obtained and
they are difficult to separate.

Addition of iodine as a mineralizer accelerates the interaction between phosphorus and
rare earths. For preparing single crystals of rare-earth phosphides suitable for further
investigations, the product obtained was ground, pressed into pellets, and sealed in
evacuated silica tubes with a small quantity of KI. The sealed ampoule was again treated at
the annealing temperature. Wichelhaus and von Schnering (1975) used a eutectic mixture
NaCl+KI for synthesizing LaP;.

A variation of the direct method is a synthesis using two-temperature heating. A silica
tube of about 20 cm in length containing the reaction components is placed in a furnace
with a temperature gradient. The end of the ampoule with the rare earth is placed in the
higher temperature zone and the other one with phosphorus (inserted in a small silica tube
or in a crucible) in the lower temperature zone. By selecting the appropriate temperature
gradient one can obtain an almost homogeneous phosphide of definite composition. von
Schnering et al. (1975) synthesized LaP; using the temperature regime 1453-923 K. By
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changing the temperature of the hot and cold zones one can also obtain phosphides of
different stoichiometries. Ono et al. (1974) obtained different cerium phosphides at a
constant temperature of the hot zone (973 K) and varying the temperature of the cold
zomne: 420K, CeP; 420-470K, CeP +CeP;; 470-670K, CeP,; 670-870K, CePs.

Another group of methods are those using chemical compounds containing rare earths
or phosphorus. The deficiency of these methods is the formation of by-products which
yield an impure phosphide.

Another possible method is the interaction of gaseous PH; with a rare-earth oxide
which proceeds by the following scheme:

R;03+2PH; =2RP+3 H,0.

Studying this reaction Samsonov et al. (1966), Mironov et al. (1966) and Mironov et al.
(1971) determined that the reaction must proceed with a large excess PH; (exceeding
100-200 times) for suppressing the dissociation of RP and increasing the yield. The
interaction proceeds at temperatures between 1173-1673 K, depending on the compounds
taking part in the reaction. Samsonov et al. (1966), Mironov et al. (1966) and Samsonov
and Endrzeevskaja (1963) note that relatively lower temperatures are used for reactions
with metallic rare earths and higher temperatures are required for those with rare-earth
oxides.
Yim et al. (1972) obtained scandium monophosphide by the reaction:

ScCls + PH3 = ScP + 3 HCL.

Pytlewski and Howell (1967) proposed an original method of synthesizing europium and
ytterbium phosphides RP and R;P;. For this purpose the rare earth was dissolved in liquid
NH; and PH; was passed through the solution obtained. Thermal decomposition of the
sediment R(PH;), x 7NHj gives the respective phosphides.

2. Ternary and quaternary phosphides
2.1. R-M-P and R~-M-M'—P systems

The first part of this section is concerned with the crystal structures of ternary and
quaternary phosphides and the isothermal sections of ternary systems. Systems R-—
M-P are considered in order of increasing atomic number of rare earth and then
transition metal. The crystallographic characteristics of the phosphides are listed in tables.
For phosphide structures which have been refined by single-crystal methods, atomic
parameters and R-values are given. Compounds in each system are considered in order
of increasing phosphorus and then rare-carth content. A separate column in the table
indicates the method used for preparing the phosphide.
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Table 21
Compounds in the system Sc~-M-P

Compound  Prep.* Structure type Lattice parameters R Reference(s)

a b ¢
Sc,Mn,, P, { Zr,Fe,P, 0.9392 - 0.3562 Jeitschko et al. (1993)
ScFe,P, 3 ZrFe,Si, 0.6962 - 0.3622  0.014 Jeitschko et al. (1990)
Sc,Fe,,P, 3 Zr,Fe ,P, - - - Reinbold and Jeitschko (1987)
ScFesP, 3 YCo,P, - - - Reinbold and Jeitschko (1987)
Sc,Coy, P, 3 Zr,Fe,P, 0.8973 - 0.3531 Jeitschko and Reinbold (1985)
ScCo,P, 3 YCosP, 1.1691 03583 1.0206 Jeitschko and Reinbold (1985)
ScsCoyePy 3 ScsCoyPy, 1.1919 - 0.3592  0.023 Jeitschko and Reinbold (1985)
ScCoP 3 TIiNiSi 0.6268 03750 0.7050 Jeitschko and Reinbold (1985)
Sc,Ru,P; 2 ZrFe,P, 0.9318 - 0.387  0.038 Ghetta et al. (1986)
ScRuP 2 ZiNiAl 0.6524 - 0.3610 0.040 Ghetta et al. (1986)
ScCa,Pt,P., 1 Eu,Pt;AIP., 04038 - 2.7027 Lux et al. (1991b)

® Methods of preparation: (1) ampoule synthesis from the pure components; (2) melting in arc furnace;
(3) tin flux method; (4) other method.

2.1.1. Sc-M-P

Sc-M-P compounds are listed in table 21. No phase diagram of scandium-containing
systems is reported. A continuous solid solution occurs between compounds ScP and
ScAs (Yim et al. 1972). Jansen and Sperlich (1975) found continuous solid solution
between the phosphides ScP and GdP.

2.1.2. Y-M-B Y-M-M'-P

Y-M—~(M’)P compounds are listed in table 22. Quinn and Weaver (1976) found a
continuous solid solution between the monophosphides YP and TbP. Sampathkumaran
et al. (1986) investigated single-phase polycrystalline samples Yg95EugosNi;P, and
Yo.95Eu0 gsPd;P;; their phase composition was determined by X-ray analysis.

2.1.3. R~-M-P R~-M-M-P (R = rare-earth metal of cerium group)

R-M—~(M")P compounds with cerium-group rare earths are listed in table 23. Pavlov et al.
(1991) studied the isothermal section of the system La~-Mn—P at 1873 K and found two
separate phases to exist in the liquid state at the temperatures investigated. Samples with
35at.% of lanthanum contain two liquid phases and solid LaP.

The isothermal section of the La-Fe—P system in the range 0-75 at.% P (fig. 21a) has
been determined using X-ray phase analysis (Chykhrij and Shevchuk 1993). Samples
were prepared by arc melting (phosphorus content up to 30at.%) or by heating in
evacuated silica tubes (other part of the system) with further annealing at 870K during
500 hours. Only one ternary compound LaFe, P, appears in the phase diagram (fig. 21a).
No solubility of the third component in binary compounds has been found.
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Table 22
Compounds in the systems Y-M-P and Y-M-M'-P
Compound Prep.® Structure type Lattice parameters R Reference(s)
a b c
Y,Fe,,P, Zr,Fe,,P, - - - Raffius et al. (1991)
YFe,P, 3 YCosPy 1.2008 0.3672 1.0423 Jeitschko et al. (1984)
YCosP, 3 YCosP,y 1.1820 0.3666 1.0336  0.051 Meisen and Jeitschko (1984b)
YCo,P, 2 HoCo,P, 1.0600 0.3704 1.2248 Chykhrij et al. (1989b)
Y;Co;yP, 3 ScsCo Py, 1.2057 - 0.3679 Jakubowski-Ripke and
Jeitschko (1988)
YNi, P, 2 ZrFe,Si, 0.7109 - 0.3600 Chykhrij et al. (1986)
Y,Ni,P, 3 Zr,Fe, P, 0.9076 - 0.3682 Jeitschko and Jaberg (1980b)
Y¢Niy,Py3 3 YNiygPps 1.2677 - 03749  0.068 Chykhrij et al. (1985)
Y,Ni,,P,; 4 ZrgNiyPyy 1.2676 - 0.3747 Madar et al. (1985b)
YNiP 2 Tb,_,NiP 0.3889 - 1.5620 Chykhrij et al. (1987)
YNi, P, 1 CeAl,Ga, 0.3859 - 0.9332 Jeitschko and Jaberg (1980a)
YCu, P, 1 orthorhomb.  ~2.0 ~0.55 ~0.55 Méller and Jeitschko (1985)
Y;Ru,Pp, 1 HosNijgP, 1.2531 - 0.3933 Ghetta et al. (1989)
YRu,P, 1,3 CeAl,Ga, 0.4030 - 0.9545 Jeitschko et al. (1987)
Y,Rh,P; 1 Zr,Rh;,P, 0.9619 - 0.3792 Pivan et al. (1985¢,d)
YPd,P, I CeAl,Ga, 0.4053 - 0.9850 Jeitschko and Hofmann (1983)
YPtP YbPtP 0.4097 - 0.3865 Wenski and Mewis (1986¢)
YLiCuy,P, 1 TbLiCu,P, 0.3985 - 0.6570 Mahan and Mewis (1983)
YCuZnP, 1 Ce,S,0 0.3983 - 0.6523  0.066 Kliifers et al. (1980),

Mahan and Mewis (1983)

¢ Methods of preparation: (1) ampoule synthesis from the pure components; (2) melting in arc fumace;
(3) tin flux method; (4) other method.

1 CEF62P2

1 La F82P2
2 CeqFeqpPy

Fig. 21. (a) La—Fe-P and (b) Ce-Fe-P, isothermal sections at 870 K.
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Table 23
Compounds in the systems R-M-P and R-M-M'-P (R =rare-earth metal of cerium group)
Compound Prep.?® Structure type Lattice parameters R Reference(s)
a b ¢

LaLi,P, 1 LaLi,P, 0.42508 - 0.6906 0.025 Grund et al. (1984)
LaLi,P, Ce,S,0 0.4189 - 0.6834 Maslout et ai. (1975)
LaSiP,(P) 1 orthorhomb. - - - Ono et al. (1976)
LaSiP,(X) 1 orthorhomb. - - - Ono et al. (1976)
LaSiP,(F) 1 orthorhomb. 0.5968 0.5820 2.5269 Ono et al. (1976)
LaSi, P, 1 orthorhomb. 1.0150 2.8189 1.0384 Ono et al, (1976)
La,Fe,sP), 3 La,Fe,;P;, 1.4756 1.8149 0.3636 0.038 Zimmer and Jeitschko (1992)
LaFe,P, 3 CeAl,Ga, 0.38407 - 1.0982 0.024 Jeitschko et al. (1985)

3 0.38432 - 1.09871 0.057 Chykhrij and Shevchuk (1993)
LaFe,P,, 1 LaFe,P,, 0.78316 - - 0.028 Jeitschko and Braun (1977)
LaCo,P;, 2 LaCosP, 0.3651 1.1573 1.1459 0.054 Davydov and Kuz’ma (1981)
LaCogP5 3 LaCogP; 1.0501  0.3596 0.9342 0.040 Meisen and Jeitschko (1984a)
LaCo,P, 3 CeAl,Ga, 0.38149 - 1.1019 0.011 Jeitschko et al. (1985)
Lay,Co,P, 3 LaFe,P,, 0.7745 - - Zemni et al. (1986)
La,Ni,,P; 1 La,Ni,,Ps 1.0911 0.3696 1.3174 0.028 Kuz'ma et al. {1993)

£=108.02
LaNi, P, LaNi,P, 0.9310 0.3706 2.234  0.038 Babizhets’ky et al. (1992¢)
~LaNi,; P - - - Babizhets’ky and
Kuz’ma (1994)
~LaNigP, 2 - - - Babizhets’ky and
Kuz'ma (1994)

La,Ni, P, La,Ni;,P, 0.3806  3.030 1.0730 Babizhets’ky et al. (1992b)
LaNisP, 3 LaCosP, 0.3642 1.1716 1.1494 0.070 Hofmann and Jeitschko (1984)
La,Ni;P; 2 Nd;Ni,P; 1.7004 - 0.3997 Chykhrij et al. (1989c)
LaNiP 2 Tb,_NiP 0.4024 - 1.6297 Chykhrij et al. (1987)
LaNi,P, 1 CeAl,Ga, 0.4007 - 0.9632 Jeitschko and Jaberg (1980a)

3 0.4010 - 0.9604 0.016 Hofmann and Jeitschko (1984)
LagNi Py, 1 LagNigP,, 1.0168 - - 0.023 Braun and Jeitschko (1978)
La;Cuyy Py, 1 Nd;Cu;y_ P}, 1.2769 - 0.3972 Oryshchyn et al. (1991a)
LaCu,P, 1 CeCuy ;P o, - - - Moller and Jeitschko (1985)
LasRu,4Py, 1 ScsCoi Py 1.2647 - 0.4000 Ghetta et al. (1989)
LaRuP PbFCl - - - Reehuis and Jeitschko (1990)
LaRu,P, 1,3 CeAl,Ga, 0.4031 - 1.0675 0.028 Jeitschko et al. (1987)
LaRu,P,, 1 LaFe,P,, 0.80561 - - Jeitschko and Braun (1977)
LagRh;,Py; 1 LagRh;,Py, 2.7054 - 0.3944 0.050 Pivan et al. (1988)
LaRh,P, 1 CaBe,Ge, 0.4189 - 0.9577 Madar et al. (1985a, 1987a)
LaPdP 1 ZrBeSi 0.4269 - 0.7909 Johrendt and Mewis (1990)
LaPd,P, 1 CeAl,Ga, 0.4188 - 0.9857 Jeitschko and Hofmann (1983)
LagPdsP, 1 LagNigP,, 1.0411 - - Jeitschko and Hofmann (1983)
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Table 23, continued

Compound Prep.® Structure type Lattice parameters R Reference(s)
a b ¢
LaAg,P, 1 tetrag. ~0.4 - ~20 Méller and Jeitschko (1985)
LaAg,P, 1 CeCuy 1,P; o - - - Maller and Jeitschko (1985)
LaOs,P, 1 LaFe,P, 0.80844 - - Jeitschko and Braun (1977)
LaCuZnP, 1 Ce,S,0 0.4082 - 0.6742  0.055 Mahan and Mewis (1983)
LaZnAgP, Ce,S,0 0.4194 - 0.6817 Tejedor and Stacy (1990)
{(La,Ce),Rhy Py, 1 (La,Ce),,RhyP,;  1.7475 - 0.3948 0.049 Pivan and Guerin (1986)
CeLi,P, Ce,S,0 0.4189 - 0.6834 Maslout et al. (1975)
CeSiP, 1 CeSiP, 0.5861  2.5295 0.5712 0.048 Hayakawa et al. (1978)
CeSiP,(F) 1 orthorhomb. 0.59059 0.57748 2.5069 Ono et al. (1976)
CeSiP,(P) 1 orthorhomb. 0.58610 0.57119 2.5295 Ono et al. (1976)
CeSi, Pg 1 orthorhomb. 1.0123  2.8071 1.0325 Ono et al. (1976)
Ce,Fe,,P; 3 Zr,Fe ;P 0.9135 - 0.3677 0.029 Jeitschko et al. (1984)
CeFe,P, 3 CeAl,Ga, 0.38490 - 1.0280 0.016 Jeitschko et al. (1985)
CeFe, P, 1 LaFe,P;, 0.77920 - - Jeitschko and Braun (1977)
3 0.7792 - - 0.022 Grandjean et al. (1984)

Ce,Coy, P, 3 Zr,Fe,,P; 0.90776 - 0.36553 Jeitschko et al. (1978)
CeCosP; 3 YCosPy 1.1817 0.3710 1.0404 Meisen and Jeitschko (1984b)
CeCo,P, 2 HoCo,P, 1.0634 0.3764 1.2349 Chykhrij et al. (1989b)
CeCo,P, 3 CeAl,Ga, 0.38973 - 0.9598 0.023 Jeitschko et al. (1985)
Cey,5Co4Py, 3 LaFe,P, 0.7738 - - 0.014 Zemni et al. (1986)
~CeNi,P 2 - - - Babizhets’ky and

Kuz’ma (1994)
CeyNiy Py 2 CegNiy Py, 1.4260 ~ 0.3863 0.069 Babizhets’ky et al. (1992a)
Ce,Ni,Ps I La,Ni,,P; 1.0803 0.3684 1.3161 Kuz’'ma et al. (1993)

£=107.74

~CeNi,, Ps 2 - - - - Babizhets’ky and

Kuz’'ma (1994)
~CeNigP, 2 - - - - Babizhets’ky and

Kuz'ma (1994)
~Ce, Ni; Py 2 - - - Babizhets’ky and

Kuz’'ma (1994)
Ce,Ni, P, 2 Nd,Ni,P, 0.3769 0.9219 1.0414 Babizhets’ky and

Kuz’'ma (1994)
CegNi;sPyg 2 CegNi 5Py 1.6637 - 0.3878 Babizhets’ky et al. (1993a)
Ce,yyNigyPyg 2 Sty Nig; ¢Pyg 2.0454 - 0.3892 Babizhets’ky and

Kuz’ma (1994)
Ce,Ni, P, Zr,Fe,,P, 0.9094 - 0.3737 Jeitschko and Jaberg (1980b)
CeNi,_ Py 2,3 CeNig,P, 2.4701 03785 1.0619 0.067 Babizhets’ky et al. (1992d)
(x=0.1) f=105.2
Ce;Ni P 3 1 ZrgNiy P4 1.2766 - 0.3829 Madar et al. (1985b)
CeNiP 2 Tb,_ NiP 0.3994 - 1.6085 Chykhrij et al. (1987)

Continued on next page
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Table 23, continued

Compound Prep.® Structure type Lattice parameters R Reference(s)
a b c

CeNi,P, 1 CeAl,Ga, 0.3955 - 0.9505 Jeitschko and Jaberg (1980a)

3 0.3958 - 0.9489 0.015 Hofmann and Jeitschko (1984)
CegNigP,; 1 LaNigP,, 1.0116 - - 0.046 Braun and Jeitschko (1978)
CesCuyy P, 1 Nd;Cuyy Py, 127294 - 0.39283 Oryshchyn et al. (1991a)
CeCuy,P 4, 1 CeCuy (1P} o7 1.9649  0.5550 0.5522 0.024 Moller and Jeitschko (1985)
Ce,Cu,Ps_, 1 Ce,Cu,P; 0.5522  0.5550 1.965 Moéller and Jeitschko (1981)
(x=0.5)
CeCu,P, 1 tetrag. ~0.4 - ~2.0 Moller and Jeitschko (1985)
CesRu Py, 1 HosNi Py, 1.2546 - 0.3947 Ghetta et al. (1989)
CeRu,P, 1,3 CeAl,Ga, 0.4042 - 1.0134 Jeitschko et al. (1987)
CeRu,P;, 1 LaFe,P,, 0.80376 - - Jeitschko and Braun (1977)
CegRhy, Py 1 La,Rh,,P,, 2.6941 - 0.3926 Pivan et al. (1988)
CeRh,P, 1 CaBe,Ge, 04157 - 0.9501 Madar et al. (1985a)

0.4146 - 0.9539 Madar et al. (1987a)
CePdP 1 ZrBeSi 0.4248 - 0.7799  0.05 Johrendt and Mewis (1990)
CePd,P, 1 CeAl,Ga, 0.4156 - 0.9887 Jeitschko and Hofmann (1983)
CegPdgP ), 1 LagNi P, 1.0339 - - Jeitschko and Hofmann (1983)
CeAg,P, 1 CeCuy ;P o - - - Maller and Jeitschko (1985)
CeOs,Py, 1 LaFe,P,, 0.80626 - - Jeitschko and Braun (1977)
CeLiCu,P, 1 TbLiCu,P, 0.4042 - 0.6718 Mahan and Mewis (1983)
CeCuZnP, 1 Ce,S,0 0.4064 - 0.6697 0.056 Mahan and Mewis (1983)
PrLi,P, 4 Ce,S,0 0.4196 - 0.6821 Fischer and Schuster (1980)
PrSiP,(F) 1 orthorhomb. 0.5871 0.5749 2.4972 Ono et al. (1976)
PrSiP,(P) 1 orthorhomb. 0.5823  0.5687 2.5200 Ono et al. (1976)
PrSi, Py 1 orthorhomb. 1.0105  2.7938 1.0278 Ono et al. (1976)
Pr,Fe;,P; 3 Zr,Fe,,P; 092039 - 0.36878 Jeitschko et al. (1978)
PrFe,P, CeAl,Ga, 0.3855 - 1.0323 0.011 Reehuis and Jeitschko (1987)
PrFe,P ), 1 LaFe,P,, 0.78149 - - Jeitschko and Braun (1977)
Pr,Co,, P, 3 Zr,Fe,,P, 091300 - 0.36606 Jeitschko et al. (1978)
PrCo,P, 3 YCosP, 1.1911 03713 1.0449 Meisen and Jeitschko (1984b)
PrCo,P, 2 HoCo,P, 1.0735 03767 1.2370 Chykhrij et al. (1989b)
PrCoP 3 PbFCl 0.39229 - 0.8215 Reehuis and Jeitschko (1990)
PrCoqPs 3 LaCogPs 1.0479 03570 0.9295 Rechuis et al. (1988b)
PrCo,P, 3 CeAl,Ga, 0.39000 - 0.9759 0.044 Jeitschko et al. (1985)
Pr,CosP,, 3 LaFe,P,, 0.7733 - - Zemni et al. (1986)
PryNiyP, 2 CegNigyPyy 1.4298 - 0.3875 Babizhets’ky et al. (1992a)
Pr,Ni), Py 1 La,Ni;, P 1.0845 0.3683  1.3153 Kuz’ma et al. (1993)
B=107.67

Pr,Ni,;, P, 3 Zr,Fe,P, 0.9131 - 0.3756 Jeitschko and Jaberg (1980b)

PryNi;P; 2 Nd;Ni; P 1.6887 - 0.3969 Chykhrij et al. (1989¢
31y
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Compound Prep.? Structure type Lattice parameters R Reference(s)

a b c
Pr;Ni Py, 1 ZrgNiyPy; 1.2820 - 0.3852 Madar et al. (1985b)
PrNiP 2 Tb,_ NiP 0.3993 - 1.5975 Chykhrij et al. (1987)
PrNi, P, 1 CeAl,Ga, 0.3952 - 0.9493 Jeitschko and Jaberg (1980a)
Pr¢NigP,, I LagNigP,, 1.0073 - - Braun and Jeitschko (1978)
Pr;Cuyo_. P, 1 Nd,Cuyy_. Py 1.2706 - 0.3924 Oryshchyn et al. (1991a)
PrCu,P, 1 CeCu, 1, P, o - - - Moller and Jeitschko (1985)
Pr;Ru 4P, 1 Ho,Ni P, 1.2579 - 0.3975 Ghetta et al. (1989)
PrRu,P, 1,3 CeAl,Ga, 0.4048 - 0.9974 Jeitschko et al. (1987)
PrRu,P,, 1 LaFe,P,, 0.80420 - - Jeitschko and Braun (1977)
PrRh,P, i CaBe,Ge, 0.4156 - 0.9513 Madar et al. (1985a, 1987a)
PrPdP 1 ZrBeSi 0.4232 - 0.7732 Johrendt and Mewis (1990)
PrPd,P, 1 CeAl,Ga, 0.4134 - 0.9879 Jeitschko and Hofmann (1983)
PrAg,P, 1 CeCu,y 5P o7 - - - Moller and Jeitschko (1985)
PrOs,P,, 1 LaFe P, 0.80710 - - Jeitschko and Braun (1977)
Nd,Fe,P, 3 Zr,Fe),P; 091856  — 0.36769 Jeitschko et al. (1978)
NdFe,P,, 1 LaFe, P, 0.78079 - - Jeitschko and Braun (1977)
Nd,Co,, P, 3 Zr,Fe,P; 0.9106 - 0.36499 Jeitschko et al. (1978)
NdCosP, 3 YCosP; 1.1897 0.3708 1.0438 Meisen and Jeitschko (1984b)
NdCo,P, 2 HoCo,P, 1.0717 03759 1.2363 Chykhrij et al. (1989b)
NdCoP 3 PbFCI 0.39044 - 0.8173 Reehuis and Jeitschko (1990)
NdCo,P, 3 CeAl,Ga, 0.38941 - 0.9681 Jeitschko et al. (1985)
Nd,Co,P;, 3 LaFe,P), 0.7723 - - Zemni et al. (1986)
~NdNi,P 2 - - - - Babizhets’ky (1995)
Nd,NiyP,, 2 CeyNiyP,, 1.4312 - 0.3874 Babizhets’ky et al. (1992a)
Nd,Ni,,P; 1 La,Ni,,P; 1.0815 0.3677 13142 Kuz’ma et al. (1993)

f$=107.71

~Nd;NigP, 2 - - - - Babizhets’ky (1995)
~NdNij; P; 2 - - - - Babizhets’ky (1995)
Nd,Ni,P, 2 Nd,Ni,P, 0.37588 0.9238 1.0413 0.054 Chykhrij et al. (1990)
Nd,,Nig; Py, 2 SmyNig ¢Pyg 2.0750 - 0.3898 Babizhets’ky (1995)
Nd,;Ni;, P, 3 Zr,Fe,P, 0.9111 - 0.3740 Jeitschko and Jaberg (1980b)
Nd;Ni;P,, 3 Sc;CoyePyy 1.2458 - 0.3834 Babizhets’ky et al. (1993a)
Nd,Ni; 4P, 1 ZrNiy Py, 1.2800 - 0.3835 Madar et al. (1985b)
Nd,;Ni, P 2 Nd;Ni, P; 1.6679 - 0.3891 0.061 Chykhrij et al. (1989c)
NdNiP 2 Tb,_NiP 0.3991 - 1.5930 Chykhrij et al. (1987)
NdNi,P, 1 CeAl,Ga, 0.3942 - 0.9461 Jeitschko and Jaberg (1980a)
Nd;Cuyy_ Py, 1 Nd;Cuyo_, Py, 1.2704 - 0.39098 0.059 Oryshchyn et al. (1991a)
(x=12)
NdCu,Py 1 CeCu, P, 4, — - - Moller and Jeitschko (1985)
Nd;Ru, P, 1 HosNijoPy, 1.2561 - 0.3972 Ghetta et al. (1989)

Continued on next page
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Table 23, continued

Compound Prep.* Structure type Lattice parameters R Reference(s)
a b c

NdRu, P, 1,3  CeAl,Ga, 0.4046 - 0.9874 Jeitschko et al. (1987)
NdRu,P,, 1 LaFe,P,, 0.80364 - - Jeitschko and Braun (1977)
Nd,Rh,,P; 1 Zr,Rhy,P, 0.9600 - 0.3820 Pivan et al. (1985¢,d)
NdRh,P, 1 CaBe,Ge, 0.4142 - 0.9488 Madar et al. (1985a, 1987a)
NdPdP 1 ZrBeSi 0.4219 - 0.7650 Johrendt and Mewis (1990)
NdPd,P, 1 CeAl,Ga, 0.4124 - 0.9878 Jeitschko and Hofmann (1983)
NdOs,P,, I LaFe,P,, 0.80638 - - Jeitschko and Braun (1977)
Sm,Mn,, P, Zr,Fe ,P; 0.9510 - 0.3680 Ghetta (1987)

0.9509 - 03679 Jeitschko et al. (1993)
Sm,Fe,P; 3 Zr,Fe, P, 0.91558 - 0.36653 Jeitschko et al. (1978)
SmFeP 3 PbFCI 0.38803 - 0.8198 Reehuis and Jeitschko (1990)
SmkFe,P,, 1 LaFe,P,, 0.78029 -~ - Jeitschko and Braun (1977)
Sm,Co,,P; 3 Zr,Fe,P, 0.90853 - 0.36330 Jeitschko et al. (1978)
SmCo;P, 3 YCo;P, 1.1878 03694  1.0402 Meisen and Jeitschko (1984b)
SmCo, P, 2 HoCo,P, 1.0660 0.3736  1.2307 Chykhrij et al. (1989b)
SmCoP 3 PbFCl 0.38845 - 0.8085 Reehuis and Jeitschko (1990)
SmCo,P, 3 CeAl,Ga, 0.38703 ~ 0.9566 Jeitschko et al. (1985)
~SmNji,P 2 - - ~ - Babizhets’ky (1995)
SmgNiy Py, 2 CegNiy Py 1.42473 - 0.3847 Babizhets’ky et al. (1992a)
SmNi, P, 2 SmNyP, 1.4185 1.0759 0.3744 0.041 Oryshchyn et al. (1988a)
~Sm, Ni; P, 2 - - ~ - Babizhets’ky (1995)
SmygNigy ¢Pyy 2 SmyoNig ¢Pyg 2.0448 ~ 0.3877 Chykhrij et al. (1993)
S5 Niyg Py, 2 TbysNiyPy, 2.4535 - 0.3880 Babizhets’ky (1995)
Sm,Ni,P, 3 Zr,Fe,,P; 0.9088 - 0.3719 Jeitschko and Jaberg (1980b)
Sm;Ni;Pyy 1 ZreNiy P,y 1.2748 ~ 0.3798 Madar et al. (1985b)
Sm; Ni, Ps 2 Nd,Ni,P; 1.6626 ~ 0.3848 Chykhrij et al. (1989c)
SmNiP 2 Tb,_NiP 0.3948 ~ 1.5612 Chykhrij et al. (1987)
SmNi, P, 1 CeAl,Ga, 0.3919 - 0.9403 Jeitschko and Jaberg (1980a)
Sm Cuy P, 1 Nd;Cuyy_ P}, 1.2659 - 0.3918 Oryshchyn et al. (1991a)
SmCu, P, 1 HfCuSi, 0.3814 - 0.9759 Chykhrij et al. (1989a)
SmCuP, 1 StZnBi, 0.3839 - 1.9431 Chykhrij (1990a,b)
SmCu,P, 1 orthorhomb. ~2.0 ~0.55 ~0.55 Moller and Jeitschko (1985)
SmsRu P, 1 Ho;Nijy Py, 1.2522 - 0.3959 Ghetta et al. (1989)
SmRu, P, 1,3  CeAlLGa, 0.4035 - 0.9682 Jeitschko et al. (1987)
SmPdP 1 ZrBeSi 0.4198 - 0.7576 Johrendt and Mewis (1990)
SmPd,P, 1 CeAl,Ga, 0.4100 - 0.9866 Jeitschko and Hofmann (1983)
SmPtP 1 YbPtP 0.4146 - 0.3909 Wenski and Mewis (1986c)
SmLiCu,P, 1 TbLiCu,P, 0.4014 - 0.6634 Mahan and Mewis (1983)

SmCuZnP, Ce,S,0 0.4016 - 0.6592 Tejedor and Stacy (1990)
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Table 23, continued

Compound Prep.? Structure type Lattice parameters R Reference(s)
a b c
SmZnAgP, Ce,S,0 0.41247 - 0.66920 0.021 Tejedor and Stacy (1990)
Eu,Li,P, Sr;Li,Sb, 1.4479  0.6711  0.4363 Hartweg (1987)
Eu,Na,P, 4 Sm;Ge, 0.7298 1.5043 0.7881 0.041 Honle et al. (1992)
EuMn,P, 1 Ce,S,0 0.4143 - 0.7034 Riihl and Jeitschko (1979)
EuFe,P, 1 CeAl,Ga, 0.3818 - 1.1224 Marchand and Jeitschke (1978)
0.3818 - 1.1224  0.027 Reehuis and Jeitschko (1987)
EuFe,P,, 1 LaFe,P,, 0.78055 - - Jeitschko and Braun (1977)
Eu,Co,,P; 3 Zn,Fe,P; . 0.90753 - 0.36284 Jeitschko et al. (1978)
EuCo,Ps 3 LaCoyP; 1.0526  0.3559 0.9321 0.028 Reehuis et al. (1988b)
EuCo,P, 1 CeAl,Ga, 037649 - 1.1348  0.047 Marchand and Jeitschko (1978)
EugNiy P, 2 CeyNiy P,y 1.4474 - 0.3873 Babizhets’ky et al. (1992a)
Eu,Ni,Ps 1 La,Ni P 1.0784 0.3666 1.3207 Kuz’'ma et al. (1993)
B=107.82
~EuNi, P, 2 - - - - Babizhets’ky (1995)
~Eu,Ni;, Ps 2 - - - - Babizhets’ky (1995)
~Eu,NisP, 2 - - - - Babizhets’ky (1995)
Eu,Ni,P, 2 Nd,Ni,P, 0.3793  0.9280 1.0458 Babizhets’ky (1995)
Euy,Nig, Py 2 StmyNiy, 6Psg 2.0675 - 0.3947 Babizhets'ky (1995)
Eu,Ni;, P, 3 Zr,Fe,,P, 0.9115 - 0.3750 Jeitschko and Jaberg (1980b)
EuNi;P; LaCosP; 0.35986 1.17374 1.15230 0.021 Badding and Stacy (1987a)
EugNiy Py 2 ZrgNiy Py 1.2765 - 0.3799 Babizhets’ky (1995)
EuNiP 2 YbPtP 0.3939 - 0.8175 Babizhets’ky (1995)
EuNi, P, 1 CeAl,Ga, 0.3939 - 0.9482 Marchand and Jeitschko (1978)
! 0.3938 - 0.9469 0.049 Jeitschko and Jaberg (1980a)
EuCuP ZrBeSi 0.4123 - 0.8200 Tomuschat and Schuster (1981)
EuCu, 5P, CeAl,Ga, 0.4110 - 09591 0.042 Mewis (1980a)
EuZn,P, 1 Ce,S,0 0.4087 - 0.7010 Klifers et al. (1980)
EuRuy, P, 1,2 CeAlGa, 0.4029 - 1.0772 0.018 Wenski and Mewis (1986a)
0.4030 - 1.0785 Jeitschko et al. (1987)
EuRu,P,, 1 LaFe,P,, 0.80406 - - Jeitschko and Braun (1977)
EuPdP 1 v-EuPtP 0.4150 - 0.8112 Johrendt and Mewis (1990)
EuPd,P, 1 CeAl,Ga, 0.4181 - 0.9742 Jeitschko and Hofmann (1983)
EuAgP ZrBeSi 0.4395 - 0.8057 Tomuschat and Schuster (1981)
EuQOs,P, CeAl,Ga, 0.4037 - 1.0891 Jeitschko et al. (1987)
EuPtP 1 ZrBeSi 0.4086 - 0.8630 Wenski and Mewis (1986d)
EuPtP(w) 3 ZrBeSi 0.4086 - 0.8630 0.019 Lux et al. (1991a)
EuPtP(f) 3 ZrBeSi 0.4090 - 0.8384 0.012 Lux et al. (1991a)
EuPtP(y) 3 y-EuPtP 0.4103 - 0.8256 0.020 Lux et al. (1991a)
EuPt,P, ¢, 1 EuP4P, ¢, 0.4143 - 1.9120 0.071 Wenski and Mewis (1986a)
EuPty 5P, 55 1 AlB, 0.4065 - 0.4290 Wenski and Mewis (1986b)

Continued on next page
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Table 23, continued

Compound Prep.* Structure type Lattice parameters R Reference(s)
a b c

EuPt; P 2 1 AlB, 0.4069 - 0.4337 0.057 Wenski and Mewis (1986b)
EuAuP ZrBeSi 0.4313 - 0.8258 Tomuschat and Schuster (1981)
Eu,Na,SiP, 4 Na,Zn0O, 0.9251 - 0.7198 Hartweg (1987), von Schnering

et al. (1988)
Eu,Na,GeP, 4 Na,ZnO, 0.9317 - 0.7200 von Schnering et al. (1988)
Eu,Na,SnP, 4 NayZnO, 0.9468 - 0.7287 von Schnering et al. (1988)
Eu,Na,PbP, 4 Na,ZnO, 0.9272 - 0.7314 von Schnering et al. (1988)
Eu,Mg,,Pt,P,, 4 Eu,AlPt,P_, 0.4056 - 2.7000 0.051 Lux et al. (1991b)
Eu,AlPt;P, o5 1 Eu,AlPt, P, 0.4046 - 2.6850 0.026 Lux et al. (1991b)
Eu,MnPt,P; 1 Eu,AlPt,P 5 0.4057 - 2.6817 Lux et al. (1991b)
Eu, FePt,P~3 1 Eu,AlPt,P 5 0.4050 - 2.6706 Lux et al. (1991b)
Bu,Zn Pt;P, 1 Eu,AlPt,P 4 0.4060 - 2.6708 Lux et al. (1991b)

4 Methods of preparation: (1) ampoule synthesis from the pure components; (2) melting in arc furnace;
(3) tin flux method; (4) other method.

Babizhets’ky and Kuz’ma (1994) constructed the isothermal sections of the La—Ni—
P system at 1070K (samples with La content up to 33 at.%) and 670K (the lanthanum-
rich part of the system) (fig. 22) using X-ray phase analysis. No solid solutions based on
binary compounds or homogeneity ranges of the ternary compounds have been found.
LagNigP;; prepared by the tin flux technique has not been obtained by heating the
elemental components in evacuated silica tubes. Compound LazNij,P; whose structure
was determined using a single crystal from an arc-melted sample was not found in samples
annealed at the temperature investigated.

Westerholt and Methfessel (1977) revealed the existence of a continuous solid solution
La,Pri_,Pggs (0 <x <1) and measured the lattice parameters at different compositions.
Myers and Narath (1973) reported a continuous solid solution between LaP and GdP.

Refinement of atomic occupations in LaFe,P, and LaCo,P; has shown their deficien-
cies for transition metal and phosphorus: 97.8% and 96.7%, respectively, in LaFe,P, and
99.4% and 96.7%, respectively, in LaCo,P, (Jeitschko et al. 1985).

Mendelejev et al. (1990) studied the isothermal section (1873 K) of Fe-P samples which
were doped by up to 95 wt.% of rare-earth metal (including 25 wt.% of La and 50 wt.% of
Ce). Two separate liquid phases with both low and high phosphorus content were shown
to be in equilibrium with the rare-earth monophosphide.

Chykhrij and Shevchuk (1993) studied the phase diagram of the Ce~Fe—P system at
870K (fig. 21b) using X-ray phase analysis. Samples for investigation were prepared by
the same technique as La~Fe—P. The existence of two earlier known compounds Ce;Fe;;P;
and CeFe,P, was confirmed while CeFesPj; was not obtained in these synthesized
samples. No visible solubility of a third component in the binary compounds was found.
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Fig. 22. La-Ni-P, isothermal sections at 1070K (La content 0-33 at.%) and 870 K (33100 at.% La).

Babizhets ky and Kuz’ma (1994) constructed the phase diagram of the Ce—Ni—P system
at 1070K (the range with Ce content of 0-33 at.%) and 870K (the rest of the system)
(fig. 23). The compounds CeNis_,P3 and CesNigP;7 were not found at the temperatures
investigated; a single crystal of the former compound was extracted from an arc-melted
sample. The latter was synthesized by the tin flux technique.

Babizhets’ky (1995) constructed the phase diagram for the Nd-Ni—P system at 1070 K
(0-33 at.% of Nd) and 670K (33-100at.% of Nd) (fig. 24). The NdsNi;9P;, compound
synthesized from liquid tin was not found in the samples investigated.

The phase diagram of the Sm—Ni-P system at 1070K (0-33 at.% of Sm) and 670K
(33-100 at.% of Sm) has been constructed using X-ray phase analysis (Babizhets’ky 1995)
(fig. 25).

Honle et al. (1992) synthesized the compound Na,Eu;P; from mixture of NasP,
EuP and red phosphorus. The constituent parts were placed into a niobium ampoule
and sealed in an evacuated silica tube with further heating at 1143K during two
days. The composition of the compound was established using a chemical method.
Thermogravimetric and mass-spectral investigations have shown that NayEusP4 loses
Na* ions upon heating and is completely transformed into Eu;P, at 873 K.

Babizhets’ky (1995) constructed the phase diagram of the Eu-Ni-P system at 1070 K
(0-25 at.% of Eu) and 670 K (25-33 at.% of Eu) (fig. 26). EuyNi|;P;, obtained by the tin
flux technique, was not found in the samples annealed at 1070 K.
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Fig. 23. Ce-Ni-P, isothermal sections at 1070 K (Ce content 0-33 at.%) and 870K (33-100at.% Ce).
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Fig. 24. Nd-Ni-P, isothermal sections at 1070K (Nd content 0-33 at.%) and 670K (33—100at.% Nd).
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Fig. 25. Sm-Ni-P, isothermal sections at 1070 K (Sm content 0-33 at.%) and 670K (33-100 at.% Sm).
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Fig. 26. Eu-Ni-P, isothermal sections at 1070 K (Eu content 0-33 at.%) and 670K (33-100at.% Eu).
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The compound Eu(Pt,P), has a variable composition EuPty¢s80P1.35-120 (Wenski
and Mewis 1986b). Substitution of platinum atoms by P slightly influences the lattice
parameter a, and considerably decreases the parameter ¢ (table 23).

Mbrsen et al. (1988a) studied the ’Fe Mdssbauer spectra of the solid solution
EuCo,_,Fe,P; (x <0.1) at 20K and 300 K.

The compound EuPtP dissolves Gd up to the composition Eu-g5Gd.qsPtP with
decreasing lattice parameters to a=0.4114 and ¢=0.8156 (Lux et al. 1991a). Substitution
of half of the Eu atoms by Sr in 0-EuPtP resulted in changing the lattice constants to
a=0.4083 and ¢=0.8867.

2.1.4. R-M-P R-M-M'-P (R = rare-carth metal of yttrium group)

R-M—(M")P compounds with yttrium-group rare earths are listed in table 24. Oryshchyn

et al. (1988b) constructed the isothermal section of the Gd-Si—P system at 1070K

(fig. 27a) using X-ray analysis; no ternary compounds or solid solutions were found.
Kuz’ma et al. (1986b) established the phase diagram of the Gd-Co—P system at 1070

and 870K (fig. 27b) using the X-ray phase method. Assigning the crystal structure of

Gd;Co4P; to the Hf,CoyP; type requires single-crystal confirmation.

Table 24
Compounds in the systems R-M-P and R-M~M'-P (R =rare-earth metal of yttrium group)

Compound Prep.? Structure type Lattice parameters R Reference(s)
a b ¢
Gd,Mn,,P, 1 Zr,Fe,,P, 0.9492 - 0.3665 Jeitschko et al. (1993)
Gd,Fe,P; 3 Zr,Fe,P, 0.91448 - 0.36528 Jeitschko et al. (1978)
GdFesP, 3 YCo;P; 1.2043  0.3683  1.0460 0.063 leitschko et al. (1984)
Gd,Co,, P, 3 Zr,Fe,,P, 0.90669 - 0.36230 Jeitschko et al. (1978)
GdCosP, 3 YCosP, 1.1859 0.3670  1.0355 Meisen and Jeitschko (1984b)
Gd;Co, Py, 3 Sc;Co P, 1.2104 - 0.3700 Jakubowski-Ripke and
Jeitschko (1988)
GdCosP, 3 HoCo,P, 10611 03727 1.2325 Jakubowski-Ripke and
Jeitschko (1988)

2 1.0618 03716  1.2263 Chykhrij et al. (1989b)
Gd,Co,P, 2 Hf,Co,P, 1.2261 - 0.3719 Kuz’'ma et al. (1986a)
GdNi, P, 2 ZrFe,Si, 0.7128 - 0.3620 Chykhrij et al. (1986)
Gd,Ni,,P, 3 Zr,Fe,,P, 0.9085 - 0.3702 Jeitschko et al. (1978)

3 0.9069 - 0.3690 Jeitschko and Jaberg (1980b)
Gd,Ni 4P, 1 ZrgNiyP 3 1.2719 - 0.3777 Madar et al. (1985b)
Gd,Ni, P; 2 Nd,Ni,P; 1.6248 - 0.3819 Chykhrij et al. (1989¢)
GdNiP 2 Tb,_ NiP 0.3949 - 1.5503 Chykhrij et al. (1987)

1 0.3888 - 0.9378 Marchand and Jeitschko (1978)
GdNi,P, 1 CeAl,Ga, 0.3892 - 0.9372 Jeitschko and Jaberg (1980a)

0.3885 - 0.9378 Reehuis et al. (1991)

GdCu,,P,, | HfCuSi, 03798 - 0.9730 Chykhrij et al. (1989a)
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Compound Prep.? Structure type Lattice parameters R Reference(s)
a b c
GdCu,P, 1 orthorhomb. ~2.0 ~0.55  ~0.55 Moller and Jeitschko (1985)
GdsRuy4P), 1 HoNi P, 1.2501 - 0.3948 Ghetta et al. (1989)
GdRu,P, 1,3 CeAl,Gs, 0.4034 - 0.9634 Jeitschko et al. (1987)
Gd,Rh,P, 1 Zr,Rh, P, 0.9626 - 0.3790 Pivan et al. (1984a, 1985c,d)
GdPdP 1 ZrBeSi 0.4179 - 0.7507 Johrendt and Mewis (1990)
Gdprd,P, 1 CeAl,Ga, 0.4081 - 0.9858 Jeitschko and Hofmann (1983)
GdPtP 1 YbPtP 04119 - 0.3904 Wenski and Mewis (1986c¢)
Gd,Co5(Si,P), Gd,Co.,(Si,P),  1.0419 - 0.3727 0.032 Jakubowski-Ripke and
Jeitschko (1987)
Tb,Mn,, P, 1 Zr,Fe,,P; 0.9472 - 0.3651 Jeitschko et al. (1993)
Tb, Fe,P; 3 Zr,Fe, P, 0.91333 - 0.36460 Jeitschko et al. (1978)
TbFe,P, 3 YCosP, 1.2013  0.3675 1.0436 Jeitschko et al. (1984)
Tb,Co,, P, 3 Zr,Fe ,P; 0.90557 - 0.36094 Jeitschko et al. (1978)
TbCosPy 3 YCo,P, 1.1827 03667 1.0340 Meisen and Jeitschko (1984b)
Tb;CoyyPy, 3 Sc;CoygP )y 1.2089 - 0.3689 Jakubowski-Ripke and
Jeitschko (1988)
TbCo;P, 3 HoCo, P, 1.0586 0.3706  1.2267 Jeitschko and Jakubowski
(1985)
~TbyNis, Py 2 - - - - Chykhrij and Kuz’ma (1990)
TbNi,P, 2 ZiFe,Si, 07116 - 0.3614 Chykhrij et al. (1986)
~Tb,, Nigg Py 2 - - - - Chykhrij and Kuz’'ma (1990)
~Tb,Nigs Py, 2 - - - - Chykhrij and Kuz’ma (1990)
Tb,Ni;,P; 3 Zr,Fe,,P; 0.9061 - 0.3688 Jeitschko and Jaberg (1980b)
Tb,Ni;oPy5 1 ZrgNiy Py, 1.2694 - 0.3756 Madar et al. (1985b)
Tb,Ni; P, 2 Nd,Ni, P, 1.6309 - 0.3815 Chykhrij et al. {1989¢c)
Tb,_ NiP, 2 Tb,_,NiP 0.3922 - 1.5328 Chykhrij et al. (1987)
(x=0.05)
TbNi, P, 1 CeAl,Ga, 0.3870 - 0.9342 Jeitschko and Jaberg (1980a)
0.38693 - 0.9361 Reehuis et al. (1991)
~TbCu, P, 1 - - - - Shouminsky et al. (1991)
~TbCu,P, 1 - - - - Shouminsky et al. (1991)
~Tby;CuysPyg I - - - - Shouminsky et al. (1991)
TbCuy 45P; 75 1 HfCuSi, 0.3774 - 0.9686 Chykhrij et al. (1989a)
TbCu,P, 1 orthorhomb. ~2.0 ~0.55  ~055 Moller and Jeitschko (1985)
TbsRueP;, 1 HogNi P, 1.2477 - 0.3944 Ghetta et al. (1989)
TbRu,P, 1,3 CeAlLGa, 0.4028 - 0.9578 Jeitschko et al. (1987)
Tb,Rh,,P, 1 Zr,Rh,,P, 0.9624 - 0.3790 Pivan et al. (1985¢,d)
TbPdP 1 TiNiSi 0.6926 0.4015 0.7710 Johrendt and Mewis (1990)
TbPd,P, 1 CeAl,Ga, 0.4056 - 0.9845 Jeitschko and Hofmann (1983)
TbPtP I YbPtP 04110 - 0.3872 Wenski and Mewis (1986¢)
TbLiCu,P, 1 TbLiCu,P, 0.3994 - 0.6563 0.027 Mahan and Mewis (1983)

Continued on next page
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Table 24, continued

Compound Prep.? Structure type Lattice parameters R Reference(s)
a b c

Tb,Coy,(Si,P), Gd,Coy5(Si,P), - - - Jakubowski-Ripke and
Jeitschko (1987)

Dy,Mn,, P, 1 Zr,Fe, P, 0.9470 - 0.3645 Jeitschko et al. (1993)

Dy, Fe,,P; 3 Zr,Fe,,P, 091148 - 0.36363 Jeitschko et al. (1978)

DyFe;P, 3 YCo,P, 1.1999 03666 1.0423 Jeitschko et al. (1984)

Dy,Coy,P; 3 Zr,Fe, P, 0.90465 - 0.36016 Jeitschko et al. (1978)

DyCo,P, 3 YCo;P, 1.1820 0.3662 1.0327 Meisen and Jeitschko (1984b)

DysCooPy, 3 Sc;CogPy, 1.2066 - 0.3676 Jakubowski-Ripke and
Jeitschko (1988)

DyCo,P, 3 HoCo,P, 1.0570 03698  1.2250 Jeitschko and Jakubowski
(1985)

DyNi,P, 2 ZrFe,Si, 0.7109 - 0.3612 Chykhrij et al. (1986)

Dy,Ni,,P, 3 Zr,Fe ,P, 0.9054 - 0.3674 Jeitschko and Jaberg (1980b)

Dy,Ni Py, 1 ZrgNiy Py 1.2674 - 0.3744 Madar et al. (1985b)

DyNiP 2 Tb_NiP 0.3921 - 1.5283 Chykhrij et al. (1987)

DyNi,P, 1 CeAl,Ga, 0.3857 - 0.9332 Jeitschko and Jaberg (1980a)

0.3857 - 0.9349 Reehuis et al. (1991)

DyCu,,, P, , 1 HfCuSi, 0.3763 - 0.9634 Chykhrij et al. (1989a)

DyCu,P, 1 orthorhomb. ~2.0 ~0.55  ~0.55 Moller and Jeitschko (1985)

Dy,Ru,4P}, ! DysRuy,Py, 1.2465 - 0.3940 0.044 Ghetta et al. (1989)

DyRu,P, 13 CeAl,Ga, 04024 - 0.9536 Jeitschko et al. (1987)

Dy,Rh,,P, 1 Zr,Rh,P, 09595 - 0.3790 Pivan et al. (1985c,d)

DyPdP 1 TiNiSi 0.6877 0.4000 0.7711 Johrendt and Mewis (1990)

DyPd,P, 1 CeAl,Ga, 0.4042 - 0.9844 Jeitschko and Hofmann (1983)

DyPtP 1 YbPtP 0.4107 - 0.3850 Wenski and Mewis (1986¢)

Dy,Co5(Si,P), Gd,Coy4(Si,P), - - - Jakubowski-Ripke and
Jeitschko (1987)

Ho,Mn,, P, 1 Zr,Fe,,P; 0.9456 - 0.3636 Jeitschko et al. (1993)

Ho,Fe,, P, 3 Zr,Fe;,P, 0.91053 - 0.36340 Jeitschko et al. (1978)

HoFe;P, 3 YCosP, 1.1988  0.3663  1.0410 Jeitschko et al. (1984)

Ho,Co,, P, 3 Zr,Fe,,P; 0.90383 - 0.35956 Jeitschko et al. (1978)

HoCosP;4 3 YCosP, 1.1794 03653 1.0315 Meisen and Jeitschko (1984b)

HosCoysPs, 3 ScsCoyP 12060 - 03670 0.033 Jakubowski-Ripke and
Jeitschko (1988)

HoCo,P, 3 HoCo,P, 1.0560 03687 1.2233 0.055 Jeitschko and Jakubowski
(1985)

HoNi,P, 2 ZrFe,Si, 07106 - 0.3609 Chykhrij et al. (1986)

Ho,Ni, P, 3 Zr,Fe|,P, 0.9052 - 0.3669 Jeitschko and Jaberg (1980b)

1 0.9063 - 0.3673 0.036 Pivan et al. (1986)
HogNij,P,, 1 Ho,Ni P, 12288 - 0.3762 0.049 Pivan et al. (1984b, 1985a)
HoyNigPus 1 HoyNigPss 2.3095 - 0.3742 0.054 Pivan et al. (1984b, 1985b)
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Compound Prep.? Structure type Lattice parameters R Reference(s)
a b c

HogNiy Py 1 HogNiygPys 1.2677 - 0.3730  0.034 Pivan et al. (1984b, 1986)

Ho;Ni; P4 I ZrgNiy, Py 1.2645 - 0.3731 Madar et al. (1985b)

HoNiP 2 Tb,_NiP 0.3917 - 1.5163 Chykhrij et al. (1987)

HoNji,P, 1 CeAl,Ga, 0.3844 - 0.9329 Jeitschko and Jaberg (1980a)

038484 - 0.9338 Reehuis et al. (1991)

HoCu,,, P, , 1 HfCuSi, 0.3747 - 0.9623 Chykhrij et al. (1989a)

HoCu,P, 1 orthorhomb. ~2.0 ~0.55  ~0.55 Moller and Jeitschko (1985)

Ho,Ru,,P,, 1 HosNi P, 12457 - 03938 Ghetta et al. (1989)

HoRu,P, 1,3 CeAl,Ga, 0.4023 - 0.9499 Jeitschko et al. (1987)

Ho,Rh;,P, 1 Zr,Rh,,P; 0.9587 - 0.3789 Pivan et al. (1984a, 1985c¢,d)

HoPdP 1 TiNiSi 0.6853  0.3983  0.7702 Johrendt and Mewis (1990)

HoPd,P, 1 CeAl,Ga, 0.4022 - 0.9833 Jeitschko and Hofmann (1983)

Ho,Co;4(S1,P), Gd,Co;(Si,P)y - - - Jakubowski-Ripke and
Jeitschko (1987)

Er,Mn,,P, 1 Zr,Fe,,P; 0.9446 - 0.3629 Jeitschko et al. (1993)

Er,Fe,, P, 3 Zr,Fe,P; 0.90978 - 0.36274 Jeitschko et al. (1978)

ErFe;P, 3 YCo,P, 1.1976  0.3657  1.0400 Jeitschko et al. (1984)

Er,Co,,P; 3 Zr,Fe ,P; 0.90252 - 0.35913 0.069 Jeitschko et al. (1978),
Jeitschko and Jaberg (1980b)

ErCo,P; 3 YCo,P; 1.1784  0.36446 1.0300 Jakubowski-Ripke and
Jeitschko (1988)

Er;Co,4Py, 3 ScsCoygPyy 1.2027 - 0.3659 Jakubowski-Ripke and
Jeitschko (1988)

Er,Coy Py 3 YbsCoyoPyo 1.4721 - 0.3589 Jeitschko and
Jakubowski-Ripke (1993)

ErCo,P, 3 HoCo,P, 1.0546  0.3678 1.2201 Jeitschko and Jakubowski
{1985)

ErNi,P, 2 ZrFe,Si, 0.7094 - 0.3605 Chykhrij et al. (1986)

Er,Ni,,P, 3 Zr,Fe,P, 0.9037 - 0.3667 0.059 Jeitschko and Jaberg (1980b)

Er,Ni;gP3 1 ZrgNiy Py, 1.2648 - 03721 Madar et al. (1985b)

ErNiP 2 Tb,_NiP 0.3905 - 1.5086 Chykhrij et al. (1987)

ErNi,P, I CeAl,Ga, 0.3830 - 0.9303 Jeitschko and Jaberg (1980a)

0.38351 - 0.99313 Reehuis et al. (1991)

ErCu, P, . 1 HfCuSi, 0.3720 - 0.9622 Chykhrij et al. (1989a)

ErCu,P, 1 orthorhomb. ~2.0 ~0.55 ~0.55 Moller and Jeitschko (1985)

ErRu,P, 1,3 CeAl,Ga, 0.4022 - 0.9463 Jeitschko et al. (1987)

Er,Rh,,P; 1 Zr,Rh,P, 0.9568 - 0.3780 Pivan et al. (1985c,d)

Er,Pd,P, 1 Er,Pd,P, 1.5180 03955 0.9320 0.031 Johrendt and Mewis (1994)

B=125.65
ErPdP 1 TiNiSi 0.6826 03965 0.7689 0.034 Johrendt and Mewis (1990)
ErPd,P, 1 CeAl,Ga, 0.4022 - 0.9841 Jeitschko and Hofmann (1983)

Continued on next page



336 Yu. KUZ'MA and S. CHYKHRIJ
Table 24, continued
Compound Prep.? Structure type Lattice parameters R Reference(s)
a b ¢
Er,Coy;(Si,P)y Gd,Co,4(Si,P)y - - - Jakubowski-Ripke and
Jeitschko (1987)
Tm,Mn,,P, 1 Zr,Fe,P, 0.9438 - 0.3619 Jeitschko et al. (1993)
Tm,Fe,,P, 3 Zr,Fe,,P, 0.90898 - 0.36191 Jeitschko et al. (1978)
TmFe,P, 3 YCo;P, 1.1965 0.3652 1.0392 Jeitschko et al. (1984)
Tm,Co,, P, 3 Zr,Fe,,P, 0.90215 - 0.35867 Jeitschko et al. (1978)
TmCo,P; 3 YCosP,y 1.1776  0.3635  1.0293 Jakubowski-Ripke and
Jeitschko (1988)
Tm;Co 4Py, 3 Sc;CoygP, 1.2004 - 0.3650 Jakubowski-Ripke and
Jeitschko (1988)
TmCo,P, 3 HoCo,P, 1.0531 03666 12174 Jeitschko and Jakubowski
(1985)
TmgCoyyPg 3 YbCosyPyy 1.4709 - 0.3580 Jeitschko and
Jakubowski-Ripke (1993)
TmNi,P, 2 ZrFe,Si, 0.7089 - 03603 Chykhrij et al. (1986)
Tm,Ni,P, 3 Zr,Fe,P, 0.9031 - 0.3664 Jeitschko and Jaberg (1980b)
Tm;Ni P, 1 ZrgNiyPy, 1.2637 - 0.3713 Madar et al. (1985b)
TmNiP 2 Tb,_NiP 0.3893 - 1.5014 Chykhrij et al. (1987)
TmNi, P, 1 CeAl,Ga, 0.3823 - 0.9310 Jeitschko and Jaberg (1980a)
0.38242 -~ 0.9304 Reehuis et al. (1991)
TmCu,P, 1 orthorhomb. ~2.0 ~0.55  ~0.55 Moller and Jeitschko (1985)
TmPdP 1 TiNiS1 0.6796 0.3949 0.7677 Johrendt and Mewis (1990)
TmPtP 1 YbPtP 0.4082 - 0.3791 Wenski and Mewis (1986c)
Yb,Mn;,P, 1 Zr,Fe,,P, 0.9437 - 0.3614 Jeitschko et al. (1993)
Yb,Fe,, P, 3 Zr,Fe,P, 0.90914 - 0.36154 Jeitschko et al. (1978)
YbFe;P, 3 YCo,P, 1.1954  0.3647 1.0378 Jeitschko et al. (1984)
Yb,Co, P, 3 Zr,Fe P, 0.90206 - 0.35788 Jeitschko et al. (1978)
YbCo,P, 3 YCo,P, 1.1756  0.3632  1.0273 Meisen and Jeitschko (1984b)
Yb,CoyP, 3 Sc;CogPy, 1.2002 - 0.3646 Jakubowski-Ripke and
Jeitschko (1988)
YbCo,P, 3 HoCo, P, 1.0514  0.3657 12155 Jeitschko and Jakubowski
(1985)
Yb,Coy Py 3 YbCos0P1g 1.4703 - 0.3574 0.045 Jeitschko and
Jakubowski-Ripke (1993)
Yb,Co,P,, 3 LaFe,P,, 0.7718 - - Zemni et al. (1986)
YbNi,P, 2 ZrFe,Si, 0.7076 - 0.3592 Chykhrij et al. (1986)
Yb,Ni,,P, 3 Zr,Fe,,P, 0.9045 - 0.3649 Jeitschko et al. (1978)
3 0.9038 - 0.3653 Jeitschko and Jaberg (1980b)
YbNiyP,s 3 YNiyPy, 12714 - 03731 Babizhets’ky et al. (1993a)
Yb,NiP,, 1 ZrNiyP,,s 1.2676 - 0.3747 Madar et al. (1985b)
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Compound Prep.? Structure type Lattice parameters R Reference(s)
a b c
YbNi,P, 1 CeAl,Ga, 0.3833 - 0.9325 Marchand and Jeitschko (1978)
1 0.3834 - 0.9323 Jeitschko and Jaberg (1980a)
YbCu, P, 1 YbCu,P, 0.3964 - 4.0296 0.075 Kliifers et al. (1979)
(x=04)
YbCu,P, 1 YbCu,P, 0.3951 - 5.946 Kliifers et al. (1979)
YbZn,P, 1 Ce,S,0 0.4035 - 0.6774 0.037 Kliifers et al. (1979)
YbsRuoPy 1 HosNieP;, 12424 - 0.3928 Ghetta et al. (1989)
YbRu,P, 1,3 CeAl,Ga, 0.4026 - 0.9463 Jeitschko et al. (1987)
Yb,Rh,P; 1 Zr,Rhy,P; 0.9582 - 0.3792 Pivan et al. (1985¢,d)
YbPdP 1 TiNiSi 0.6776  0.3937  0.7670 Johrendt and Mewis (1990)
YbPd,P, 1 CeAl,Ga, 0.4088 - 0.9721 Jeitschko and Hofmann (1983)
YbPtP 1 YbPtP 04077 - 0.3777 Wenski and Mewis (1986c)
YbLiCu,P, 1 TbLiCu,P, 0.3949 - 0.6484 Mahan and Mewis (1983)
YbMnCuP, 4 Ce,5,0 0.3960 - 0.6484 Mewis (1980b)
YbCuZnP, 1 Ce,S,0 0.3946 - 0.6462 0.063 Kliifers et al. (1979)
Lu,Mn,P, 1 Zr,Fe,,P,; 0.9439 - 0.3613 Jeitschko et al. (1993)
Lu,Fe,P, 3 Zr,Fe) P, 0.90688 - 0.36180 Jeitschko et al. (1978)
LuFe;P, 3 YCo,P, 11948 03643 1.0372 Jeitschko et al. (1984)
Lu,Co,,P, 3 Zr,Fe,,P, 0.90001 - 035722 Jeitschko et al. (1978)
LuCo,P, 3 YCosP, 1.1766  0.3628  1.0276 Meisen and Jeitschko (1984b)
Lu;Co 4Py, 3 ScsCoyP), 1.1991 - 0.3641 Jakubowski-Ripke and
Jeitschko (1988)
LuCo,P, 3 HoCo,P, 1.0520 0.3652 1.2138 Jeitschko and Jakubowski
(1985)
LuyCoyeP 3 Yb,Coy Py 1.4697 - 0.3571 Jeitschko and
Jakubowski-Ripke (1993)
LuNi P, 2 ZrFe,Si, 0.7065 - 0.3591 Chykhrij et al. (1986)
Lu,Ni, P, 3 Zr,Fe,P, 0.9022 - 0.3648 Jeitschko and Jaberg (1980b)
LuNiP 2 Tb,_ NiP 0.3853 - 1.5033 Chykhrij et al. (1987)
LuPdP 1 TiNiSi 0.6760 03920 0.7662 0.050 Johrendt and Mewis (1990)
LuPtP 1 YbPtP 0.4071 - 0.3759 Wenski and Mewis (1986¢)

* Methods of preparation: (1) ampoule synthesis from the pure components; (2) melting in arc furnace;
(3) tin flux methed; (4) other method.

Chykhrij (1988) constructed part of the phase diagram of the Tb-Co-P system
(fig. 28a). Chykhrij and Kuz’'ma (1990) established the phase diagrams of the Th—
{Cr,Fe,Co,Ni}-P systems (figs. 28-30) using X-ray and, partially, microstructural
analysis. The compounds TbFesP; and TbsCogP); obtained from liquid tin, and
Tb3Ni; Ps, obtained from liquid cadmium, were not found at the temperatures investigated.
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P
1 TbNiyP,

2 TbpNijpPy
3 TbgNixgPi3

IA Tb"_XNIP
6" Tbg1gNlgs4Fno7
7 “T bo22Nigsg Pazg
Ni P,
pr “Tb24Nip45P3
N|5P4

Ni 2P5 N|2P

Ni Tb2Nl17\Tb2N|7TbN12 TONI ThaNip Tb3N| b
TbNig TbN|3

Fig. 30. Tb-Ni-P, isothermal sections at 1070K (Tb content 0-33 at.%) and 870K (33~100at.% Tb).

Shouminsky et al. (1991) constructed the phase diagram of the Tb-Cu-P system at 1070 K
in the range of 0-67 at.% of P (fig. 28b) using the X-ray phase method.
No phase diagrams of the {Dy, Ho, Er, Tm, Yb, Lu}-M-P systems have been studied.

The crystallographic characteristics of all known ternary compounds are listed in
table 24.

2.2. Peculiarities of the interaction between components in the ternary R—M-P
systems

Some aspects of the interaction between components in the ternary systems R-M-P,
where M is a transition metal, are considered by Kuz’ma et al. (1989), Oryshchyn et al.
(1991b) and Kuz’'ma et al. (1991). The characteristics of R—-M~P systems are summarized
in fig. 31. Phase diagrams are known for only 14 ternary systems, namely {La,Ce}-
Fe-P, {La, Ce,Nd, Sm, Eu, Tb}-Ni-P, Gd—{Si, Co}-P and Tb-{Cr, Fe, Co, Cu}-P. Other
systems were investigated only for the synthesis of phosphides with definite stoichiometric
compositions.

The elements interacted in the systems investigated differ considerably from one
another in electronic structure (f-, d- and p-elements), electronegativity and atomic radii.
Sokolowskaya and Huzej (1986) consider that great difference in electronic structure of
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P

y
M 033R R

Fig. 32. Compositions of ternary compounds in R-M-P systems.

the interacted elements leads to the formation of compounds. Where close relationships
exist (electronic structure, atomic radii) the trend to form solid solutions increases. At
the same time the increasing differences in electronegativity of the interacted elements
and their electronic structure (for example, s- and p-elements) causes the appearence of
direct covalent and ionic-covalent bonds in the compound. And that, in turn, decreases
the number of compounds in the system.

Kuz’ma et al. (1986a) and Lomnitskaya and Kuz'ma (1991a) showed that phosphorus
behaves as a metallic element in ternary M-M’'—P systems at low P content (up to 25 at.%),
as indicated by the formation of phosphorus solid solutions in binary intermetallic com-
pounds (e.g., Zr;Fe, Zr,Co). In ternary compounds phosphorus atoms occupy the same
positions as iron triad metals in the structure. At phosphorus contents up to 33.3 at.%,
metallic-type chemical bonds occur in the compounds, and there are no P-P contacts.

In the R-M-P systems investigated no solid solutions are found. Ternary compounds
are characterized by their constant composition and, in their structure, a statistical
distribution of the transition metal and phosphorus atoms is very rare. Only in the
phosphides with the HfCuSi,- and AlB,-type structure do statistical distributions of
copper (in former compounds) or platinum (in latter) and phosphorus atoms occur. This
is the principal difference between the R~M-P and M-M'-P systems.

As illustrated in fig. 32, ternary compounds in R-M-P systems are situated in the part
of the diagram system with 0-33.3 at.% of R. Substitution of R by a transition metal
with a close atomic radius (Zr, Hf) does not cause an essential change in the number
of ternary phosphides formed: La-Ni—P (10 compounds), Ce-Ni-P (15), Tb-Ni-P (9)
and Zr-Ni-P (12). However, as was shown by Lomnitskaya and Kuz’ma (1991b), ternary
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compounds in the Zr-Ni—P system are formed over the whole concentration region of the
system. R-Ni-P systems are similar to R~M-B ones where ternary borides contain up to
37at.% of R (Kuz’ma and Chaban 1990).

Phase diagrams of the Tb-M-P systems provide an opportunity to observe the influence
of the M-component on the interaction in R-M-P systems. In Tb-Cr—P system no
ternary compounds are formed, in Tb-Fe-P, 2; in Tb-Co-P, 4; in Tb-Ni~P, 9 and in Tb-
Cu-P, 4. Since the differences in atomic radii and electronegativity of these transition
metals are small, the main influence on the number of compounds formed must be
the electronic structure of the metal. The number of compounds increases from Fe to
Ni, moreover, these systems are characterized by forming isotypic (ST Zr,Fe(,P7) or
structurally related compounds (see sect. 2.4). The system Tb—Cu--P strongly differs from
iron triad metal-containing systems; no isotypic compounds are formed in the Tb—Cu-P
and Tb—{Fe, Co, Ni}-P systems.

Substitution of the R element also affects the character of interaction in the systems.
The number of compounds formed is 10 in La-Ni-P, 15 in Ce-Ni-P, 13 in Nd-Ni-P,
11 in Sm—Ni-P, 12 in Eu-Ni-P, and 9 in Tb-Ni—P. The number of compounds containing
light rare earths is greater than in systems containing an R of the yttrium group.

2.3. Structure types of ternary and quaternary phosphides

The structure types of the ternary and quaternary phosphides are presented in order of
increasing phosphorus content and at the same P content in order of increasing rare-earth
content. Some closely related STs are also discussed. Information about the structure
types of ternary phosphides is reported similarly as for binary phosphides above.

2.3.1. EuyPt;4IP3, t128
Structure type Eu,Pt;AlPs (Lux et al. 1991b; fig. 33, table 25) has space group 14/mmm,
a=0.4046, c=2.6850.

Table 25
Atomic parameters for Eu,Pt;AlP;

Atom Position Fractional coordinates Atomic arrangement

x y z
Eu 4(e) 0 0 0.3348 4Eu 9Pt 8p
Pt1 4(e) 0 0 0.2074 SEu 5P
Pt2 2(a) 0 0 0 8Pt 4Al
Pt3 8(g) 0 172 0.0705 2Eu 6Pt 2A1 2P
Al 2(b) 0 0 172 12Pt
P1® 4(d) 12 0 1/4 4Eu 4Pt 4P
P2 4(e) 0 0 0.1195 4Eu 5Pt

® Occupancy 48%.
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Fig. 33. Crystal structure of Eu,Pt;AlP, and CPs of atoms.

The crystal structure was determined by an X-ray single-crystal method, R=0.026
(Lux et al. 1991b). ST Eu,Pt; AlP.; is a combination of the STs CaBe,Ge; and CuzAu
(fig. 33). The atomic coordination of Pt2, Pt3, Al and P1 is a cubooctahedron or its
distorted derivative; Ptl and P2 atoms occupy an Archimedean cube with two or one
additional atom outside the square faces, respectively. The shortest interatomic distances
are: Ogy_py =0.3077; Ogy_p1 =0.3046; Spp_p3 =0.2771; Spa_a1=0.2771; dpy-p; =0.2324.
Isotypic compounds are Eu,Pt.sMg.;P.3 and Eu,Pt;MP.; where M =Mn, Fe, Zn.
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O.inm

Fig. 34. Crystal structure of La,Ni;,P; and CPs of atoms.

Table 26
Atomic parameters for LayNi,P;

Atom Position Fractional coordinates Atomic arrangement
x y z

Lal 4(e) 0.22033 1/4 0.68325 2La 14Ni 4P
La2 4(e) 0.25165 1/4 0.18766 2La 14Ni 7P
Nil 4(e) 0.2017 1/4 09183 2La Ni 3P
Ni2 4(e) 0.2134 1/4 0.4385 2La Ni 3P
Ni3 4(e) 0.4288 1/4 0.0141 1La 9Ni 2P
Ni4 4(e) 0.4350 1/4 0.4490 1La 9Ni 2P
Ni5 4(e) 0.5064 1/4 0.6588 3La 6Ni 3P
Ni6 4(e) 0.5106 1/4 0.8490 3La 6Ni 3P
Ni7 4(e) 0.6559 1/4 0.1341 2La 8Ni 2P
Ni8 4(e) 0.6562 1/4 0.4392 2La 8Ni 2P
Ni9 4(e) 0.9063 1/4 0.6950 3La SNi 4P
Nil0 4(e) 0.9201 1/4 0.0101 3La SNi 4P
Nill 4(e) 09213 1/4 0.5099 3La 6Ni 3P
Nil2 4(e) 0.9375 1/4 0.2030 3La 6Ni 3p
P1 4(e) 0.0072 1/4 0.3782 2La Ni

P2 4(e) 0.5495 1/4 0.2596 3La 6Ni

P3 4(e) 0.6891 1/4 0.6130 2La 7Ni

P4 4(e) 0.7007 1/4 0.9836 2La Ni

PS5 4(e) 0.9918 1/4 0.8712 2La Ni
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2.3.2. LayNipPs, mP76
Structure type La;NijpPs (Kuz’'ma et al. 1993; fig. 34, table 26) has space group P2;/m,
a=1.0911, b=0.3697, c=1.3174, 3=108.02".

The crystal structure of LayNij,Ps was determined by an X-ray single-crystal method,
R=0.028 (Kuz’'ma et al. 1993). It is characterized by a trigonal-prismatic environment
of all phosphorus atoms; typical CPs are shown in fig. 34. CNs of the lanthanum atoms
are 20 and 23, all the nickel atoms have a CN 12. Interatomic distances have values
in the following ranges: dp,-1, =0.3696; OLa-ni =0.3650-0.3029; &1,p =0.3129-0.2993;
Snioni = 0.2923-0.2378; Sni-p =0.2420-0.2142. Isotypic phosphides are found for Ce, Pr,
Nd, Eu.

2.3.3. LaNijgPy, oP60
Structure type LaNijoPs (Babizhets’ky et al. 1992¢; fig. 35, table 27) has space group
Pnma, ¢=0.9310, 6=0.3706, c=2.234.

The crystal structure of LaNijgP4 was determined by an X-ray single-crystal method,
R=0.038 (Babizhets’ky et al. 1992¢). The XZ projection and typical coordination
polyhedra are shown in fig. 35; all phosphorus atoms are situated in trigonal prisms
formed by metal atoms. The interatomic distances are close to the sum of atomic radii of
the corresponding elements, their minimum values are: 8y ,-ni7 =0.3249; S1,-p) =0.3049;
5Ni2ANi3 = 0.2452; 51)1_1\]12,3 =0.219.

Fig. 35. Crystal structure of LaNi,;P, and CPs of atoms.
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Table 27
Atomic parameters for LaNi, P,

Atom Pasition Fractional coordinates Atomic arrangement
x y z

La 4(c) 0.7997 1/4 0.1075 2La I2Ni 6P
Nil 4(c) 0.0766 1/4 0.7786 2La TNi 3P
Ni2 4(c) 0.0959 1/4 0.2033 1La &Ni 3P
Ni3 4(c) 0.1760 1/4 0.0987 1La 8Ni 3P
Ni4 4(c) 0.1913 1/4 0.5351 1La 9Ni 2P
Nis 4(c) 0.2050 1/4 0.6710 IONi 2P
Ni6 4(c) 0.3404 1/4 0.7839 2La TNi 3P
Ni7 4(c) 0.4173 1/4 0.9705 21a 8Ni 2P
Ni8 4(c) 0.4528 1/4 0.0822 ILa 9Ni 2P
Ni9 4(c) 0.4628 1/4 0.5385 3La 5Ni 4p
Nil0 4(c) 0.9813 1/4 0.3078 1La 8Ni 3p
Pl 4(c) 0.189 1/4 0.0008 2La TNi

P2 4(c) 0.295 1/4 0.2555 1La 8Ni

P3 4(c) 0.4370 1/4 0.6387 2la 7Ni

P4 4(c) 0.979 1/4 0.6309 2La TNi

Y

Fig. 36. Crystal structure of CegNiyP,, and CPs of atoms.
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Table 28
Atomic parameters for CegNi, Py,

Atom Position Fractional coordinates Atomic arrangement
x y z

Cel 3()) 0.1463 0.8537 0 4Ce 12Ni 4p
Ce2 3() 0.4241 0.5759 0 6Ce 10Ni 4p
Ce3 3(k) 0.7601 0.2399 172 4Ce 10Ni 6P
Nil 1(e) 2/3 173 0 6Ce 3P
Ni2 1(4) 1/3 2/3 1/2 6Ce 3Ni

Ni3 3(k) 0.057 0.943 172 2Ce 8Ni

Ni4 3(k) 0.2417 0.7583 172 6Ce INi 2P
Ni5 3(k) 0.5226 0.4774 172 4Ce 4Ni 4p
Ni6 3(5) 0.9368 0.0632 0 2Ce 10Ni 1P
Ni7 6(l) 0.957 0.337 0 4Ce 4Ni 4p
Ni8 6(m) 0.9532 0.746 172 3Ce 6Ni 3P
P! 30 0.581 0419 0 4Ce 5Ni

P2 3N 0.851 0.149 0 2Ce TNi

P3 6(m) 0.603 0.671 172 4Ce 5Ni

2.34. CegNl'z(jP]g, hP47
Structure type CegNiygP;; (Babizhets’ky et al. 1992a; fig. 36, table 28) has space group
P6m2, a=1.4260, ¢=0.3863.

The structure was determined by Babizhets’ky et al. (1992a) using an X-ray single-
crystal method, R=0.069. All the cerium atoms have an environment in the form of
a hexagonal prism with additional atoms outside all faces of the prism (fig. 36). Nil,
Ni2 and Ni4 are situated in cerium trigonal prisms with additional atoms outside the
rectangular faces of the prism; Ni3 has a CN 10 and a coordination polyhedron as for
Mn in the MnAlg structure; the CPs of Ni5, Ni7 and Ni8 are orthorhombic prisms with
an additional four atoms outside the rectangular faces of the prism. Ni6 has a CN 13. The
arrangement of all the phosphorus atoms is in the form of metallic trigonal prisms and
CN 9. Interatomic distances in the CegNiygP;, structure are close to the sum of atomic
radii of corresponding atoms; slightly shorter are the distances Cel-Ni3 (0.292), Ni2—
Ni4 (0.226), Nil-P1 (0.213) and Ni4—-P3 (0.215). Isotypic compounds are with Pr, Nd
and Eu.

2.3.5. ZrFe,Si,, tP14

Structure type ZrFe,Siy (Yarmolyuk et al. 1975; fig. 37, table 29) has space group
P4,/mnm, a=0.7116, ¢ =0.3614 (for TbNisP,) (Chykhrij et al. 1986).

The structure of TbNisP, was determined by the single-crystal X-ray method; the
atomic parameters are refined to R=0.133 (Chykhrij et al. 1986). Phosphorus atoms are
situated in trigonal prisms formed by metal atoms (fig. 37). The shortest interatomic dis-
tances are: Oty ni =0.303; Srpp=0.282; Snip=0.230. Isotypic compounds are ScFe4P;
and RNi4P, where R=Y, Gd, Dy-Lu.
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Fig. 37. Crystal structure of TbNi,P, and CPs of atoms.

Table 29
Atomic parameters for TbNi,P,
Atom Position Fractional coordinates Atomic arrangement
x y z
Tb 2(b) 0 0 172 2Tb 12Ni 6P
Ni 8(i) 0.330 0.086 0 4Tb 5Ni 3P
P 4(g) 0215 0.785 0 3Tb  6Ni

Fig. 38. Crystal structure of SmNi,P, and CPs of atoms.
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Table 30
Atomic parameters for SmNi,P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Sm! 2(a) 0 0 0 4Sm 10Ni 6P
Sm2 4(g) 0.2768 0.8791 0 3Sm 1INi 6P
Nil 4(g) 0.0867 0.7473 0 2Sm 7Ni 3p
Ni2 4(g) 0.4369 0.0744 0 1Sm 9Ni 2p
Ni3 4(g) 0.0584 0.4027 0 2Sm 8Ni 2P
Ni4 4(g) 0.4634 0.7250 0 3Sm 6Ni 3p
Ni5 4(g) 0.3226 0.5699 0 5Sm 3Ni 4P
Ni6 4(g) 0.2949 0.1719 0 3Sm SNi 4p
Pl 4(g) 0.1596 0.5662 0 2Sm 7Ni

P2 4(g) 0.1292 0.2079 0 3Sm 6Ni

P3 4g) 0.3818 0.3617 0 4Sm SNi

2.3.6. SmNiyP;, oP42
Structure type SmNiyP, (Oryshchyn et al. 1988a; fig. 38, table 30) has space group Pnnm,
a=1485, b=1.0759, c=0.3744.

Oryshchyn et al. (1988a) determined the SmNiyP, structure using the X-ray single-
crystal method, R=0.041. The samarium atoms have a CN 20, all nickel atoms have a
CN 12; phosphorus atoms are situated in metallic trigonal prisms with additional metal

atoms outside rectangular faces of the prism (fig. 38). The shortest interatomic distances
are: 5SmI-Nil :02981, 5Sm1—P2 = 02892, 6Ni2~Ni2 = 02401, 5N,'1_p1 =0.2207.

2.3.7. ErsPd;P4, mC28
Structure type ErsPd;P4 (Johrendt and Mewis 1994; fig. 39, table 31) has space group
C2/m, a=1.5180, b=0.3955, ¢=0.9320, 5=125.65°.

Fig. 39. Crystal structure of Er;Pd,P, and CPs of atoms.
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Table 31
Atomic parameters for Er;Pd,P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Erl 4(i) 0.1806 0 0.1774 IEr 10Pd 4p
Er2 2(d) 0 12 172 2Er 10Pd 6P
Pdl 4(1) 0.3324 0 0.0772 4Er SPd 3p
Pd2 4(7) 0.0105 0 0.7848 4Er 5Pd 3p
Pd3 2(b) 0 12 0 4Er 6Pd 2p
Pd4 4(i) 0.1943 0 0.5283 SEr 3Pd 4P
Pl 4(i) 0.1593 0 0.7520 4Er 5Pd

P2 4(i) 0.6057 0 0.3188 3Er 6Pd

Johrendt and Mewis (1994) studied the Er;Pd;P4 structure by a single-crystal method,
R=0.031. Erbium atoms are situated in distorted hexagonal and pentagonal prisms;
palladium and phosphorus atoms are situated in orthorhombic and trigonal prisms,
respectively. All prisms have additional atoms outside their rectangular faces. The
shortest interatomic distances are:Og:1_pq; = 0.2949; Opr-p1 =0.2897; Spgy_pas =0.2757;
Opaz_pz =0.2417. Band calculations show strong covalent Pd-P bonds and weak bonding
interactions between Pd atoms with Pd-Pd distances shorter than 0.290.

Fig. 40. Crystal structure of La¢Rh;, P}, and CPs of atoms.
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Table 32
Atomic parameters for La;Rh,, P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Lal 6(h) 0.23345 0.07604 1/4 2La 12Rh 6P
La2 6(h) 0.27870 0.83798 1/4 2La 12Rh 6P
La3 6(h) 0.90456 0.38550 1/4 2La 14Rh 4P
Rhl 6(h) 0.8027 0.0270 1/4 3La 5Rh 4P
Rh2 6(h) 0.0525 0.1668 1/4 3La 5Rh 4P
Rh3 6(h) 0.6663 0.8542 1/4 3La 5Rh 4P
Rh4 6(h) 0.7807 0.1157 1/4 3La 5Rh 4P
Rh5 6(h) 0.9440 0.9054 1/4 1La 7Rh 5P
Rho6 6(h) 0.4211 0.6952 1/4 1La 9Rh 5P
Rh7 6(h) 0.6373 0.3983 1/4 1La 7Rh 5P
Rh8 6(h) 0.2728 0.9702 /4 2La 8Rh 5P
Rh9 6(h) 0.4993 0.2342 1/4 3La 5Rh 4P
Rh10 6(h) 0.1650 0.5689 1/4 3La 5Rh 4P
Rhl11 6(h) 0.4885 0.3793 1/4 3La 5Rh 4p
Rh12 6(h) 0.3775 0.9630 1/4 2La 7Rh 3P
Rh13 6(h) 0.7308 0.6436 1/4 2La 7Rh 3p
Rhl4 6(h) 0.5357 0.0016 1/4 3La 6Rh 3P
Rh15 6(h) 0.2822 0.4394 1/4 3La 6Rh 3P
Rhl6 6(h) 0.6194 0.9661 1/4 2La 8Rh 2p
Pl 6(h) 0.2578 0.2995 1/4 2La 7Rh

P2 6(h) 0.7840 0.6019 1/4 2La 7Rh

P3 6(h) 0.0902 0.2675 1/4 2La 7Rh

P4 6(h) 0.0661 0.5095 1/4 2La 7Rh

PS5 6(h) 0.7919 0.4573 1/4 2La 7Rh

P6 6(h) 0.0125 0.8779 1/4 2La 7Rh

P7 6(h) 0.4621 0.7950 1/4 2La 7Rh

P8 6(h) 0.9389 0.6173 1/4 2La 7Rh

Ik 4N 173 2/3 0.870 6Rh

pi0® 2(b) 0 0 0 6Rh

? Occupancy 50%.

2.3.8. Lath32P17, hPI168

Structure type LagRhs;Py7 (Pivan et al. 1988; fig. 40, table 32) has space group P63/m,
a=2.7054, c=0.3944.
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The structure of LagRh3yPy; was determined by a single-crystal method, R=0.050
(Pivan et al. 1988). Lanthanum atoms have an atomic arrangement in the form of
hexagonal prisms with all faces centered, their CN is 20 (fig. 40). Rh atoms have CP
in the form of pentagonal (Rh6,Rh8) and orthorhombic prisms (another rhodium atom)
with centered rectangular faces; RhS and Rh7 have a CN 13 and an orthorhombic-
prismatic environment with one prism face centered by two phosphorus atoms. The
phosphorus atoms (P1-P8) have trigonal-prismatic coordination. All atoms in the
LagRhj,Py7 structure form two flat nets (z=1/4 and z=3/4) and only P9 (z=0.870)
and P10 (z=0) are displaced from this arrangement and have octahedral coordination.
The atomic positions of P9 and P10 are only half occupied. The shortest interatomic
distances are: Sya-rn11 =0.3074; S1a2-p2 =0.3007; Srna-ru14 = 0.2659; Srpiz_pr =0.2226.
An isotypic compound is CegRhsyPy7.

Fig. 41. Crystal structure of La;Ni,P; and CPs of atoms.

2.3.9. La3Ni12P7, oC88
Structure type LaiNijpP; (Babizhets'ky et al. 1992b; fig. 41, table 33) has space group
Cmc2;, a=0.3806, b=3.030, c=1.0730.

The structure was determined by a single-crystal method, R=0.040 (Babizhets’ky
et al. 1992b). Lal and La3 atoms have CNs of 20 and for La2 CN is 23. Nickel
atoms (except Nil) are situated in orthorhombic prisms with additional atoms outside the
rectangular faces of the prisms (fig. 41). The atomic arrangement of Ni7 is a 13-vertices
polyhedron. The phosphorus atoms have trigonal-prismatic coordination with 3 or 4 (P4)
additional atoms. Interatomic distances are close to the sum of the respective atomic
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Table 33
Atomic parameters for La;Ni;,P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Lal 4(a) 0 0.1148 0 3La 12Ni 6P
La2 4(a) 0 0.4300 0.0052 2La 14Ni 7P
La3 4(a) 0 0.7674 0.2752 3La 12Ni 5P
Nil 4(a) 0 0.0131 0.1001 3La SNi 4P
Ni2 4(a) 0 0.1231 0.3054 3La SNi 4p
Ni3 4(a) 0 0.1923 0.1994 3La 6Ni1 3P
Ni4 4(a) 0 0.2222 0.4774 3La 6Ni 3p
Ni5 4(a) 0 0.3220 0.1072 3La 5Ni 4P
Nié 4(a) 0 0.4224 0.3128 3La 5Ni 4p
Ni7 4(a) 0 0.5004 0.2800 2La 6Ni 5p
Ni8 4(a) 0 0.5781 0.2039 3La 5Ni 4p
Ni9 4(a) 0 0.6741 0.3808 2Lla TNi 3p
Nil0 4(a) 0 0.6978 0.007 SLa 3Ni 4P
Nill 4(a) 0 0.8741 0.1979 4la 4Ni 4P
Nil2 4(a) 0 0.9861 0.3853 3La SNi 4P
P1 4(a) 0 0.0494 0.293 2La TNi

P2 4(a) 0 0.2474 0.058 3La 6Ni

P3 4(a) 0 0.3479 0.316 4La 5Ni

P4 4(a) 0 0.5367 0.008 3La 6Ni

P5 4(a) 0 0.6529 0.183 2La 7Ni

P6 4(a) 0 0.8496 0.015 2La 7Ni

P7 4(a) 0 0.9458 0.222 2La TNi

radii; the shortest distances in LasNijpP; structure are: 6pa1-nig=0.2987; Onipp-niz =
Onis-ni7 = 0.239; Onini—ps = 0.210.

2.3.10. Nd;Ni;P,, 0P26

Structure type Nd;Ni;P4 (Chykhrij et al. 1990; fig. 42, table 34) has space group Pmn2;,
a=0.37588, 5=0.9238, c=1.0413.

The structure was determined by a single-crystal method, R=0.0545 (Chykhrij et al.
1990). All nickel atoms have CPs in the form of orthorhombic prisms with centered
square faces, the phosphorus atoms are in trigonal prisms (fig. 42). The shortest in-
teratomic distances are: dngi-ndl = Onga-nd2 = 0.3759; Ondi-nis = 0.2996; Snar—p3 =0.287;
6Ni3—Ni6 = 0243, 5Ni3—P3 =0.216.
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Fig. 42. Crystal structure of Nd,Ni;P, and CPs of atoms.

Table 34
Atomic parameters for Nd,Ni,P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Nd1 2(a) 0 0.5642 0 3Nd 12Ni 5p
Nd2 2(a) 0 0.9407 0.7819 3Nd T1Ni 6p
Nil 2(a) 0 0.5825 0.3083 3Nd 6Ni 3p
Ni2 2(a) 0 03164 0.2633 5Nd 3Ni 4P
Ni3 2(a) 0 0.2539 0.9029 2Nd 7Ni 3p
Ni4 2(a) 0 0.9035 0.0817 4Nd 4Ni 4P
Ni5 2(a) 0 0.9431 0.4815 3Nd SNi 4p
Ni6 2(a) 0 0.2711 0.6698 3Nd SNi 4p
Ni7 2(a) 0 0.6958 0.5713 3Nd 6Ni 3p
Pi 2(a) 0 0.517 0.719 3Nd 6Ni

P2 2a) 0 0.820 0.292 2Nd TNi

P3 2(a) 0 0.157 0.092 2Nd TNi

P4 2(a) 0 0.189 0.464 4Nd SNi

2.3.11. SmyNiy sP39, hP98
Structure type SmygNigrsP30 (Chykhrij et al. 1993; fig. 43, table 35) has space group
P63/m, a=2.0448, ¢=0.3877.

Chykhrij et al. (1993) determined the SmyoNigrsP3¢ structure using a single-crystal
method, R=0.049. Samarium atoms have a CN of 20, the nickel atoms have 9, 12
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Fig. 43. Crystal structure of SmyNi,, (P53, and CPs of atoms.

Table 35

Atomic parameters for SmyNiy, Py

357

Atom Position Fractional coordinates Atomic arrangement
x ¥ z

Sml 2(c) 173 2/3 1/4 8Sm 6Ni 6P
Sm2 6(h) 0.2981 0.8400 1/4 6Sm 8Ni 6P
Sm3 6(h) 0.5049 0.8781 1/4 6Sm 8Ni 6P
Sm4 6(#) 0.7106 0.9103 1/4 4Sm 10Ni 6P
Nil 6(h) 0.2408 0.9532 1/4 4Sm 4Ni 4p
Ni2 6(h) 0.4472 0.9902 1/4 4Sm 4Ni 4P
Ni3 6(h) 0.7583 0.5874 1/4 6Sm 3P
Ni4 6(h) 0.793% 0.4172 1/4 6Sm 3P
Ni5 6(h) 0.9339 0.7949 1/4 38m 5Ni 4p
Ni6 6(h) 0.9726 0.6292 1/4 4Sm 4Ni 4p
Ni7? 6(h) 0.8726 09514 1/4 1Sm 10Ni 3P
Nig* 6(h) 0.933 0.980 1/4 11N1 3p
P1 6(h) 0.6810 0.6310 1/4 4Sm 5Ni

P2 6(h) 0.7060 0.4530 /4 6Sm 3Ni

P3 6(h) 0.8390 0.8330 1/4 25m 7Ni

P4 6(h) 0.8840 0.6680 1/4 4Sm 5Ni

PS5 6(h) 0.9180 0.4910 1/4 4Sm 5Ni

# Occupancy 77% for Ni7 and 18% for Ni8.

and 15; all phosphorus atoms are in trigonal prisms formed by metal atoms (fig. 43).
The interatomic distances are close to the sum of the respective atomic radii; the shortest

(SNi_p s 0.215.
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Fig. 44. Crystal structure of Tb;sNiyP,, and CPs of atoms,

Table 36
Atomic parameters for Tb,sNiy P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Tbl 6(h) 0.0685 0.2417 1/4 4Tb 10Ni 6P
Tb2 6(h) 0.0955 0.4151 1/4 6Tb 8Ni 6P
Tb3 6(h) 0.2417 0.3866 1/4 6Tb 8Ni 6P
Tb4 6(h) 0.2665 0.5613 1/4 8Tb 6Ni 6P
Tb5 6(h) 0.4168 0.5335 1/4 6Tb 8Ni 6P
Nil 2(d) 2/3 173 1/4 6Tb 3P
Ni2 6(h) 0.0349 0.1029 1/4 ITb 7Ni 3p
Ni3 6(h) 0.1714 0.0559 1/4 3Tb 5Ni 4P
Ni4 6(h) 0.2012 0.2437 1/4 4Tb 4Ni 4p
Ni5 6(h) 0.3174 0.0316 1/4 4Tb 4Ni 4P
Ni6 6(h) 0.3691 03915 1/4 4Tb 4Ni 4P
Ni7 6(h) 0.4643 0.0093 1/4 4Tb 4Ni 4p
Ni8 6(h) 0.4917 0.1861 1/4 6Tb 3p
Ni9 6(h) 0.6411 0.1600 1/4 6Tb 3P
Nil0 6(h) 0.7877 0.1353 1/4 6Tb 3p
P1 6(h) 0.2850 0.1070 1/4 4Tb SNi

P2 6(h) 0.4250 0.0770 1/4 4Tb SNi

P3 6(h) 0.5750 0.0550 1/4 4Tb SNi

P4 6(h) 0.6020 0.2220 1/4 6Tb 3Ni

P5 6(h) 0.7260 0.0310 1/4 4Tb SNi

P6 6(h) 0.7450 0.2040 1/4 6Tb 3Ni

P7 6(h) 0.8660 0.0060 1/4 2Tb 7Ni
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2.3.12. ThysNisgP2;, hP128
Structure type TbysNipgPo; (Chykhrij et al. 1993; fig. 44, table 36) has space group P63/m,
a=2417, c=0.3825.

The structure was determined by a single-crystal method, R=0.044 (Chykhrij et al.
1993). Terbium atoms have a CN of 20, the nickel atoms have a CN of 12 and 9, the
phosphorus atoms occupy trigonal prisms formed by metal atoms; their CN is 9.

2.3.13. ZryFe Py, hP21
Structure type Zr,Fej,P; (Ganglberger 1968a; fig. 45, table 37) has space group P6,
a=0.9025, c=0.3591 (for Er,Co,P;) (Jeitschko and Jaberg 1980b).
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Fig. 45. Crystal structure of Er,Co,,P, and CPs of atoms.

Table 37

Atomic parameters for Er,Co,,P;

Atom Position Fractional coordinates Atomic arrangement
x ¥ z

Erl 1{c) 173 23 0 12Co 6P
Er2 1(f) 2/3 13 172 12Co 6P
Col 3 0.4345 0.0579 0 3Er 5Co 4P
Co2 3() 0.1530 0.2733 0 1Er 7Co 4p
Co3 3(k) 0.3815 0.4356 172 3Er 5Co 4p
Co4 3(k) 0.2333 0.1009 172 1Er 7Co 5p
PI 3(5) 0.4069 0.2952 0 2Br 7Co
P2 3(k) 0.1188 0.4069 172 2Er 7Co

P3 1(a) 0 0 0 9Co
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The crystal structure of Zr,Fe,P7 has been determined by Ganglberger (1968a). The
Zr atoms have a CN of 18, the nickel atoms 15 and 12 and phosphorus atoms 9.
Among the ternary rare-earth phosphides the atomic parameters have been refined
for ScoRuppP; (Ghetta et al. 1986), Ce;Fe,P7 (Jeitschko et al. 1984), Er,Co,P; and
Er,Ni,P; (Jeitschko and Jaberg 1980b) and Ho,Nij,P; (Pivan et al. 1986). The structure
of Zr,Fey,P7 is established for RyFe2P; (R=Sc, Ce, Pr, Nd, Sm, Gd-Lu), R,;Co,P;
(R=Sc, Ce, Pr, Nd, Sm, Eu, Gd-Lu), R;Ni;;P; (R=Y, Ce, Pr, Nd, Sm, Eu, Gd-Lu) and
SCzRU12P7.

2.3.14, ngRh12P7, hP22
Structure type Zr;Rhy;P7 (Pivan et al. 1984a; table 38) has space group P63/m, a=0.9516,
¢=0.3773.

The ST of Zr,Rh;3P; was determined by a single-crystal method, R=0.040 (Pivan
et al. 1984a), but no rare-earth phosphide with this structure is completely determined
with a refinement of the atomic parameters. The ST of Zr,Rhi,P; is closely related
to ZrpFe|;P; and differs by only one position of phosphorus atoms: the P3 atoms in
Zr,Fe|,P; occupy the position 1(a) 000 (sp.gr. P6) in the center of metal trigonal prisms
while in Zr,Rhj;P; the P2 atoms (half of them) occupy the position 2(5) (000 and 001/2)
(sp.gr. P63/m). One can suppose that the P2 atoms oscillate along the sixth-order axis in
trigonal prisms formed by the rhodium atoms. This is indicated by anisotropic thermal
parameters: U;; =U,; =70 while Us3 =1700. Phosphides RyRh;;P7, where R is Y, Nd,
Gd-Er or Lu, have the Zr,Rh;,P7-type structure.

Table 38

Atomic parameters for Zr,Rh,,P;

Atom Position Fractional coordinates Atomic arrangement
x % z

Zr 2(c) 13 23 1/4 12Rh 6P
Rhi 6(h) 0.4539 0.0722 1/4 3Zr 5Rh 4P
Rh2 6(h) 0.1515 0.2646 1/4 1Zr 5Rh 4p
Pl 6(h) 0.4081 0.2869 1/4 27Zr 7Rh
P2 2(b) 0 0 0 9Rh

2.3.15. YC05P3, oP36
Structure type YCosP3; (Meisen and Jeitschko 1984a,b; fig. 46, table 39) has space group
Pnma, a=1.1820, b=0.3666, c=1.0336.

Meisen and Jeitschko (1984b) determined the structure of YCosP3 by a single-crystal
method, R=0.051. The CN of the yttrium atoms is 18, cobalt atoms have CN 15 (Col)
or 12 (all other cobalt atoms) and phosphorus atoms have a CN of 9 (fig. 46). The shortest
interatomic distances are: dy_co = 0.2918; dy_p =0.2799; Oco-co = 0.2525; dco-p=0.2170.
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Fig. 46. Crystal structure of YCo,;P, and CPs of atoms.

Table 39
Atomic parameters for YCo,P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Y 4(c) 0.2038 1/4 0.9170 12Co 6P
Col 4(c) 0.4893 1/4 0.7864 2Y 8Co 5P
Co2 4(c) 0.9881 1/4 0.0933 3Y 5Co 4P
Co3 4(c) 0.6764 1/4 0.2801 3Y 5Co 4P
Co4 4(c) 0.1977 1/4 0.6175 3Y 5Co 4P
Cos 4(c) 0.4326 1/4 0.0332 1Y 7Co 4p
Pl 4(c) 0.6127 1/4 0.0816 2Y 7Co

P2 4(c) 0.3694 1/4 0.2304 2Y 7Co

P3 4(c) 0.8906 1/4 0.8999 2Y 7Co

Isotypic compounds are RFesP3 (R=Sc, Y, Gd, Lu) and RCosP3 (R =S¢, Ce, Pr, Nd, Sm,
Gd-Lu).

2.3.16. CeNis_P3;, mC82
Structure type CeNis_,P; (Babizhets’ky et al. 1992d; fig. 47, table 40) has space group
C2/m, a=2.4701, b=0.3785, c=1.0619, 5=105.2°.

Babizhets’ky et al. (1992d) determined the structure of CeNis_,P3 (x=0.1) by a single-
crystal method, R=0.071. The Cel and Ce2 atoms have a CN of 20 and 23, respectively.
Coordination polyhedron of Nil-Ni4 and Ni6-Nil ] atoms is the orthorhombic prism and
Ni5 has an atomic arrangement in the form of a pentagonal prism; all the phosphorus
atoms have trigonal-prismatic coordination and a CN of 9; rectangular faces of all
prisms are centered by additional atoms. The ideal structural order occurs with position
2(c) 001/2 occupied and Nill and Nil12 atoms absent. Incomplete occupation of positions
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Fig. 47. Crystal structure of CeNi;_ P, and CPs of atoms.

Table 40
Atomic parameters for CeNi; P, (x=0.1)

Atom Position Fractional coordinates Atomic arrangement
x ¥ z

Cel 4(i) 0.3552 0 0.6447 2Ce 12Ni 6P
Ce2 4(i) 0.0907 0 0.8443 2Ce 16Ni 5P
Nil 2(a) 0 0 0 2Ce 6Ni 4P
Ni2 4(i) 0.2156 0 0.0046 2Ce 8Ni

Ni3 4(i) 0.3351 0 0.3354 3Ce SNi 4P
Ni4 4(i) 0.6578 0 0.0606 3Ce 5Ni 4p
Ni5 4(i) 0.7570 0 0.2189 2Ce 8Ni SP
Ni6 4(i) 0.5187 0 0.1685 1Ce TNi 4P
Ni7 4(i) 0.0960 0 0.1279 3Ce SNi 4P
Nig 4(i) 0.8983 0 0.4801 2Ce Ni 3P
Ni9 %) 0.2447 0 0.4038 3Ce  SNi 3P
Nil0* 43) 0.5173 0 0.3878 1Ce 9Ni 3P
Nil1? 4() 0.000 0 0.456 1Ce 8Ni 3P
Nil22 8()) 0.0057 0.223 0.417 1Ce 6Ni Sp
Pl 4(7) 0.1907 0 0.193 2Ce 7Ni

P2 4(i) 0.8023 0 0.4341 2Ce TN

P3 4(i) 0.4269 0 0.4088 2Ce 7Ni

P4 4(i) 0.0466 0 0.289 2Ce TNi

PS5 4(7) 0.3097 0 0.1174 2Ce 7Ni

P6 4(i) 0.5603 0 0.006 2Ce N1

2 Occupancies: Nil0, 64%; Nill, 24%; Nil2, 17%.
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by Nil0-Nil2 atoms causes a deformation of coordination polyhedra of the respective

atoms.

2.3.17. LaCosP3, 0C36

Structure type LaCosP3; (Davydov and Kuz’ma 1981; fig. 48, table 41) has space group
Cmem, a=0.3651, 5=1.1573, ¢=1.1459.

Fig. 48. Crystal structure of LaCoP; and CPs of atoms.

Table 41

Atomic parameters for LaCo,P,

Atom Position Fractional coordinates Atomic arrangement
x ¥y z

La 4(c) 0 0.3884 1/4 2La 14Co 7P
Col 4(b) 0 12 0 2La 6Co 4P
Co2 8(f) 0 0.0543 0.1429 3La 5Co 4P
Co3 8(f) 0 0.3023 0.5670 3La 5Co 4P
P1 8(1) 0 0.1176 0.5393 2La 7Co

P2 4(c) 0 0.6117 /4 3La 6Co

The structure was determined by a single-crystal method, R=0.054 (Davydov and
Kuz’'ma 1981). The phosphorus atoms center distorted trigonal prisms [La;Coq].
Lanthanum, cobalt and phosphorus atoms have a CN of 23, 12 and 9, respectively.
Some of the shortest interatomic distances are Scoi—co3 =0.241; Scosz-p1 =0.216. Isotypic
phosphides are LaNisP; and EuNisP;. Badding and Stacy (1987a) studied the crystal
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structure of EuNisP; which is of LaCosP;-type but the reported atomic coordinates
are displaced by 0 1/2 1/2 with respect to those of LaCosP3. This was not taken into
consideration by Villars and Calvert (1991) who regard EuNisP; as a new structure type.

2.3.18. HOjNi]ngz, hP32
Structure type HosNijoPy, (Pivan et al. 1985a; fig. 49, table 42) has space group P62m,
a=1.2288, ¢=0.3762.

Fig. 49. Crystal structure of HosNij4P,, and CPs of atoms.

The structure of HosNijgPj; was determined by a single-crystal method, R=0.049
(Pivan et al. 1985a). It is closely related to the structure of Hf;CosP; (Ganglberger
1968a,b): some of the largest atoms (Hf) are substituted by medium atoms (Ni). In
HosNijoP1,, phosphorus atoms are situated in trigonal prisms formed by metal atoms.
The CN of holmium atoms is 18, nickel atoms have a CN of 15 (Nid), 12 (Nil-
Ni3) or 9 (Ni5) and coordination polyhedra in the form of their respective prisms
with additional atoms outside rectangular faces of the prisms. The shortest interatomic
distances are: 6H01—Ni5:0-2932; 5}-{01,1:2:0.2847; 6Nil—Ni2:0~2649; 6NiS—P3:O-2227-
Isotypic phosphides are RsRujgP1; (R=Y, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Yb).

Oryshchyn et al. (1991a) studied the crystal structure of NdsCujo. P12 (x=1.2)
(R=0.059) which may be considered as a defective variant of HosNijgP,. The position
of Ni4 (in the HosNijoPy, structure) atoms is occupied by 60% copper atoms in
NdsCuy9_P1. Interatomic distances in NdsCujo_ Py, are close to the sum of the
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Table 42
Atomic parameters for HosNi P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Hol 3(g) 0.8167 0 172 12Ni 6P
Ho2 2(c) 1/3 2/3 0 2Ho 1ONi 6P
Nil 6(k) 0.8720 0.5146 172 3Ho SNi 4P
Ni2 6()) 0.8152 0.1899 0 3Ho 5Ni 4P
Ni3 3(2) 0.2862 0 172 2Ho 6Ni 4p
Ni4 3N 0.4397 0 0 2Ho 8Ni 5P
Ni5 I(a) 0 0 0 6Ho 3P
P1 6(k) 0.5174 0.6859 172 2Ho 7Ni

P2 3() 0.6420 0 0 2Ho TNi

P3 3N 0.1730 0 0 4Ho 5Ni

respective atomic radii; their minimum values are Ongi-cys =0.3100; Ongz-p3 =0.2920;
Scus-cuw3 =0.2603; Scua-p1 =0.227. Isotypic compounds are RsCuyo_,P12 (R =La, Ce, Pr,
Sm).

2.3.19. SC5C019P12, hP37
Structure type ScsCojgPjs (Jeitschko and Reinbold 1985) has space group P62m,
a=1.2124, ¢=0.3633.

The structure of ScsCogPy, was determined by a single-crystal method, R=0.023
(Jeitschko and Reinbold 1985). The ST of ScsCoioP; differs from HosNijgPy, only
by the 50% occupation of the atomic position 2(5) 00z (z=0.0827) by cobalt atoms
while in HosNijgPy; the nickel atoms occupy position 1(a) 000. The coordinates of
all other atoms in both structures are very close. The shortest interatomic distances in
SC5C019P12 are 65017034:0.2686; 6Sc2—P2=0-2791; 6C01—C02=0-2597; (5C04,p1:0.2154.
Isotypic compounds are RsCoi9P 12 (R=Y, Gd-Lu).

2.3.20. Zr6Ni20P13, hP39
Structure type ZrgNiygPy3 (Guerin et al. 1984; fig. 50, table 43) has space group PG,
a=1.2677, ¢=0.3749 (for Y¢NiyP3) (Chykhrij et al. 1985).

The compounds ZrgNiyP;3 (Guerin et al. 1984) and YgNiyoPi3 (Chykhrij et al.
1985) were studied independently and have the same crystal structure, which will be
called ZrgNiygP 3-type. However, the atomic parameters in Y¢NiypP3 and ZrgNiyPi3
numerically differ from one another and Villars and Calvert (1991) regard these structures
as two different STs. Madar et al. (1985b) obtained compounds with the composition
R4NijoP;3 and regarded their structure as ZrgNizgPj3-type using the results of X-ray
powder analysis. Samples with the ideal composition RgNiygP;3 contain an admixture
of the phase R;Nij,P;. The present authors consider that it is necessary to carry out
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Fig. 50. Crystal structure of Y¢Ni,P;; and CPs of atoms.

Table 43
Atomic parameters for Y NiyP;

Atom Position Fractional coordinates Atomic arrangement
X y z

Y1 3 0.472 0.189 0 4Y 10Ni 6P

Y2 3(k) 0.531 0.812 172 4Y 10Ni 6P

Nil 1(c) 1/3 2/3 0 6Y 3P

Ni2 1(d) 2/3 173 172 6Y 3P

Ni3 3() 0.197 0.094 0 1Y 7Ni 4P

Ni4 3(k) 0.814 0.929 12 9Ni 5P

Nis 3 0.438 0417 0 4Y 4Ni 4P

Ni6 3(k) 0.562 0.587 172 4Y 4Ni 4P

Ni7 3 0.076 0.321 0 3Y 5Ni 4P

Nig 3k 0.926 0.682 172 3Y 5Ni 4P

Pl 3(0) 0.236 0.285 0 2Y TNi

P2 3(k) 0.773 0.726 1/2 2Y 7Ni

P3 3() 0.472 0.611 0 4Y 5Ni

P4 3k) 0.525 0.387 12 4y SNi

P5 1{a) 0 0 0 9Ni

additional investigations of atomic distribution in the crystal structure of compounds
obtained.
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In the structure of Y¢NiyPy3 yttrium atoms have a CN of 20, Ni4 has 14, Ni3 and
Ni5-Ni8 have 12 and Nil-Ni2 have 9; their CPs are distorted prisms. The shortest
interatomic distances are Oyi_yi = 0.373; Syiniz =0.290; Oy_p=0.281; Snjzni7 =0.251;
Onis-ps = 0.215. Isotypic compounds are Rg_7Niz-10P13 (R=Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb).

2.3.21. HOgNing]g, hP46

Structure type HogNizgPy3 (Pivan et al. 1986; table 44) has space group P63/m, a=1.2677,
¢=0.3730.

Pivan et al. (1986) determined the structure of HogNiyoP3 by a single-crystal method,
R=0.034. The arrangement of all the atoms is similar to that in the ZrgNiypPi3
structure. The shortest interatomic distances are Opo-niz =0.2914; Spo_p; =0.2840;
6NiI—Ni4 = 02471, 6Ni5,p3 =(0.2167.

Table 44
Atomic parameters for HogNiy P4

Atom Position Fractional coordinates Atomic arrangement
x y z

Ho 6(h) 0.52969 0.81133 1/4 2Ho 1ONi 6P
Nil 6(h) 0.75403 0.07386 1/4 3Ho 6Ni 4P
Ni2 6(h) 0.41554 0.97903 1/4 4Ho 4Ni 4P
Ni3 2(d) 2/3 173 1/4 6Ho 3p
Ni4? 6(h) 0.0923 0.8950 1/4 1Ho 7Ni 5p
Nis? 6(h) 0.9267 0.0817 3/4 TNi 4P
Pl 6(h) 0.6139 0.1386 1/4 4Ho SNi

P2 6(h) 0.9503 0.2326 1/4 2Ho 7Ni

P3@ 2(a) 0 0 3/4 9Ni

2 QOccupancy S0%.

2.3.22. HOgoNi66P43, hP36

Structure type HoyoNigsPa3 (Pivan et al. 1985b; fig. 51, table 45) has space group P63/m,
a=2.3095, ¢=0.3742.

The structure of HoyoNiggP43 was determined by a single-crystal method, R=0.054.
(Pivan et al. 1985b). The atomic coordination is the same as in the ZrFe(,P;
or ZrgNiygPi3 structures. The shortest interatomic distances are Opoqni1 =0.2865;
6H02gp7 = 02819, 5Ni8~Ni9 = 02477, 5Nig_pg =0.2159.
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Fig. 51. Crystal structure of Ho,,NigP,; and CPs of atoms.

Table 45
Atomic parameters for Ho,gNigP,,

Atom Position Fractional coordinates Atomic arrangement
x ¥ z

Hol 2(c) 2/3 173 3/4 2Ho 9Ni 6P

Ho2 6(h) 0.39587 0.01422 3/4 4Ho 10Ni 6P

Ho3 6(h) 0.23966 0.83412 3/4 4Ho 10Ni 6P

Ho4 6(h) 0.22099 0.99253 3/4 4Ho 10Ni 6P

Nil 6(h) 03154 0.4472 3/4 3Ho SNi 4P

Ni2 6(h) 0.5383 0.0399 3/4 3Ho 5Ni 4P

Ni3 6(h) 0.8739 0.2353 3/4 4Ho 4Ni 4P

Ni4 6(h) 0.6851 0.2101 3/4 3Ho SNi 4P

Ni5 6(h) 0.7312 0.8894 3/4 4Ho 4Ni 4P

Ni6 6(h) 0.5504 0.1613 3/4 1Ho 10N 4P

Ni7 6(h) 0.3863 0.8774 3/4 2Ho 6Ni 4P

Nig? 6(h) 0.9011 0.9128 3/4 *b

Nig? 6(h) 0.9316 0.0094 1/4 *0

Ni9 6(h) 0.8957 0.0788 3/4 *P

Nil0 6(h) 0.3003 0.5508 3/4 3Ho SNi 4P

Nill 6(h) 0.7148 0.0513 3/4 6Ho 3P

Pi 6(h) 0.8427 0.9653 3/4 P

P2 6(h) 0.8803 0.7035 3/4 4Ho SNi

P3 6(h) 0.2723 0.3314 3/4 4Ho SNi

P4 6(h) 0.3637 0.7717 3/4 2Ho 7Ni

Ps 6(h) 0.7276 0.5260 3/4 2Ho 7Ni

P6 6(h) 0.4452 0.3478 3/4 4Ho SNi

P7 6(h) 0.4295 0.5013 3/4 2Ho TNi

P8: 2(a) 0 0 3/4 #b

* Occupancy 50%. > CPs include atoms from partially occupied positions.
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la Lt Li2 P Fig. 52. Crystal structure of LaLi,P, and CPs of atoms.

Table 46
Atomic parameters for LaLiyP,

Atom Position Fractional coordinates Atomic arrangement
x y z

La 1(a) 0 0 0 8Li 6P

Lil 2(d) 1/3 2/3 0.637 3La 6L1

Li2 1(b) 0 0 172 2La 6Li 6P

P 2(d) 173 2/3 0.2594 3La 6Li

2.3.23. LaLi;P,, hP6
Structure type LaLisP, (Grund et al. 1984; fig. 52, table 46) has space group P3m]l,
a=0.42508, ¢=0.6906.

Grund et al. (1984) determined the structure of LaLisP, by a single-crystal method,
R=0.019; the parameters of the Li atoms were refined by neutron diffraction for the
isotypic compound YLi;Sb,. The La atoms have a CN of 14; their CP is a hexagonal
prism [LigPs] with Li atoms outside the base faces. The Li2 atoms have the same
coordination; Lil and P atoms have a CN of 9 and trigonal-prismatic coordination
with additional atoms outside the rectangular faces of the prism. The structure of
LaLisP; is a superstructure of ST Fe,Si (Kudielka 1977). It also may be considered
as a structure that includes Li atoms in Ce,0,S-type (the other name CaAl,Si;) which
is again a superstructure of La;O3. The shortest interatomic distances are &y, 1 =c/2;
6L3~P=0.3038; 6Li1~P=O-256-

23.24. TbLiCuyP,, hP6
Structure type TbLiCu, P, (Mahan and Mewis 1983) has space group P3ml, ¢=0.3994,
c=0.6563.

Mahan and Mewis (1983) determined the TbLiCu,P;, structure by a single-crystal
method, R=0.027. The ST TbLiCu,P, is a superstructure of LaLi3P, with copper atoms
situated in the Lil positions (z=0.6559); phosphorus atoms are in the positions 2(d) with
z=0.2593. Atomic CNs and CPs are analogous with the LaLi;P; structure. The shortest
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interatomic distances are Stp-p=0.2866; Sy p=0.2370; Scyri =0.2526; S14-p =0.2795.
Isotypic compounds are RLiCu,P, where R is Y, Ce, Sm, Yb.

05

Fig. 53. Crystal structure of YbCu;_P, as a combination of structure blocks which occur in CuyP structures
(Cu,P-blocks, dark sections) and Ce,0,S structures (CuP-blocks, light sections), and CPs of atoms.
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Table 47
Atomic parameters for YbCu,_ P, (x=0.4)

Atom Position Fractional coordinates Atomic arrangement
x y z

Yb 6(c) 0 0 0.0759 6Yb 6Cu 6P
Cul? 6(c) 0 0 0.1566 6Cu 4P
Cu2 6(c) 0 0 0.3116 3Yb 3Cu 4P
Cu3 6(c) 0 0 0.4621 3Yb 3Cu 4P
P1 6(c) 0 0 0.2137 3Yb 7Cu

P2 6(c) 0 0 0.3722 3Yb 4Cu

# Occupancy 56%.

2.3.25. YbCus.P; (x=0.4), hRI12
YbCus_,P, (x=0.4) (Klifers et al. 1979; fig. 53, table 47) has space group R3m,
a=0.3964, ¢=4.0296.

Kliifers et al. (1979) determined the structure of YbCus_,P, (x=0.4) by a single-
crystal method, R=0.075. It is built from atomic blocks occurring in CusP (CuyP-blocks)
and Ce;0,S (CuP-blocks) structures (fig. 53), which alternate regularly along the
hexagonal Z axis. The Yb atoms have a CP similar to that of the aluminium atoms in
AlBy; all copper and P1 atoms have similar CPs (fig. 53). Atomic arrangement of P2 is
an octahedron [Yb3;Cus] with one additional atom. The shortest interatomic distances are
6YbACu3 =0.3 127, 6YbfP2 202732, 6Cu17Cu1 =02428, 5Cu1—P1 =().2301.

2.3.26. HoCo3P,, oP38

Structure type HoCo3P; (Jeitschko and Jakubowski 1985; fig. 54, table 48) has space
group Pmmn, a=1.0560, b=0.3688, c=1.2233.

Fig. 54. Crystal structure of HoCo,P, and CPs of atoms.
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Table 48
Atomic parameters for HoCo,P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Hol 2(b) 1/4 3/4 047411 2Ho 12Co 6P
Ho2 4f) 0.56773 1/4 0.79412 2Ho 12Co 6P
Col 2(a) 1/4 1/4 0.8434 2Ho 8Co 5P
Co2? 4(e) 1/4 0.2172 0.2975 6Ho 3P
Co3 2(b) 1/4 3/4 0.0165 2Ho 6Co 4P
Cod 4(f) 0.0837 1/4 0.0067 3Ho 5Co 4P
Co5 4N 0.0464 1/4 0.5679 4Ho 4Co 4P
Cob6 4N 0.6296 1/4 0.2929 3Ho 5Co 4P
P1 2(a) 1/4 1/4 0.1198 4Ho 6Co

P2 2(a) 1/4 1/4 0.6532 2Ho 7Co

P3 4N 0.0622 1/4 0.3828 4Ho 5Co

P4 4N 0.5984 1/4 0.1075 2Ho 7Co

@ Occupancy 50%.

The structure was determined by a single-crystal method, R=0.055 (Jeitschko and
Jakubowski 1985). Holmium atoms have a CN of 20, Co3—Co6 have 12, Col has 15,
Co2 and all P atoms have a CN of 9 and a trigonal-prismatic arrangement with
additional atoms outside the rectangular faces of the prisms. The shortest interatomic
distances are 6}[01_(}02:0.2763; 6H02_P4:0.2815; 6C06—C06:0-2543; 6C02_P1=0¢2178.
Isotypic compounds are RCo3P; where R=Y, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Er, Tm,
Yh, Lu.

2.3.27. Nd;NizPs, hP62
Structure type Nd;Ni;Ps (Chykhrij et al. 1989c; fig. 55, table 49) has space group P6;/m,
a=1.6679, c=0.3891.

Chykhrij et al. (1989¢) determined the structure of Nd;Ni;Ps by a single-crystal
method, R=0.061. All phosphorus and Nil atoms are situated in trigonal prisms
formed by the metal atoms. The shortest interatomic distances are Onginii =0.298;
6Nd2—P2 =0294, 6Ni37Ni5 20244, 6Ni1_p3 =(0.217. ISOtypiC compounds arc R3Ni7P5 where
R=La, Pr, Sm, Gd, Thb.

2.3.28. (La, Ce)Ith30P21, hP64
Structure type (La, Ce);oRh3oPs; (Pivan and Guerin 1986) has space group P6s/m,
a=1.7475, ¢=0.3948.

Pivan and Guerin (1986) synthesized the compound (La, Ce);,Rh3¢P5; from a mixture
of constituent components with an atomic ratio 3:3:32:17; the structure was determined
by a single-crystal method, R=0.049. The ST (La, Ce)1sRhsoP;; is closely related to



PHOSPHIDES 373

Fig. 55. Crystal structure of Nd,Ni,P; and CPs of atoms.

Table 49
Atomic parameters for Nd,Ni, P

Atom Position Fractional coordinates Atomic arrangement
x y z

Ndl 6(h) 0.2373 0.3582 1/4 4Nd 10N1 6P
Nd2 6(h) 0.1748 0.5606 1/4 6Nd 8Ni 6P
Nil 6(h) 0.5113 0.2272 /4 6Nd 3P
Ni2 6(h) 0.4451 0.4335 1/4 4Nd 4Ni 4P
Ni3 6(h) 0.0432 0.3472 1/4 4Nd 4Ni 4P
Ni4 6(h) 0.2474 0.1765 1/4 3Nd SNi 4P
Nis? 6(h) 0.0882 0.1475 1/4 INd N1 3p
P1 6(h) 0.203 0.025 1/4 2Nd 7Ni

P2 6(h) 0.464 0.075 1/4 4Nd SNi

P3 6(h) 0.411 0.273 1/4 4Nd SNi

P4 2(c) 2/3 1/3 1/4 6Nd 3Ni

# Occupancy 67%.

ST Nd3;Ni;Ps. The only differences are: the position of the Ni5 atoms is completely
occupied by Rh atoms. The empty octahedra formed by the metal atoms are filled with
the PS5 atoms (position 2(a) 000). The shortest interatomic distances are Sgy_gpg =0.3014;
6R1—P3 = 03035, 6Rh3-Rh5 = 02710, 6Rh5ﬁp3 =(.2278.
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2.3.29. CegNl'”P]o, hP68
Structure type CegNijsPjo (Babizhets’ky et al. 1993a) has space group P63/m, a=1.6637,
¢=0.3878.

The structure of CegNijsPyp was determined by a single-crystal method, R=0.042
(Babizhets’ky et al. 1993a). It is also closely related to Nd3;Ni;Ps. In Nd;Ni;Ps the
columns of octahedra [[ONig] are filled with Ni6 atoms which occupy 22% of the
positions 6(h) xy1/4 (x=0.0412, y=0.0684), while in CegNi;sPio these positions with
close coordinates are fully occupied by nickel atoms. The atomic coordinates of all other
atoms do not differ essentially from those in Nd;Ni;Ps. The shortest interatomic distances
arc 6Ce—Ni=0-3009; 6Ce—P:0-3020; 6Ni—Ni 20.2765; 6Ni—P:0-2310-

2.3.30. HfyCo4P3, hP36
Structure type Hf;Co4P; (Ganglberger 1968a,b) has space group P62m, a=1.2261,
¢=0.3719 (for Gd,Co4P3) (Kuz'ma et al. 1986b).

The structure of compound Gd,Co4P3 was determined by a powder method (Kuz’ma
et al. 1986b) but intensity calculations have not been carried out because of the
impurity of the sample. That is identification of Gd;Co4P; as the Hf,CosP3-type requires
confirmation.

2.3.31. TiNiSi, oP12
Structure type TiNiSi (Schoemaker and Schoemaker 1965; fig. 56, table 50) has space
group Pnma, a=0.6826, b=0.3965, ¢=0.7689 (for ErPdP) (Johrendt and Mewis 1990).
The structure type TiNiSi is a superstructure of anti-PbCl,. Johrendt and Mewis (1990)
determined the ErPdP structure by a single-crystal method, R =0.046. Phosphorus atoms
fill the trigonal prisms, erbium and palladium atoms have a CN of 15 and 12, respectively.
The shortest interatomic distances are Ogr_pg=0.2950; Ogp=0.2803; Opg.pq =0.2981;
Spa_p =0.2522. Isotypic compounds are ScCoP and RPdP where R=Tb, Dy, Ho, Tm,

Yb, Lu.

Fig. 56. Crystal structure of ErPdP and CPs of atoms.
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Table 50
Atomic parameters for ErPdP

375

Atom Position Fractional coordinates Atomic arrangement

x y z
Er 4(c) 0.5314 1/4 0.6880 4Er 6Pd 5P
Pd 4(c) 0.6475 1/4 0.0619 6Er 2Pd 4P
P 4(c) 0.2495 1/4 0.1228 SEr 4pd

Fig. 57. Crystal structure of ScRuP and CPs of atoms.
Table 51
Atomic parameters for ScRuP

Atom Position Fractional coordinates Atomic arrangement

x % z
Sc 3(g) 0.5895 0 172 4Sc 6Ru 5P
Ru 3N 0.2447 0 0 6Sc 2Ru 4P
P1 2(c) 1/3 2/3 0 6Sc 3Ru
P2 1(b) 0 0 172 3Sc 6Ru

2.3.32. ZrNiAl, hP9
Structure type ZrNiAl (Krypyakevych et al. 1967; fig. 57, table 51) has space group P62m,
a=0.6524, c=0.3610 (for ScRuP) (Ghetta et al. 1986).

Ghetta et al. (1986) determined the structure of ScRuP by a single-crystal method
(£=0.040) and regarded its structure as of ZrRuSi type. In reality it belongs to structure
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type ZrNiAl (superstructure of Fe,P). In the structure of ScRuP the scandium and
ruthenium atoms form columns of trigonal prisms which are centered by phosphorus
atoms. Such columns are linked via common edges and form six-member channels which
are filled with isolated columns of trigonal prisms. The shortest interatomic distances are
Osc—Ru = 0.288; dsc_p=0.267; Sry_ru="0.276; Opyp=0.241.

2.3.33, AIB,, hP3
Structure type AlB, (Hofmann and Jiniche 1936; fig. 58, table 52) has space group
P6/mmm, a=0.4016, ¢=0.4163 (for EuPt; 5P} 35) (Wenski and Mewis 1986b).

Eu
X Qfnm
O .
Fig. 58. Crystal structure of EuPty.sP,,; and
1/2 CPs of atoms.
Table 52

Atomic parameters for EuPty P, 45

Atom Position Fractional coordinates Atomic arrangement
x y z

Eu 1(a) 0 0 0 8Eu 12X
X2 2(d) 1/3 273 1/2 6Eu 3X

* X=0.65Pt+1.35P.

Wenski and Mewis (1986b) investigated single crystals of the compound EuPtg ¢5P; 35
(R=0.057). In the structure of EuX; (where X=0.65Pt+ 1.35P) europium atoms form
layers of trigonal prisms which are centered by X atoms; all X atoms form a graphite-
like net which is perpendicular to the Z axis. Interatomic distances are dg, x =0.3179;
Ox-x = 0.2347.

2.3.34. YbPtE hP3
Structure type YbPtP (Wenski and Mewis 1986¢; table 53) has space group P6m2,
a=0.4077, c=0.3777.
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Table 53
Atomic parameters for YbPtP
Atom Position Fractional coordinates Atomic arrangement
b y z
Yb 1{(a) 0 0 0 8Yb 6Pt 6P
Pt 1{d) 1/3 2/3 1/2 6Yb 3p
P 1) 2/3 173 12 6Yb 3pt

Wenski and Mewis (1986¢) determined the structure of YbPtP by a single-crystal
method, R=0.050. YbPtP is a first-order superstructure of the AlB,-type: platinum
and phosphorus atoms regularly occupy trigonal prisms formed by ytterbium atoms.
Such regularity causes a decreasing symmetry with a transition from sp.gr. P6/mmm
(ST AlIB;) to sp.gr. P62m (ST YbPtP). Interatomic distances are dyp—p; = dyp-p =0.3018;
Opi_p = 0.2354. Isotypic compounds are EuNiP and RPtP where R=Y, Sm, Gd, Tb, Dy,
Tm, Lu.

2.3.35. ZrBeSi, hP6
Structure type ZrBeSi (Nielsen and Baenziger 1954; table 54) has space group P63/mme,
a=0.4248, ¢=0.7799 (for CePdP) (Johrendt and Mewis 1990).

The ST ZrBeSi (Nielsen and Baenziger 1954) differs from the ST AlB; by a double
lattice parameter ¢ and a regular distribution of small atoms. Johrendt and Mewis (1990)
regard the crystal structure of the compounds RPdP (R=La, Ce, Pr, Nd, Sm, Gd) as the
ST NizIn. The atomic arrangement of the smallest atoms in RPdP is a trigonal prism which
is formed by R atoms (as it is in ZrBeSi), while in NiyIn (or in its superstructure GeMnNi)
the environment of the respective atoms is a trigonal bipyramid. Besides the ¢/a ratio in
the Ni, In-type structures is considerably lower than that in the ZrBeSi structure (~1.1-1.4
and 1.939, respectively). These considerations allow the possibility that RPdP compounds
belong to the ZrBeSi type. The coordination polyhedra in RPdP are the same as those in
the AIB; structure. The interatomic distances are dce_pq = Oce_p=0.3133; Spg_p =0.2453.
Besides the above mentioned phosphide compounds the EuMP, where M=Cu, Ag, Au,
Pt, have the crystal structure of ZeBeSi.

Table 54
Atomic parameters for CePdP
Atom Position Fractional coordinates Atomic arrangement
x y z
Ce 2(a) 0 0 0 8Ce 6Pd 6P
Pd 2(e) 1/3 213 1/4 6Ce 3p

p 2(d) 213 13 1/4 6Ce  3Pd
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Lux et al. (1991a) carried out a single-crystal investigation of EuPtP and showed
that the P atoms are displaced from ideal positions with z=1/4, but occupy 50% of
the positions 4(f) 1/3 2/3 z with z=0.7408 or z=0.7388 in a-EuPtP and B-EuPtP,
respectively. This considerably improves the thermal parameters of the phosphorus atoms.
The deviation of the z coordinate from z=1/4 influences the interatomic distances: in
a-EuPtP dp, p=0.3251 and 0.3144; in $-EuPtP Sg,p=0.3221 and 0.3096; Sp.p =0.2360
and 0.2363 in a- and B-EuPtP, respectively. The results obtained agree with Mdssbauer
investigations (Lossau et al. 1989a) which indicate a variable valence of the europium
atoms in the temperature range 4-300K.

2.3.36. y-EuPtP hP6
Structure type y-EuPtP (Lux et al. 1991a; table 55) has space group P3ml, a=0.4103,
c¢=0.8256.

Lux et al. (1991a) determined the y-EuPtP structure by a single-crystal method at
180K (R=0.044). In y-EuPtP both Pt and P atoms are displaced from the ideal positions
with z=1/4; this leads to a decreased symmetry compared to ST ZrBeSi. One can
consider y-EuPtP as a superstructure of Caln, (landelli 1964). Interatomic distances are
5Eu1_pt=0.3082; 5Eu2—Pt=O-3204; 5Eu1_p=0.3091; 6Eu2—P:0-3195; (Spt,p=0.2370.

Table 55
Atomic parameters for y-EuPtP
Atom Position Fractional coordinates Atomic arrangement
x y z

Eul 1(a) 0 0 0 8Eu 6Pt 6P
Eu2 1(b) 0 0 1/2 8Eu 6Pt 6P
Pt 2Ad) 2/3 173 0.2388 8Eu 6P
P 2(d) 1/3 2/3 0.2404 8Eu 6Pt

2.3.37. Th;4NiP (x =0.05), hPI2
Structure type Tb;_,NiP (x =0.05) (Chykhrij et al. 1987; fig. 59, table 56) has space group
P6;/mmc, a=0.3922, c=1.5328.

Chykhrij et al. (1987) determined the structure of Tb,_,NiP by a single-crystal method,;
the atomic parameters were refined using powder intensities to R=0.075. The structure of
Tb,_.NiP is related to the ST AlB; and its derivatives. The nickel and phosphorus atoms
occupy trigonal prisms formed by the terbium atoms. Villars and Calvert (1991) consider
the Th;_NiP structure as belonging to MoC;_,-type (Nowotny et al. 1954). However,
this point of view is formal and is based on the same positions being occupied in the
MoC;_, and Tb,_.NiP structures. Considering Th; ,NiP as belonging to the ST MoC;_,
the Tb1 and Tb2 atoms occupy positions of the C1 and Mol atoms which are characterized
by different environments including an octahedral one of C1. Besides, the existence of
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Fig. 59. Crystal structure of Tb,_ NiP and CPs of atoms.

Table 56
Atomic parameters for Tb,_ NiP (x=0.05)

Atom Position Fractional coordinates Atomic arrangement
X ¥ z

Tb1? 2(a) 0 0 0 8Tb 6Ni 6P

Tb2 2(b) 0 0 1/4 8Tb 6Ni 6P

Ni 4(1) 173 2/3 0.121 6Tb 3P

P 4(f) 1/3 2/3 0.610 6Tb 3Ni

# Occupancy 90%.

MoC;_, needs confirmation. The interatomic distances in Tb;..,NiP are &rp)_1p2 =0.383;
Otb1-ni = 0.293; S1p1-p =0.282; Snip =0.227. Isotypic compounds are RNiP where R=Y,
La, Ce, Pr, Nd, Sm, Gd, Dy, Ho, Er, Tm, Lu.

2.3.38. PbFCI, tP6
Structure type PbFCI (Nieuwenkamp and Bijvoet 1931; table 57) has space group
P4/mmm, a=0.4062, c=0.6752 (for CeFeSi) (Bodak et al. 1970).

The ST PbFCI (Nieuwenkamp and Bijvoet 1931) is a superstructure of the ST Cu,Sb
(Westgren et al. 1929). Since no atomic parameters have been reported for ternary rare-
carth phosphides we used data from the CeFeSi structure. The smallest atoms (P) occupy
positions in the centers of Archimedean cubes formed by metal atoms. Known phosphides
with the PbFCl-type structure are SmFeP, RCoP (R=Pr, Nd, Sm) and LaRuP.
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Table 57
Atomic parameters for CeFeSi

Atom Position Fractional coordinates Atomic arrangement

x y z
Ce 2(c) 1/4 1/4 0.672 8Ce 4Fe 6Si
Fe 2(a) 3/4 1/4 0 4Ce 4Fe 451
Si 2(c) 1/4 1/4 0.175 5Ce 4Fe

2.3.39. GdCo3(Si,P)g, hP26
Structure type GdaCo13(Si,P)e (Jakubowski-Ripke and Jeitschko 1987) has space group
P6m2, a=1.0419, ¢=0.3727.

Jakubowski-Ripke and Jeitschko (1987) determined the structure of GdsCoy3(Si,P)s by
a single-crystal method, R=0.032, but atomic parameters are not reported. The Si:P ratio
in the compound is 1:1. Isotypic compounds are R4Coy3(Si,P)s where R=Tb, Dy, Ho,
Er.

Fig. 60. Crystal structure of EuPt, (,P, and CPs
of atoms.
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Table 58
Atomic parameters for EuPt,P, ,

Atom Position Fractional coordinates Atomic arrangement
x y z

Eu 4(e) 0 0 0.3704 4Eu 9Pt 6P

pt1 4(e) 0 0 0.1953 4Eu 5P

pt2 4(c) 172 0 0 4Eu 4Pt 4P

p1® 4(d) /2 0 1/4 4Eu 4Pt 4p

p2 4(e) 0 0 0.0742 4Eu 5Pt

2 Occupancy 62%.

2.3.40. EuPtyP ¢, t120

Structure type EuPt, Py ¢; (Wenski and Mewis 1986a—d; fig. 60, table 58) has space group

[4/mmm, a=0.4143, ¢=1.9120.

Wenski and Mewis (1986a—d) determined the structure of EuPt,P; ¢, by a single-crystal
method, R=0.071. The CP of the Eu atom is similar to that of Ce in CeGa,Al; (fig. 60),
P1 atoms fill a tetragonal prism with centered rectangular faces, P2 atoms have CPs in
the form of an Archimedean cube with additional Pt atoms outside one of the square
faces; Ptl has an atomic environment similar to P2. The shortest interatomic distances
are 5Eu—Pt1 =0.31 88; 5EuAP1 = 0.3097; 5pg__pt2 = 0.2930; 51){14)2 =0.2320.

2.3.41. ngCO_g()P[g, hP55

Structure type YbgCosgP19 (Jeitschko and Jakubowski-Ripke 1993; fig. 61, table 59) has

space group P6, a=1.4703, c=0.3574.

Fig. 61. Crystal structure of YbsCo,,P,, and CPs of atoms.
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Table 59
Atomic parameters for Yb,CoyoPy

Atom Position Fractional coordinates Atomic arrangement
X ¥ z

Ybl 3¢k) 0.3902 0.0959 172 2Yb 12Co 6P
Yb2 3() 0.6054 0.9032 0 2Yb 12Co 6P
Col 3(k) 0.6554 0.2255 172 2Yb 6Co 5P
Co2 3()) 0.3512 0.7734 0 2Yb 6Co 5P
Co3 3(k) 0.4615 0.9227 12 3Yb 5Co 4P
Co4 3() 0.5356 0.0696 0 3Yb 5Co 4P
Co5 3k) 0.2702 0.2271 1/2 3Yb 5Co 4P
Cob 3() 0.7245 0.7745 0 3Yb 5Co 4p
Co7 3(k) 0.1496 0.4190 1/2 3Yb 5Co 4P
Co8 3 0.8464 0.5866 0 3Yb 5Co 4P
Co9 3k) 0.1581 0.0275 172 1Yb 7Co 4p
Col0 3 0.8660 0.9775 0 1Yb 9Co 5p
P1 3(k) 0.4498 0.7665 112 2Yb 6Co

P2 3() 0.5432 0.2251 0 2Yb 6Co

P3 3(k) 0.1389 0.2596 172 2Yb 7Co

P4 3() 0.8628 0.7445 0 2Yb 7Co

PS5 3(k) 0.4327 0.3767 112 2Yb 7Co

P6 3() 0.5690 0.6335 0 2Yb 7Co

P7 1(b) 0 0 12 9Co

The structure of YbgCospP9 was determined by a single-crystal method, R=0.031
(Jeitschko and Jakubowski-Ripke 1993). The CPs of the ytterbium, cobalt and phosphorus
atoms are hexagonal (Yb), pentagonal (Co10), orthorhombic (all other Co atoms) and
trigonal (P) prisms with centered rectangular faces. Base faces of the Yb CPs are also
centered by additional atoms and the Col and Co2 CPs have two additional Co atoms
outside one of the rectangular faces. The structure of YbgCosoPy9 is analogous to
UgCo30Siqg (Yarmolyuk et al. 1980) which is described in sp.gr. P63/m. The shortest inter-
atomic distances in YbsCo3oP19 are Sypi-cos = 0.288; dypi-py = 0.2755; Scoz—co7 = 0.2471;
Scog-p7 =0.2151. Isotypic compounds are R¢Cos0P19 where R=Er, Tm, Lu.

2.3.42. LaCogPs, oP28
Structure type LaCogPs (Meisen and Jeitschko 1984a,b; fig. 62, table 60) has space group
Pmmn, a=1.05101, 5=0.3596, ¢=0.9342.

Meisen and Jeitschko (1984a) determined the structure of LaCogPs by a single-crystal
method, R=0.040. The structure is characterized by trigonal-prismatic coordination of
the phosphorus atoms. Increasing the phosphorus content leads to the appearance of P—
P contacts (Op;_p; =0.2485). The stacking of trigonal prisms is shown in fig. 62. The
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Table 60

Atomic parameters for LaCogP;

Fig. 62. Crystal structure of LaCogzP; and CPs of atoms.

383

Atom Position Fractional coordinates Atomic arrangement
x y z

La 2(a) 1/4 1/4 0.1762 2La 13Co 8P
Col 4(f) 0.4181 1/4 0.4796 1La 7Co 4P
Co2 4(f) 0.4951 1/4 0.8897 3La 5Co 4P
Co3 40N 0.6065 1/4 0.3035 1La 9Co Sp
Co4 2(a) 1/4 1/4 0.8470 1La 6Co SP
CoS 2(b) 1/4 3/4 0.4548 2La 6Co 4P
P1 4 0.6317 1/4 0.0662 2La 6Co 1P
P2 4N 0.5592 1/4 0.6623 2La 7Co

P3 2a) 1/4 1/4 0.6137 9Co

shortest interatomic distances are Op,—co1 =0.3075; 81, py =0.3086; Scoi-co; =0.2517;
dco1-p3 =0.2165. Isotypic compounds are PrCogPs and EuCosPs.

2.3.43. NagZnQOy, hP22

Structure type NagZnO4 (Kastner and Hoppe 1974; fig. 63, table 61) has space group
P63me, a=0.9251, ¢=0.7198 (for NasEu,SiP4) (von Schnering et al. 1988).

The structure of NagEu,SiP4 was determined by a single-crystal method (von Schnering
et al. 1988) but atomic parameters are not reported. Tetrahedral SiP, fill hexagonal
channels which are formed by Na and Eu atoms; part of the space in these channels
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Fig. 63. Crystal structure of Eu,Na,SiP, and CPs of atoms.

Table 61
Atomic parameters for Na,Eu,SiP,

Atom Position Fractional coordinates Atomic arrangement
x y z

M1 6(c) 0.5292 0.4708 0.1127 2M 18i 4p

M2? 6(c) 0.1445 0.8555 0.2855 3M 1Si 4p

Si 2(b) 1/3 2/3 0 6M 1

Pl 2(b) 173 2/3 0.3255 M 18i 3P

P2 6(c) 0.8082 0.1918 0.3967 ™ 1P

2 M1=1Na+2Eu; M2=3Na.

is not filled. The P1 atoms have octahedral coordination with one additional atom and
the P2 atoms have a trigonal-prismatic environment with two additional atoms (M and
P1) outside the rectangular faces. Isotypic compounds are NagsEu,MP; where M =Ge,
Sn, Pb.

2.3.44. Cedl,Ga,, t110
Structure type CeAl,Ga, (Zarechnyuk et al. 1964; fig. 64, table 62) has space group
I4/mmm, a=0.4010, ¢=0.9604 (for LaNi,P,) (Hofmann and Jeitschko 1984).

The ST CeAl,Ga, (Zarechnyuk et al. 1964) (another name is ThCr,Si,, Sikirica and
Ban 1964) is a superstructure of BaAls (Andress and Alberti 1935). The structure of
CeAl;Ga, is built of layers of Archimedean cubes [GaCesAly]. The CPs are shown in
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Fig. 64. Crystal structure of LaNi,P,
and CPs of atoms.

Table 62
Atomic parameters for LaNi,P,

Atom Position Fractional coordinates Atomic arrangement

x y z
La 2(a) 0 0 0 4La  8Ni 10P
Ni? A(d) 0 172 1/4 4La 4Ni 4P
p* 4(e) 0 0 03700  4La 4N 1P

* Occupancy factors: Ni, 94.2%; P, 95.1%.

fig. 64. Isotypic phosphides are RFe,P, (R=La, Ce, P1, Eu), RCo,P, (R=La, Ce, Pr, Nd,
Sm, Eu), RN1,P, (R=Y, La, Ce, Pr, Nd, Sm, Eu, Gd-Yb), EuCuy;P;, RRu;P, (R=Y,
La, Ce, Pr, Nd, Sm, Eu, Gd-Er, Yb), RPd;P, (R=Y, La, Ce, Pr, Nd, Sm, Eu, Gd-Er, Yb)
and EuOs,P,.

2.3.45. CaBe,Ge;,, tP10

Structure type CaBe,Ge, (Eisenmann et al. 1972; fig. 65, table 63) has space group
P4/nmm, a=0.4146, ¢=0.9539 (for CeRh,P,) (Madar et al. 1987a).

Madar et al. (1987a) determined the structure of CeRh;P; by a single-crystal method,
R=0.035. The ST CaBe,Ge; is closely related to the CeAl;Gay-type; it is built from
similar layers of Archimedean cubes but in a primitive unit cell. Rhl and P1 have
atomic arrangement in the form of an Archimedean cube with one additional atom
outside the square face (fig. 65). The shortest interatomic distances are d¢e_gn; =0.3189;
Oce-p=0.3109; OSpnz-rn2=0.2932; Ogpi-p2=0.2329. Isotypic compounds are RRh,P,
where R=La, Pr, Nd.
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Fig. 65. Crystal structure of CeRh,P, and CPs of atoms.

Table 63

Atomic parameters for CeRh,P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Ce 2(c) 1/4 1/4 0.7429 4Ce 9Rh 9P

Rhl 2(c) 1/4 1/4 0.3888 4Ce 5P

Rh2 2(a) 3/4 1/4 0 4Ce 4Rh 4p

P1 2(c) 1/4 1/4 0.1390 4Ce 5Rh

P2 2b) 3/4 1/4 172 4Ce 4Rh 4p

2.3.46. Ce;S,0, hP5

Structure type CeyS;0 (Zachariasen 1949; fig. 66, table 64) has space group P3ml,

a=0.4196, ¢=0.6821 (for PrLi,P,) (Fischer and Schuster 1980).

The ST Ce,S,0 (Zachariasen 1949) is a superstructure of anti-La; O3 (Pauling 1928);
the other name is CaAl;Si;. The P atoms are situated in octahedra formed by La
and Li atoms; one of the faces is centered by an additional Li atom. The shortest
interatomic distances are dprp=0.2979; 81i_p=0.2546. Isotypic rare-earth phosphides
RLi;P; (R=La, Ce, Pr), EuMn,P;, RZn,P; (R=Eu, Yb), RCuZnP; (R=Y, La, Ce, Sm,

Yb), YoMnCuP; and SmZnAgP,.
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Fig. 66. Crystal structure of PrLi,P, and CPs of
atoms.

Table 64
Atomic parameters for PrLi, P,

Atom Position Fractional coordinates Atomic arrangement
x y z

Pr 1(a) 0 0 0 6Li 6P

Li 2(d) 1/3 213 0.6352 3Pr 3P

P 2(d) 1/3 2/3 0.2514 3Pr 3Li

O 0o
Yo Cu P

Fig. 67. Crystal structure of YbCu,P, as a combination of structure blocks which occur in CuyP structures
(Cu,P-blocks, dark sections) and Ce,0,S structures (CuP-blocks, light sections).

2.3.47. YbCung, hR17
Structure type YbCu,P, (Kliifers et al. 1979; fig. 67, table 65) has space group R3m,
a=0.3951, ¢=15.946.

Kliifers et al. (1979) determined the structure of YbCu,yP, by a single-crystal method,
R=0.076; the exact composition of the compound is YbCuy37P,. Similar to YbCu;P;
the structure of YbCuyP; is built from atomic blocks which also occur in the Cu;P and
Cex 0,5 structures (fig. 67). However, there are twice as many CuP-blocks as Cu, P-blocks.
All atoms have CPs analogous with those in YbCu3P, (fig. 53). The shortest interatomic
distances are 5Yb2~P2 = 02734, 6Yb2—Cu2 =0.31 19, 5Cu1*Cu1 = 02419, 5Cu1vP1 =(.2289.
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Table 65
Atomic parameters for YbCu,P,

Atom Position Fractional coordinates Atomic arrangement
X y z

Ybl 3(a) 0 0 0 6Yb 6Cu 6P
Yb2 6(c) 0 0 0.1054 6Yb 7Cu 6P
Cul® 6(c) 0 0 0.1596 1Yb 6Cu 4P
Cu2® 6(c) 0 0 0.2637 3Yb 3Cu 4P
Cu3 6(c) 0 0 0.4749 3Yb 4Cu 3P
Cu4® 6(c) 0 0 0.3731 3Yb 3Cu 4P
P1 6(c) 0 0 0.1984 3Yb 7Cu

P2 6(c) 0 0 0.4134 3Yb 4Cu

P3 6(c) 0 0 0.3062 3Yb 4Cu

® Occupancy 80%.

P1 M Na P 01
O O O i Fig. 68. Crystal structure of Na,Eu,P, and
CPs of atoms.

2.3.48. SmsGey, 0P306
Structure type SmsGey (Smith et al. 1966; fig. 68, table 66) has space group Pnma,
a=0.7298, b=1.5043, ¢=0.7881 (for NayEu3P;) (Hénle et al. 1992).
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Table 66
Atomic parameters for Na,Eu,P,

Atom Position Fractional coordinates Atomic arrangement
x ¥y z

Ml 8(d) 0.0366 0.10146 0.80841 ™ 2Na 6P
M22 8(d) 0.1837 0.12642 0.31435 M 2Na 6P
Na 4(c) 0.3648 1/4 0.9920 8M

P1 4(c) 0.4792 1/4 04197 6M 1P
P2 4(c) 0.2560 1/4 0.6200 6M 1P
P3 8(d) 0.3640 0.0352 0.0283 6M 1P

* M1=7.65Eu+0.35Na; M2=4.30Eu+3.70Na.

Hénle et al. (1992) determined the structure of Na,Eu;P4 by a single-crystal method,
R=0.041. Phosphorus atoms have a CN of 9 and a CP in the form of distorted trigonal
prisms with rectangular faces centered by metal or phosphorus atoms; the phosphorus
atoms form pairs P, (dpi_pr =0.2268; Jp3-p3 =0.2293). The trigonal prism stacking in
the structure of Na,EusPy4 is shown in fig. 68. Other shortest interatomic distances are
6M2AP3 = 02949, 5Na—P1 =0.2899.

2.3.49. HfCuSi,, tP8
Structure type HfCuSi; (Andrukhiv et al. 1975; fig. 69, table 67) has space group P4/nmm,
a=0.3774, ¢=0.9886 (for TbCu; »5P; 75) (Chykhrij et al. 1989a).

‘le
Tb Cu X P
1
y=3;: 8 gg Fig. 69. Crystal structure of TbCu, ,sP,,; and
CPs of atoms.

The structure of the compound RCu,P;_, with HfCuSij-type was determined by
the powder method, R=0.095 for TbCu, ,5P, 75 (Chykhrij et al. 1989a). It is desirable
to confirm this structure by a single-crystal investigation. Phosphorus has an atomic
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Table 67
Atomic parameters for TbCu, 5P 4

Atom Position Fractional coordinates Atomic arrangement

x y z
Tb 2(¢) 1/4 1/4 0.736 4Tb  4Cu  4X 4P
Cu 2(a) 3/4 1/4 0 4Tb 4Cu 4X
p 2(b) 3/4 1/4 172 4Tb 4p
X® 2(c) 1/4 1/4 0.165 4Tb 4Cu

¢ X=0.5Cu+1.5P

arrangement in the form of an 8-vertices polyhedron and X atoms (a statistical mixture
of 0.5Cu+ 1.5P) have a CP in the form of Archimedean cube (fig. 69). The interatomic
distances are close to the sum of the respective atomic radii. Isotypic compounds are
RCuy4, Py, where R=Sm, Gd, Dy, Ho, Er.

2.3.50. SrZnBi,, t16
Structure type SrZnBi, (Cordier et al. 1976; fig. 70, table 68) has space group [4/mmm,
a=0.3839, ¢=1.9431 (for SmCuP,) (Chykhrij 1990a).

Chykhrij (1990a) determined the SmCuP; structure by a single-crystal method, the
atomic parameters were refined using powder intensities to R=0.100. The atomic
arrangement around P1 and P2 is an 8-vertices polyhedron and Archimedean cube,
respectively. The interatomic distances are close to the corresponding sum of atomic
radii.

Fig. 70. Crystal structure of SmCuP, and
CPs of atoms.
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Table 68
Atomic parameters for SmCuP,

391

Atom Position Fractional coordinates Atomic arrangement
x y z

Sm 4(e) 0 0 0.117 4Sm 4Cu 8P

Cu 4(d) 0 172 1/4 4Sm 4Cu 4P

Pl 4(c) 0 172 0 4Sm 4P

P2 4(e) 0 0 0.342 4Sm 4Cu

2.3.51. CeCu1_12P1.97, 0C36

Fig. 71. Crystal structure of CeCu, {,P, 4, and CPs of atoms.

Structure type CeCuy 1P 97 (Moller and Jeitschko 1985; fig. 71, table 69) has space group
Cmmm, a=1.9649, b=0.5550, ¢=0.5522.

Moller and Jeitschko (1985) determined the structure of CeCuj j,P) 97 by a single-
crystal method, R=0.024. The structure of CeCu; 5P} 97 is related to ST CeAl,Ga,. The
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Table 69

Atomic parameters for CeCu, ,P, y,

Atom Position Fractional coordinates Atomic arrangement
X y z

Cel 4(h) 0.11690 0 172 4Ce 6Cu 8P
Ce2 4(g) 0.37867 0 0 4Ce 6Cu 8P
Cul 8(m) 1/4 1/4 0.2522 4Ce 2Cu 4P
Cu2? 4(h) 0.4543 0 12 4Ce 1Cu 5P
PI 4(h) 0.3240 0 172 4Ce 5Cu
p2 4(g) 0.1771 0 0 4Ce 4Cu
P3 8(n) 0 0.2262 0.2044 4Ce 2Cu 2P

¢ Occupancy 34%.

P3 atoms form flat 4-member chains which are linked by Cu2 atoms. The P1 and P2 atoms
have an environment in the form of Archimedean cubes with an additional Cu atom
outside the square basic face (for P1). The CP of P3 is a strongly distorted Archimedean
cube. The existence of isotypic compounds RCu; 12P;.97 with R=La, Pr, Nd is noted, but

their lattice parameters are not given.

Fig. 72. Crystal structure of La;NicP,; and CPs of atoms.
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Table 70
Atomic parameters for La;Ni P,

Atom Position Fractional coordinates Atomic arrangement
x y z

La 12(e) 0.28997 0 0 1La 4Ni 9P

Ni 12(d) 1/4 12 0 4La 4P

Pl 24(g) 0.20148 0.20148 0.43226 3La ZNi 1P

P2 8(c) 0.21483 0.21483 0.21483 3La 3p

P3 2(a) 0 0 0 6La

2.3.52. LagNigP,;, cI58
Structure type LagNigP;; (Braun and Jeitschko 1978; fig. 72, table 70) has space group
[43m, a=1.0168.

Braun and Jeitschko (1978) determined the structure of LagNigP1; by a single-crystal
method, R=0.023. The P1 and P2 atoms are situated in distorted trigonal prisms
and the P3 atoms have octahedral coordination formed by lanthanum atoms (fig. 72).
Three P1 and one P2 atom form a pyramid P4. The shortest interatomic distances
are O, p3 =0.2949; Onip1 =0.2217; Spp-p3 =0.2220. Isotypic compounds are CegNigP,7,
Pl‘sNi6P17, L36Pd6P17 and C€6Pd6P17.

2.3.53. CeSiP;, oP40
Structure type CeSiP3 (Hayakawa et al. 1978; fig. 73, table 71) has space group Pna2,,
a=0.5861, b=2.5295, c=0.5712.

Y

Fig. 73. Crystal structure of CeSiP;, bond types of phosphorous atoms, and CPs of atoms.
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Table 71
Atomic parameters for CeSiP,

Atom Position Fractional coordinates Atomic arrangement

x y z
Cel 4(a) 0.0229 0.0887 1/4 9p
Ce2 4(a) 0.5241 0.0978 0.7496 9p
Sil 4(a) 0.9449 0.2053 0.6613 4P
Si2 4(a) 0.6153 0.2086 0.1633 4P
Pl 4(a) 0.5159 0.1270 0.2497 4Ce 1Si
P2 4(a) 0.0278 0.1232 0.7456 4Ce 1Si
P3 4(a) 0.3153 0.0034 0.5325 4Ce 2p
P4 4(a) 0.6877 0.9992 0.4398 4Ce 2P
P5 4(a) 0.5830 02158 0.7748 1Ce 38i
P6 4(a) 0.9807 0.2111 0.2430 1Ce 38i

Hayakawa et al. (1978) determined the structure of CeSiP; by a single-crystal method,
R=0.048. The atoms P1 and P2 have coordination polyhedra in the form of distorted
tetragonal pyramids and P3 and P4 atoms have tetrahedral environments formed by
cerium atoms with two additional phosphorus atoms; the P35, P6 and all silicon atoms
have a distorted tetrahedral coordination. The P1-P4 and silicon atoms form a fragment
of framework and the P5-P6 atoms form a zigzag-like chain (fig. 73). The shortest
interatomic distances are dcep-p; =0.2896; Ssi1_py =0.2186; Op3_ps =0.2248.

pe

65 65
5 35
00 35 .00
OO O s

.7@ 0'50()

75 65

851 50 a5
.15() O 50

Fig. 74. Crystal structure of LaFe P, and CPs of atoms.
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Table 72
Atomic parameters for LaFe,P,,

Atom Position Fractional coordinates Atomic arrangement

x y z
La 2(a) 0 0 0 8Fe 12P
Fe 8(c) 1/4 1/4 1/4 2La 6P
P 24(g) 0 0.3539 0.1504 2Fe 2P

2.3.54. LaFe, Py, clI34
Structure type LaFesP;, (Jeitschko and Braun 1977; fig. 74, table 72) has space group
Im3, a=0.7832.

Jeitschko and Braun (1977) determined the structure of LaFesP;; by a single-
crystal method, R=0.028. LaFe4P;; may be considered to be of ST CoAs; with
filled icosahedral holes by R atoms. The phosphorus atoms have their nearest envi-
ronment in the form of a distorted tetrahedron with one additional La atom. Fe and
P atoms form a polyanion [FesP12]> with inserted La®* ions. Interatomic distances
are Opa re=0.3391; O, p=0.3012; Op.p=0.2259; Sp_p=0.2288 and 0.2356. Isotypic
compounds are RFe,P;; (R=Ce, Pr, Nd, Sm, Eu); RRusP;; (R=La, Ce, Pr, Nd, Eu);
ROs4Pi, (R=La, Ce, Pr, Nd) and R, Co4Pj2 (R=La, Ce, Pr, Nd, Yb; x=0.2-0.25).

2.4. Structure relationships of ternary and quaternary phosphides

This section is devoted to the classification and structural relationships of ternary and
quaternary rare-earth phosphides. The classification of the structures is accomplished
using the same principles as for the binary phosphides, that is, by the form of
the environment of the smallest (P) atoms (Krypyakevych 1977). One can observe
the correlation between the phosphorus content and its atomic arrangement in the
compound (table 73). Trigonal-prismatic coordination occurs in compounds with 26~
36at.% of P. In compounds with 33-50at.% P an atomic arrangement in the form of
an Archimedean cube dominates. Octahedral coordination is observed rarely, but over a
wide concentration range (23-58at.% P). In a number of structures trigonal-prismatic
coordination dominates, but some octahedral holes may be occupied by P atoms (as
observed in (La, Ce);;Rh3pP;;). Tetrahedral coordination oceurs only in compounds with
a P content over 60 at.%.

Some structure types are very similar. For example, ST HosNijgP, differs from
ScsCogP1y by only one position of the transition metal atoms: in the former compound
nickel atoms occupy position 1(a) 000 and in the latter cobalt atoms half occupy
the position 2(b) 00z (z=0.0827) (sp.gr. P62m). STs Nd3Ni;Ps (or Nd;;Ni-3yP2p),
(La, Ce)13Rh30P2; and CegNijsPyg are also closely related: in Nd;Ni;Ps empty octahedra
occur with the center in the coordinate origin, in (La, Ce);,Rh3qP;; these octahedra have
phosphorus atoms in their centers (position 2(a) 000) and in CegNi;sPio nickel atoms
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Table 73
Classification of structure types of ternary and quaternary phosphides
CP of P atoms ST
Trigonal prism La,Ni;,Ps, LaNiy,P,, CegNiyPy,, ZrFe,Si,, SmNi,P,, Nd,Ni,P,, Er,Pd,P,,

La;Nij,Py, SmyNiy; ¢Psg, TbisNiggPy,, YbsCoyoP 3, ZryFey, Py, ZryRhy,P;, YCosP;,
CeNi,_, Py, LaCo;P;, HosNijgPyy, ScsCoygPyy, ZrgNiyP 5, HogNiyPyy, HoyNigP,s,
LaLi,P,, TbLiCu,P,, Nd;Ni,Ps, Ce,Ni;P,o, Hf,Co,P,, TiNiSi, AIB,, ZtNiAl,
YbPtP, ZrBeSi, y-EuPtP, Tb,_,NiP, LaCo4Ps, Sm;Ge,

Archimedean cube PbFCl, EuPt,P, ¢;, CeAl,Ga,, CaBe,Ge,, HfCuSi,, CeCu, ,,P,4;, SrZnBi,
Octahedron Eu,Pt,AlP,;, YbCu,_, P;, (La,Ce);;Rh3P,;, NagZn0O,, Ce,S,0, YbCu,P,, La,Ni P,
Tetrahedron CeSiP,, LaFe,P,

occupy 22% of the position 6(h) xy1/4, (x=0.0412; y=0.0684), sp.gr. P63/m, i.e. they
are displaced from the centers of octahedra.

In some structures with the same compositions similar relationships resulted in a
change of space group in which these compounds crystallize, for example Zr,Fe ;P (Pg)-
ngRh12P7 (P63/m); ZréNi2QP13 (Pé)-HOgNiQQPB (P63/m).

The peculiarities of a number of STs of ternary rare-earth phosphides require a critical
examination of the data on their crystal structure. A great number of them are determined
by the powder method which does not permit distinction between such small structure
details.

All known structures of the ternary rare-earth phosphides with a phosphorus content
close to 33.3at.% (except YbCusP,) are characterized by a metallic trigonal-prismatic
arrangement of P atoms. Besides, these compounds have a number of common structure
attributes:

— the rare-earth and transition-metal atoms exhibit the same or very similar coordination
polyhedra and the same coordination numbers, respectively;

— all atoms form two flat nets mutually displaced by half of the shortest unit-cell
dimension which corresponds to the height of a trigonal prism (0.36—0.4 nm);

— these trigonal prisms are assembled in columns stretched along the shortest unit-cell
dimension and the columns themselves can link with one another via common rectangular
faces or through common trigonal-prismatic edges, so that,

—no P—P contacts occur.

The existence of such common structure attributes gave an opportunity for numerous
scholars to search for a unique scheme to describe these structures and predict new
compounds. Thus, Madar et al. (1987b) used a crystallochemical model, based on
metalloidal environment of the metal, for a uniform representation of the structures of
ternary phases with a metal-to-nonmetal ratio close to 2:1. According to Madar et al.
(1987b) the metal atoms may be situated in triangular prismatic, pyramidal, tetrahedral
and triangular sites formed by P atoms, and their formal oxidation numbers are +3, +2,
+1 and 0, respectively; for isolated (from one another) phosphorus atoms the formal
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RMgX3  RaMigXe ReMi5X10 RipM21X15 RisMag*21
m=2 m=3 m=4 m=5 m=6

Fig. 75. Basic structure fragments in compounds belonging to a homologous family with metal-to-nonmetal
ratio 2:1.

oxidation number is —3. Using such considerations the authors propose a scheme of
valence compensation in the compounds belonging to specific families and predict a
number of new compounds.

Pivan et al. (1987) consider the structure homogeneity of (R, M),P phases and propose
to describe them as formed from triangular units which occur in the structures “anti-
AlB,”, Fe;P, Zr,FejoP7, ZrgNiyPi3, and (La, Ce)aRh3oP,;. Varation in the stacking
of such fragments allows the description of a great number of phosphide and silicide
structures and to predict a number of new compounds.

Earlier Yarmolyuk and Aksel’rud (1983) had proposed a general approach for the
description of structures with a metal-to-nonmetal ratio of 2:1. The authors consider that
the main characteristic feature of this structure family is the formation of slightly distorted
hexagonal nets of metalloid atoms in the projection perpendicular to the smallest unit-
cell direction. Proceeding from this consideration one can easily infer a great number
of hexagonal structures by choosing a radius vector from the coordinate origin and
taking into account the conditions mentioned above. For hexagonal structures, the unit-cell
parameter a is determined from the ratio a = a’v/K, where a’ is the minimum period of
the flat hexagonal net (distance between neighbouring metalloid atoms in planar net); X is
the number of metalloid atoms in the unit cell.

For our structure description of the rare-earth phosphides we chose a similar approach
based on the stacking of trigonal prisms formed by metal atoms; these determine the
atomic arrangement of the phosphorus atoms. Isolated trigonal prism columns with
phosphorus inside each prism, and/or their ensembles (fig. 75) are the basic structure
fragments from which all structure types considered are built. The general chemical
formula of such fragments may be written Rym—1y2M(m1)(m+2y2Pm(m+1y2, Where m is an
integer and R and M correspond to the Jargest and medium-sized atoms, respectively.

The hexagonal structures form separate rows with the same stacking of the structure
units; the composition of members of each row is described by a definite chemical
formula.

The compounds Fe;P (Rundqvist and Jellinek 1959, Carlsson et al. 1973), Zr,Fe 2P
(Ganglberger 1968a), ZrgNizP;; (Guerin et al. 1984), (La,Ce);,RhioP,; (Pivan and
Guerin 1986), SmyoNiy1 6P and TbysNixsP,; (Chykhrij et al. 1993) form homologous
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Zrg NiogP3
n=3

SmpoNi16P30
n=9

Fig. 76. Combination of structure units in phosphides with the general chemical formula R, 1yM.1)0012) Xngns 1341 -

rows with unit cells containing two identical units mutually displaced from ¢/2 (fig. 76).
The general chemical formula of this series (without possible defects) may be written
Rug—1yMns 2y Xnme1yr1 (Pivan and Guerin 1986). The unit-cell dimension, a, of
members of this series depends on r, the atomic fragment dimension (fig. 77). The average
value of the parameter, a’, for these structures is 0.357 (table 74). An increasing a’ value
is caused by the increasing content of the largest atoms. As a limiting member of this
series one can consider the structure YbPtP (Wenski and Mewis 1986¢) (fig. 77) with all
trigonal prisms formed by R atoms and alternately filled with phosphorus and transition-
metal atoms.

The unit cell of HoygNigsP43 (Pivan et al. 1985b) contains close number of metalloid
atoms as TbisNixgP2; (Z=2) (Chykhrij et al. 1993) (the exception is a non-occupied
position 2(a) 000 in the terbium compound), but the manner of trigonal prism stacking
in the structures is different. The general chemical formula of members in the series
with the same structure fragment stacking as in Ho2oNisgPa3 15 Rugar1iMpre1y16) Xa(ne3)43
(Chykhrij et al. 1992) (fig. 78). The unit-cell content and lattice dimension, a, of members
in this series are listed in table 75.



PHOSPHIDES 399

a
2404
200}
160t
1,20+
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Fig. 77. Dependence of lattice parameter a on m for
. . L L . o hexagonal structures with the general chemical formula
1 2 3 [’ 5 6 Rm(mfl)M(m+l)(m+2)xm(m+l)+l .
Table 74
Determination of minimum period of flat hexagonal net for ternary rare-earth phosphides?®

Compound K a a Reference
Tb,Ni, P, 7 0.9037 0.342 Jeitschko et al. (1978)
TbgNiyoP s 13 1.2694 0.352 Madar et al. (1985b)
Tb;Ni;Ps 21 1.6309 0.356 Chykhrij et al. (1989c)
SmyNig ¢Pag 31 2.0448 0.367 Chykhrij et al. (1993)
Tb,sNiy Py, 43 2417 0.368 Chykhrij et al. (1993)
*a,,=0357.

The general formula R, n-1)M3pn+3)X3n(ne1)+1 Shows the unit-cell content of the other
branch of this structure family. Cr;2P7; (Chun and Carpenter 1979) and YbgCos0P 19
(Jeitschko and Jakubowski-Ripke 1993} are the first representatives of this branch; further
members will have the same form of structure fragment stacking but with different
compositions (fig. 79, table 76).

Still one more homologous structure series compounds of Laue symmetry 6/mmm form
unit cells which contain two different structure units with the neighbour » values. The
first representatives of this series are a-UCr¢P,4 (Brink and Jeitschko 1986, Jeitschko and
Brink 1992) and Zr4Co,3Sig (Gladyshevskii and Grin 1981) and probably the compound
Gd4Coy3(Si, P)g (Jakubowski-Ripke and Jeitschko 1987) has the same structure, but we
have no data on the atomic parameters in this structure. The predicted composition in
this series obeys the general formula R,:M,,52 3 X541y (fig. 80, table 77).

The structure of LagRhs;Py7 is considered as belonging to a homologous family with
a metal-to-nonmetal ratio of 2:1 with one non-occupied phosphorus position (Pivan et al.
1988).

Structures with infinite straight chains of these units have orthorhombic or monoclinic
symmetry. An inventory of the orthorhombic structural examples actually known can be
divided into three groups:
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RyM2iX13 n=3

R2MgoX31 HopoNigs 3
n=4 n=5

Fig. 78. Combination of structure units in ternary compounds with the general chemical formula

Rn(m 1) M(n+ 1 )(n+6)Xn(n+3)+3 .

Table 75
Unit cell content and lattice constant a of members of the series R, 1yMyi1y0m6Kntriays

n Chemical formula Structure type a
0 MX; Fe,P 0.5867
1 M, X - 0.90
2 RoM, X5 - 1.26
3 ReM;Xy, - 1.60
4 R12Ms X - 1.95
5 RypoMXs3 Ho,,NigP,3 2.3095
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R1gMs4X37
n=3

Yb6C03OP19
n=2
Fig. 79. Combination of structure units in ternary compounds with the general chemical formula

R3n(1|—1)M371(11+3)X311(r1+!)+1 .

Table 76
Unit cell content and lattice constant a of members of the series Ry, 1)Ma 0.3 X191

n Chemical formula Structure type a
1 M, X, Cr,P; 0.8977
2 ReM3X g YbCoyPio 1.4703
3 R sMyX;, - 2.13
4 RysM3g, X4y - 2.73

— structural examples with infinite linear chains are represented by Fe,; As (Elander et al.
1936), YNi;sSiy (Aksel’rud et al. 1976) and HoCosP, (Jeitschko and Jakubowski 1985)
(fig. 81);

— UPt; (Villars and Calvert 1985) and LaCosP; (Davydov and Kuz’ma 1981) are the
structural examples of infinite zigzag chains (shear after one unit) (fig. 82);

— anti-PbCly (CoyP, Rundgvist 1960) and YCosP; (Meisen and Jeitschko 1984b)
represent structures with infinite zigzag chains with shear after two units (fig. 82).

The compound CeNisP3 (x=0.1) (Babizhets’ky et al. 1992d) may be considered as
a combination of chains as occur in YCosP; and LaCosP; (fig. 82).

The structure relationships of ternary rare-earth phosphides with metal-to-nonmetal
ratio 2:1 are shown in fig. 83.
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ZrCosSig
n:2

Fig. 80. Combination of structure units in ternary compounds with the general chemical formula
an I\A(nﬂ)2 -3 X(Il+])2 .

Table 77

Unit cell content and lattice constant a of members of the series R,2M, ;2 5 X152

n Chemical formula Structure type a

1 RMX, a-UCrP, 0.6877
2 R.M;;X, Gd,Co,4(Si, P)g 1.0419
3 RyM,; X 6 - 1.4

4 R sM3; X5 - 1.75

Decreasing phosphorus content in ternary rare-earth phosphides results in two possiblie
changes in the structures:

— substitution of phosphorus atoms in trigonal prisms by transition-metal atoms; this
is observed in the structure of CegNiysP1, (Babizhets’ky et al. 1992a) (fig. 84);

— variation of the mutual stacking and allocation of structure units. When the basic
structure fragments associate with one another through a common vertex a transition
metal from one could be substituted by an R-atom. Thus, the new structure fragments
deriving from the basic, could be obtained and those that are known to exist are shown
in fig. 85, The RM4P;, R;M;P4, R3sMgP4 and R3M;Pg structure units were detected for
the first time in the compounds RNisP; (Chykhrij et al. 1986), Nd,Ni;P, (Chykhrij et al.
1990), Er;Pd;P, (Johrendt and Mewis 1994) and SmNi4P, (Oryshchyn et al. 1988a),
respectively (fig. 85).

The structure of LazNij;P; (Babizhets’ky et al. 1992b) is formed by infinite chains of
LaNigP; fragments with La;Ni;P,4 units inserted between the chains (fig. 86).

Upon further increasing transition-metal content (only nickel compounds are known)
the fragment of face-centered cubic motif (half of a fi.c.c. unit cell) is observed in
the structures. Such extra nickel fragments are already known in compounds with a
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Fig. 81. Structural representation of Fe,As, YNi;Si, and HoCo,P,.

nickel content of 67.2at.% (SmNi4P;) and higher. These are detected in the structure
of LayNijpPs (Kuz'ma et al. 1993) and LaNi;oP4 (Babizhets’ky et al. 1992¢) (fig. 86).

Compounds of RMP composition also have trigonal-prismatic coordination of phos-
phorus atoms, but a crystal structure complication is caused by multiplied increase of the
lattice dimension ¢ or by lowering the symmetry compared to the initial prototype AlB;.
Phosphorus atoms are always found in the centers of trigonal prisms and slightly influence
the crystal structure modification. They especially influence the ratio of atomic radii of the
R and M components (rr/ry). All ternary rare-earth phosphides of RMP composition may
be divided into two groups. The first is formed by TiNiSi- and ZrNiAl-related compounds
(ScCoP, RPdP where R=Tb-Lu; ScRuP). The ry/ry ratio for these compounds is in
the range of 1.23-1.30 and it is close to the ry/Fy ratio for ternary transition-metal
phosphides (Lomnitskaya and Kuz’ma 1991a, Kuz’'ma et al. 1989). The second group
is formed by AIB,-derivatives, namely AIB,, YbPtP, ZrBeSi, -EuPtP, y-EuPtP and
Thb;NiP. Structure relationships of these structure types is shown in fig. 87. AlB,-related
structures have rp/ry ratio 1.25-1.56. So, a morphotropic transition between ST TiNiSi
and ZrNiAl on the one hand, and the AlB,-derivatives on the other, is caused by the ratio
of atomic radii of the R and M components.

A gradual transformation from an octahedral coordination of phosphorus atoms to
a trigonal-prismatic one is observed in La;Os-related structures. The La;O; structure
does not occur in ternary rare-earth phosphorus systems, but its isomorph superstructure
Cey0,8 with the same symmetry and regular distribution of metal atoms does occur.
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Fig. 82. Structural representation of UPt,, LaCo,P;, Co,P, YCosP; and CeNi,_,P,.

HEXAGONAL STRUCTURES

a-UCreP, ~ ZrCoy3Sis—>“RoM3X16>“Ri16M33Xa6” > “RosMieX36" >
AN R TN TN T
Fe;P > Zr;Fe Py 5 Zr 6Ni20P|3—)Nd3Ni7P5—)szoNi41,GPJQ—‘)TnginPn—)YthP
LA /
Cry12P7—> YbsCo3pP19—*R13MsaX37" > R36Mps X5 >
v L Y o4
“RoM3Xs3”  “RyaMsoXsy”
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ORTHORHOMBIC STRUCTURES
Fe;As - YNisSi; » HoCo;P; —
Fe;P - UPt; — LaCosP; >

\ CeNig_xP;;
C02P - YC05P3 b d

Fig. 83. Structure relations of ternary rare-earth phosphides with metal-to-nonmetal ratio 2:1.
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Fig. 84. Structural representation of CeyNi,P|,.

In LaLi3P; an additional Li atom is inserted into a La,O;-type cell and TbLiCu,P,
possesses a similar unit cell (fig. 87). In the Ce, 0, S-type structure octahedral coordination
of the smallest atoms occurs and in LaLi3;P, and TbLiCu,P;, the coordination is trigonal-
prismatic. Such changes correspond to the general tendency of having an octahedral
environment of phosphorus atoms in compounds with higher P content.

The structure types PbFCI, CeAl,Ga,, HfCuSi,, StZnBi,, EuPt, P} ¢ and CeCu, 2P o7
may be considered as layers of Archimedean cubes (A.c.), either empty or centered by
the smallest atoms, along the Z axis (fig. 88). In the PbFCl-structure layers of filled A.c.
alternate with layers of empty tetrahedra formed by the largest atoms. In phosphides
with CeAl,Ga; structure all the A.c. are filled with P atoms and in the CaBe,Ge;-type
phosphides P atoms center only half of the A.c. and the other half is centered by transition-
metal atoms; in the HfCuSi;-type structure the A.c. filled by P atoms alternate with empty
ones. The mutual allocation of the layers of Archimedean cubes is the same in all these
structures. In SrZnBi, and EuPt,P,, the lattice parameter ¢ is doubled; in the former
compound the A.c. centered by phosphorus and transition-metal atoms alternate and in the
latter compound the A.c. centered by phosphorus atoms alternate with empty ones. The
structure of CeCuy 1P} 97 may be considered as an orthorhombic deformation of SrZnBi,
with an additional position partially occupied by copper atoms. The motif of stacking of
the A.c. is the same as that in SrZnBi, with additional copper atoms inside part of the
empty A.c.

The structural and space group relationships of LaFe Py, and other CoAs;-related
compounds has been determined by Jeitschko and Braun (1977) (fig. 89).

The greatest crystallochemical similarity of ternary rare-earth phosphides is observed
in the structures of ternary uranium phosphides and silicides. In particular, both groups
of compounds form homologous structure series with a metal-to-nonmetal ratio of 2:1.
Yarmolyuk and Aksel’rud (1983) report the chemical formula Uy 1)COg(2y 1) Signsy for
the description of the unit-cell content of the compounds UCosSi3 (Yarmolyuk et al.
1978), UgCo308Sij9 (Yarmolyuk et al. 1980) and UjqCos;Sisz (Aksel’rud et al. 1980).
Brink and Jeitschko (1988) report the chemical formula Ungns 1y Ann-1) Ton21 1) Xan243 for
compounds U;Mo3oP 19 (Brink and Jeitschko 1987), UgMogoP3g and UjzMo;Pg; (Brink
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Fig. 86. Structural representation of La;Ni;,P,, La,Ni;,P; and LaNi,P,.
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Fig. 87. Structural relations of {a) AlB,-type and (b) La,O;-type related ternary rare-earth phosphides.

and Jeitschko 1988) and formula Uy, 1yAsn(a-1) T1gn212X12,2.1 for an homologous series
which is represented by UgMo74P49 (Brink and Jeitschko 1988).
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Pm3m Pm3m
(CaTiO;) CaTiO; -<«———— ReO; ((ReOy)
Im3 Im3 r Im3
WAl;; «—— LaFeP; «——— CoAs; ((hsCogAsyg)
(W2D6D8A124) (L32D6F83P24)

Fig. 89. Structural and space-group relations of CoAs;-related compounds.

Structures consisting of the above mentioned structure fragments are known in the
ternary systems R-Pd, Ru-Si.

Structures with trigonal-prismatic coordination of the smallest atoms occur widely
in boron systems (Kuz’'ma 1983), and silicon and germanium systems (Gladyshevskii
and Bodak 1982, Bodak and Gladyshevskii 1985). A structural homologous serie with
trigonal-prismatic coordination is known for the ternary cerium silicides; the general
chemical formula for members of this series is Ceyp2 3,12 (Ni, Si)y,2,, (Gladyshevskii and
Bodak 1982). Trigonal prisms are formed only by cerium atoms and they are centered
by a statistical mixture (Ni, Si). One can consider these structures as filled analogues of
the S;Th7-RhySi;3-series (Krypyakevych 1977).

In ternary rare-carth borides, trigonal-prismatic coordination of the smallest atoms
remains to 67 at.% of B content, and B-B contacts occur in compounds with B content
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higher than 50 at.% (Kuz’ma 1983). In these phosphides P-P bonds occur in compounds
with a phosphorus content of 35.7at.% (LaCogPs) and higher and trigonal-prismatic
coordination is observed up to 44.4 at.% of P (Na;Eu3Py).

BaAly-related structures occur widely in the systems U-M—-P and R-M—{B, Si, Ge}.
In particular, in the system U-Cu-P the crystal structure of BaAly derivatives, UCu,P,
(Zolnierek et al. 1987), UCuP; (Noél et al. 1987a) and UsCusP; (Noél et al. 1987b) have
been determined.

Compounds with P content higher than 50at.% have isotypic representatives among
the respective pnictides (STs LaFe4Pj,, LagNigPy7) only.

2.5. Physical properties of ternary rare-earth phosphides and the valence state of the
rare-earth atoms

2.5.1. Magnetic properties and valence state of lanthanoid atoms

The investigation of physical properties of ternary rare-earth phosphides is in progress.
In this chapter published data concerning magnetic properties and the valence state of
lanthanoid atoms in ternary rare-earth phosphides are brought together in tables according
to their composition with increasing phosphorus content. Contradictory data and those
not reflected in the tables are discussed separately. The character of changing unit-cell
volumes for isotypic compounds indicates the valence state of rare-earth atoms shown as
a plot of V' vs. atomic number of R.

2.5.1.1. RyNi;;Ps. The data for RyNij;Ps are collected in table 78.

Table 78
Magnetic properties of R;Ni;,P5; compounds

Compound Magnetic properties T, or Hexp Valence Reference
Ty (K)  (up)  state of R

La,Ni,,Ps Temperature- - Babizhets’ky et al. (1993b)
independent
paramagnetism
Ce,Ni,,P; Curie~Weiss law 0.98 Ce+/é+ Babizhets’ky et al. (1993b)
Pr,Ni,,P; Curie-Weiss law 3.51 P+ Babizhets’ky et al. (1993b)
Eu,Ni;, Py Curie-Weiss law 3.80 Eu* Babizhets’ky et al. (1993b)

2.5.1.2. RNi4P;. For compounds RNisP; (R=Y, Gd, Lu; table 79) anomalously high
temperatures of magnetic ordering compared with other rare-earth phosphides are
revealed by Chykhrij et al. (1991). The nature of magnetic order in these compounds
is not ascertained. Taking into account cell volumes (fig. 90) we can make a supposition
about normal R3* valence states of all rare-earth atoms.
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Table 79
Magnetic properties of RNi P, compounds

Compound Magnetic properties T or Uexp Valence Reference
Ty (K) (4g) state of R

YNi,P, Ferromagnetism 440 Y3+ Chykhrij et al. (1991)
GdNi P, Antiferromagnetism 590 Gd* Chykhrij et al. (1991)
TbNi,P, Antiferromagnetism 730 Tb** Chykhrij et al. (1991)
DyNi,P, Ferromagnetism 610 Dy** Chykhrij et al. (1991)
HoNi, P, Antiferromagnetism 720 Ho* Chykhrij et al. (1991)
ErNi, P, Ferromagnetism 600 Er’* Chykhrij et al. (1991)
TmNi, P, Ferromagnetism 450 Tm* Chykhrij et al. (1991)
YbNi, P, Ferromagnetism 600 Yb* Chykhrij et al. (1991)
LuNi,P, Ferromagnetism 390 Lu** Chykhrij et al. (1991)

0540} 0/0\0‘\
Y,
Ni
05201 © ReNiagPr3
0184}
® RNFI'PQ
0180}

Y La Ce Pr Nd PmSmEu Gd Tb Dy HoEr TmYb Lu

Fig. 90. Plot of unit cell volumes of RNi,P, and R¢Ni,,P,; compounds.

2.5.1.3. RsRh3P;7. Pivan et al. (1988) revealed the absence of magnetic order of the
transition-metal subcell and Pauli paramagnetism for LagRh;3P;7. The investigation of
magnetic susceptibility of CegRhs;P17 has shown that it does not fit a Curie-Weiss law
and suggests strong crystal-field or Kondo effects.

2.5.1.4. R;M;,;P;. The unit-cell plot of RyM;;P; compounds (table 80; fig. 91) probably
indicates a different valence state from R** for cerium (in compounds with Fe, Co, Ni,
Rh), europium (with Ni) and ytterbium (with Rh and Ni) atoms. The magnetic moment
on the transition-metal atoms is observed only in cobalt compounds, magnetic properties
of all other RyM|,P; compounds are caused by rare-earth atoms.

The compounds R;Mn;2P7 (R=Gd,Ho,Er,Tm) are paramagnetic at room temperature
and show Curie-Weiss behavior down to about 200K. The magnetic moments were
proportional to the moments of the free R** ions. At lower temperatures the curves showed
inconsistencies due to impurities (Jeitschko et al. 1993).

Attempts to study the properties of Sc;CoiyP7 were not succesful because of the great
impurity of the samples (Raffius et al. 1991).
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Table 86
Magnetic properties of R,M,,P, compounds

411

Compound Magnetic properties Teor  WUg,* Valence Reference
Ty (K) (uy) state of R
Y,Fe;;P,  Weak itinerant exchange Raffius et al. (1991)
Ce,Fe,,P, Intermediate valence of Ce Ce¥/4+ Reehuis and Jeitschko (1989)
Ce,Co;,P; Ferromagnetism (Co) 48 121 Cev™ Reehuis and Jeitschko (1989)
Pr,Fe;,P,  Pauli paramagnetism 3.8 Prr Reehuis and Jeitschko (1989)
Pr,Co,,P; Ferromagnetism (Co) 136 (1.14) P Reehuis and Jeitschko (1989)
35
Pr,Ni;,P;  Curie—Weiss law, 3.51 Pr¥ Zeppenfeld and Jeitschko (1993)
antiferromagnetism (?)
Nd,Fe,,P, Pauli paramagnetism 3.8 Né* Reehuis and Jeitschko (1989)
Nd,Co,,P; Ferromagnetism (Co) 140 (1.14) Nd&** Reehuis and Jeitschko (1989)
35
Nd,Ni;,P; Curie-Weiss law, 32 Nd* Zeppenfeld and Jeitschko (1993)
antiferromagnetism (?)
Sm,Fe,P; Van Vleck paramagnetism 20 Sm* Reehuis and Jeitschko (1989)
Sm,Co,,P, Ferromagnetism (Co), Van 148 (1.14) Sm™ Reehuis and Jeitschko (1989)
Vleck paramagnetism (Sm) 1.9
Sm,Ni;,P;, Van Vleck paramagnetism (Sm) 1.55 Sm’* Zeppenfeld and Jeitschko (1993)
Eu,Co,,P; Ferromagnetism (Co) Van 151 (1.14) Bu** Reehuis and Jeitschko (1989),
Vleck paramagnetism (Eu) 4.1 Morsen et al. (1988a)
Gd,Mn,,P, Curie-Weiss law down to 200K Gd** Jeitschko et al. (1993)
Gd,Fe,,P, Pauli paramagnetism 78  Gd* Reehuis and Jeitschko (1989)
Gd,Co,P, Ferromagnetism (Co) 145 (1.14) Gd* Reehuis and Jeitschko (1989)
8.1
Gd,Ni,P, Antiferromagnetism (Gd) 15 7.89 Gd&** Zeppenfeld and Jeitschko (1993)
Tb,Fe,P; Pauli paramagnetism 9.7 Tb* Reehuis and Jeitschko (1989)
Tb,Co,,P; Ferromagnetism (Co) 150  (1.14) Tb** Reehuis and Jeitschko (1989)
9.9
Tb,Nij,P;, Methamagnetism 12 92 Tb* Zeppenfeld and Jeitschko (1993)
Dy,Fe,,P;, Pauli paramagnetism 106 Dy* Reehuis and Jeitschko (1989)
Dy,Co,,P; Ferromagnetism (Co) 152 (1.14) Dy** Reehuis and Jeitschko (1989)
10.5
Dy,Ni,,P, Ferromagnetism (Dy) 9 10.64 Dy* Zeppenfeld and Jeitschko (1993)
Ho,Mn,,P; Curie-Weiss law down to 200K Ho** Jeitschko et al. (1993)
Ho,Fe,,P, Pauli paramagnetism 109 Ho* Reehuis and Jeitschko (1989)
Ho,Co,P; Ferromagnetism (Co) 152 (1.14) Ho* Reehuis and Jeitschko (1989)
104
Ho,Ni;,P; Curie-Weiss law 10.7 Ho* Pivan et al. (1986)
Curie-Weiss law 10.44 Ho** Zeppenfeld and Jeitschko (1993)
Ho,Rh;,P, Antiferromagnetism (Ho) 2.7 Ho** Pivan et al. (1985¢c)

continued on next page
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Table 80, continued

Compound Magnetic properties TcOr  fe,* Valence Reference
Ty (K) (up) state of R

Er,Fe,P;  Pauli paramagnetism 9.5 Er Reehuis and Jeitschko (1989)

Er,Mn;,P; Curie-Weiss law down to 200K Er* Jeitschko et al. (1993)

Er,Co,P;  Ferromagnetism (Co) 146 (1.14) Ef* Reehuis and Jeitschko (1989)
7.4

Er,Nij,P;  Curie-Weiss law with magnetic 9.58 Er’* Zeppenfeld and Jeitschko (1993)

order at T <2K

Tm,Mn,,P, Curie-Weiss law down to 200K Tm** Jeitschko et al. (1993)

Tm,Fe,P, Pauli paramagnetism 7.5 Tm** Reehuis and Jeitschko (1989)

Tm,Co,,P; Ferromagnetism (Co) 147  (1.14) Tm** Reehuis and Jeitschko (1989)
7.4

Tm,Ni,P; Curie-Weiss law with magnetic 7.54 Tm** Zeppenfeld and Jeitschko (1993)

order at T <2K

Yb,Fe,P, Pauli paramagnetism 45  Yb* Reehuis and Jeitschko (1989)

Yb,Co,,P; Ferromagnetism (Co) 134 (1.14) Yb* Reehuis and Jeitschko (1989)
42

Yb,Ni;,P; Intermediate valence (Yb) 39 Ybp+ Zeppenfeld and Jeitschko (1993)

Lu,Fe,P; Weak itinerant exchange Reehuis and Jeitschko (1989),

Raffius et al. (1991)
Lu,Coy,P; Ferromagnetism (Co) 150 1.14 Lu* Reehuis and Jeitschko (1989)
Lu,Ni;,P, Pauli paramagnetism 0 Lu* Zeppenfeld and Jeitschko (1993)

? Values in parentheses are magnetic moments of the lanthanoid atoms in cobalt-containing compounds. These
were calculated on the assumption that the cobalt atoms in these compounds have the same g,,(Co) as in
Lu; CopyPyi ey (Co)=1.14 .

Mossbauer spectra indicate no magnetic order of Fe atoms in Ce,Fe;;P; and Gd,Fe ,P;
(Reehuis and Jeitschko 1989). Magnetic susceptibility behavior of Ce,Fe,P; more closely
resembles that of Lu,Fe;,P; where Lu?" does not carry a magnetic moment while for most
RoFei;P; compounds the Curie-Weiss law is observed. However, the absolute value of
the magnetic susceptibility of Ce,Fej,P7 is higher than that of Lu,Fe);P;. This can be
rationalized by both an intermediate or a tetravalent character of cerium atoms.

For Ce,Co1,P; the Weiss constant (56K) and 7. =48 K differs considerably from that
of other cobalt-containing phosphides (~150 K). It may indicate a valence state of cerium
atoms different from 3+. The magnetic moment in this compound is slightly higher than
that of Co atoms in LuyCoi,P7, which may indicate a valence state of cerium atoms
different from 4+ where Ce atoms are nonmagnetic. For all ferromagnetic compounds,
R;,Co1,P7, the magnetic moment of rare-earth atoms is calculated taking into account the
magnetism of the Co atoms. The p for Co is accepted as that for Luy,Coy,P5.

For SmjFe;,P; Van Vleck paramagnetism is observed. Such temperature-independent
contributions to the susceptibilities can also be assumed for the Sm** and Eu®* ions
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Fig. 91. Plot of unit cell volumes of R,M,,P; compounds.

in cobalt-containing compounds, however, the magnetic behavior of these compounds
is dominated by the cobalt atoms (Reehuis and Jeitschko 1989). The magnetic moment
of the europium atoms in Eu;Coi,P7 (texp =4.1 up) is close to that expected for the Van
Vleck ion Eu** (ter =3.52 ug) and quite different from that of Eu?* (ueq = 7.94 ) and
“normal” Eu®" (Uesr =0 up).

From the nickel compounds with the Zr; Feq,P7-structure, Sm;Nij,P7 shows Van Vleck
paramagnetism, Luy;Nij;P; shows Pauli paramagnetism, while the magnetic susceptibility
of the other phosphides obey the Curie-Weiss law resulting in magnetic moments
corresponding to the free-ion values of the lanthanoid atoms. The ytterbium atoms
in Yb,Nij;P; show mixed or intermediate valence behavior, while only a very small
deviation of unit-cell volume from a linear dependency is observed for this compound
(fig. 91). No magnetic order was observed for the praseodymium, neodymium, holmium,
erbium and thulium compounds down to 2K, while Gd,Nij;P; is antiferromagnetic,
Dy;,Niy,P5 is ferromagnetic and TbyNij,P; is metamagnetic.

2.5.1.5. RsNiyP;;. Proceeding from the unit-cell volumies of the RgNiyP 3 compounds
(fig. 90) we may expect the valence state of the R atoms to differ from 3+ for CesNiyyPy3
(3+/4+), EugNiyoP13 and YbgNiygPi3 (both 2+/3+). The magnetic properties are studied
only for HogNiygPy3 (Pivan et al. 1986). They established antiferromagnetic order of the
Ho subcell at 7.4 K; the magnetic moment of holmium atoms pe,, = 10.52 tg is close to
that for the Ho®" ion (tegr = 10.60 up).

2.5.1.6. RsM;oP;;. Data for RsM;oP12 compounds are given in table 81. A plot of the
unit-cell volumes (fig. 92) suggests an intermediate-valence state of cerium atoms in these
compounds. For copper compounds no physical property investigations were carried out.
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Table 81
Magnetic properties of RsNiyP,, compounds
Compound Magnetic properties Tcor [, Valence Reference
Ty (K) (up) state of R

LasRu,P,, Temperature independent Ghetta et al. (1989)
paramagnetism

CesRu,yP), Temperature independent Ghetta et al. (1989)
paramagnetism

Pr;Ru,P,, Non-linear behaviour of 291 Ppr Ghetta et al. (1989)
UxvsT

NdsRu,P,, Non-linear behaviour of 3.09 Na* Ghetta et al. (1989)
lxvsT

Sm;Ru,4P,; Temperature independent Ghetta et al. (1989)
paramagnetism

Gd;Ru,P,, Paramagnetism with magnetic 823 Gd* Ghetta et al. (1989)
order at low temperature

Tbs;Ru;yP,, Paramagnetism with magnetic 1035 Tb* Ghetta et al. (1989)
order at low temperature

Dy;Ru,P,, Paramagnetism with magnetic 1096 Dy* Ghetta et al. (1989)
order at low temperature

HosRugP,, Paramagnetism with magnetic 11.17 Ho* Ghetta et al. (1989)
order at low temperature

Er;Ru,P,, Paramagnetism with magnetic 9.85 Erf* Ghetta et al. (1989)
order at low temperature

YbsRu 4P, 446 Yb* Ghetta et al. (1989)
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Fig. 92. Plot of unit cell volumes of RsM,,P,, compounds.

In RsRuy9Py, the transition-metal atoms do not carry any magnetic moment, while in
RsCo19Py; cobalt atoms are magnetic (Ghetta et al. 1989).

2.5.1.7. RMsP;. In compounds with YCosP; structure (table 82), a plot of the unit-cell
volumes (fig. 93) shows a deviation from linear dependence for CeCosP; and a small
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Table 82
Magnetic properties of RMsP; compounds

Compound Magnetic properties T or Hexp Valence Reference
Ty (K) (4s) state of R

HoFe;P, Ferromagnetism (Ho) 2 10.1 Ho** Raffius et al. (1991)
ErFe;P, Ferromagnetism (Er) 4 9.1 Er** Raffius et al. (1991)
TmFe,P, Ferromagnetism (Tm) 3 75 Tm** Raffius et al. (1991)
EuNi,P, 8.1 Eu? Badding and Stacy (1987a,b)

deviation for LuCosP;. Such behavior of LuCosPs is explained by Jakubowski-Ripke
and Jeitschko (1988) as a probable deviation from the ideal composition which may arise
when lutetium atoms occupy the cobalt position with high coordination numbers.

The similarity in unit-cell volumes between LaNisP; and EuNisP; with the LaCosP5-
type structure suggests that the europium atoms are divalent, which has been confirmed
by magnetic susceptibility measurements (Badding and Stacy 1987a,b).
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Fig. 93. Plot of unit cell volumes of RM;P; and RCo,P, compounds.

2.5.1.8. RCo3P;. From the plot of unit-cell volumes (fig. 93) one can predict a valence
state different from 3+ for cerium atoms in CeCo3P,. The small deviation for LuCo;P,
is explained by Jeitschko and Jakubowski (1985) as similar to that for LuCosP;.

2.5.19. YbCu3P; and YbCu,P,. Klifers et al. (1979) make a supposition about the
trivalent state of ytterbium atoms in YbCuzP, and YbCu,P, based on the interatomic
distances in the structures of these compounds.
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2.5.1.10. RCogPs. Data for RCogPs compounds are listed in table 83. For PrCogPs at
low temperatures, ferromagnetic order is probable, considering the positive value of the
Weiss constant (20 K) (Reehuis et al. 1988b).

Table 83
Magnetic properties of RCozP; compounds

Compound Magnetic properties Tcor e, Valence Reference
Ty (K) (ug) state of R

LaCoyP; Pauli paramagnetism Reehuis et al. (1988b)
PrCo,Ps Curie-Weiss law 3.67 Prt Reehuis et al. (1988b)
EuCoPs  Curie-Weiss law 7.70  Bu™ Reehuis et al. (1988b)

The valence state of Eu®" in EuCogPs is confirmed by a Méssbauer study in the
temperature range 4.2-300 K. Magnetic order at temperatures under 4.2K is possible in
EuCogPs, as also indicated by the positive Weiss constant (+6 K) (Rechuis et al. 1988b).

2.5.1.11. RMP. Table 84 lists the data for RMP compounds. A valence state different from
R3* is expected for cerium and europium compounds from a cell volume plot (fig. 94).
The europium valence in EuPtP, as examined by Ly;-X-ray absorption and Méssbauer
experiments (Lossau et al. 1989a) is a function of temperature and changes from 2.16 at
295K to 2.40 at 4 K. In the region of the strongest temperature dependence of the valency
the compound undergoes two first-order phase transitions at 7; =235K and 7,=190K
characterized by discontinuities in the lattice constants and in the magnetic susceptibility.
The first-order transition at 7', is from 3-EuPtP to y-EuPtP, and the complex magnetic
ordering is a property of y-EuPtP (Lossau et al. 1989b). Mdssbauer investigations (Lossau
et al. 1989b) established three valence states of europium atoms: 10% of the europium
ions order ferromagnetically at about T¢=25K, and 25% of the divalent europium ions
show antiferromagnetic order at 7y =8.6 K. The transition at 0.9K is due to the magnetic
ordering of a 40% fraction of europium ions having a valence of about 2.9 and therefore
still having a magnetic moment of 0.8 ug. However, it is also possible that at 0.9K a
rearrangement of the already ordered spins occurs, or that crystal-field effects become
important at this temperature (Lossau et al. 1989b).

Li-X-ray absorption and magnetic susceptibility measurements of Eug 5Srg sPtP have
shown only one magnetic-order transition at 6.4 K and no first-order transition (Lossau
et al. 1989b).

Lux et al. (1991a) examined the compounds Eu;_,Gd,PtP and Eug 5Sro sPtP which have
the same structures as a- or $-EuPtP, but do not undergo first-order phase transitions at
x >0.05. Their Lj-X-ray absorption and magnetic susceptibility studies have shown a
dependence similar to that of EuPtP, but only one magnetic transition was found. The
temperatures of antiferromagnetic order in these compounds depend on europium content
and have the following values: 7.5K (5% Gd), 6.8K (10% Gd) and 6.4 K (50% Sr).
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Table 84
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Compound Magnetic properties Tcor iy, Valence Reference
Ty (K) (ug) state of R
SmCoP Ferromagnetism (Co) 85 Reehuis and Jeitschko (1990)
Curie-like plus Van Vieck 136 Sm™
paramagnetism (Sm)
SmPtP Temperature independent 143 Sm* Kuss et al. (1987)
paramagnetism
EuCuP Ferromagnetism (Eu) 37 7.64 Tomuschat and Schuster (1984)
EuAgP Ferromagnetism (Eu) 18 7.52 Tomuschat and Schuster (1984)
EuAuP Ferromagnetism (Eu) 17 7.68 Tomuschat and Schuster (1984)
v-EuPtP 0.9 Eu*73* Lossau et al. (1989b)
Antiferromagnetism (Eu) 8.6 Lossau et al. (1989a,b)
Ferromagnetism (Eu) 25 Lossau et al. (1989b)
a-EuPtP 7.46% Eu*/3* Lossau et al. (1989a)
EuPdP By Johrendt and Mewis (1990)
GdPtP Antiferromagnetism (Gd) 65 78 Gd* Kuss et al. (1987)
TbPtP Ferromagnetism (Tb) 30 9.65 Tb* Kuss et al. (1987)
TmPtP Curie-Weiss law with magnetic 75 Tm™ Kuss et al. (1987)
order at T < 10K
YbPtP Curie—Weiss law 44  Yb* Kuss et al. (1987)
LuPtP Pauli paramagnetism 0 Lu* Kuss et al. (1987)
* At room temperature.
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Fig. 94. Plot of one formula unit volume of RMP compounds.
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Magnetic properties of RM,P, compounds

Table 85

Compound Magnetic properties Tcor  p,, Valence Reference
Ty K) (ug) state of R
LaFe,P, Pauli paramagnetism La** Mérsen et al. (1988b),
Jeitschko et al. (1985)
LaCo,P, Ferromagnetism (Co) 125 2.04 La** Morsen et al. (1988b)
LaNi,P, Diamagnetism superimposed La* Jeitschko and Reehuis (1987)
by slightly dependent Pauli
paramagnetism
LaRu,P, Diamagnetism La** Jeitschko et al. (1987)
CeLi,P, Curie-Weiss law 252 Ce* Zwiener et al. (1981)
CeFe,P, Intermediate valence(Ce) Ce*/** Reehuis and Jeitschko (1990)
CeCo,P, Antiferromagnetism (Co) 440 Ce*t Reehuis and Jeitschko (1990)
CeNi,P, Intermediate valence (Ce) Ce+/4+ Jeitschko and Reehuis (1987)
CeRh,P, Interpretation of magnetic Madar et al. (1985a)
behaviour is complex
PrLi,P, Curie-Weiss law 372 P Zwiener et al. (1981)
PrFe,P, Antiferromagnetism (Pr) 27 3.6 Pr Reehuis and Jeitschko (1990)
Ferromagnetism
PrCo,P, Antiferromagnetism (Co) 304 3.08 Pr* Reehuis and Jeitschko (1990)
Ferromagnetism 19
PINi, P, Curie-Weiss law with 340 Pr* Jeitschko and Reehuis (1987)
magnetic order at T < 12K
PrRh,P, Van Vleck paramagnetism Madar et al. (1985a)
NdCo,P, Antiferromagnetism (Co) 309 Reehuis and Jeitschko (1990)
Antiferromagnetism (Nd) 20 Nd** Reehuis and Jeitschko (1990)
Ferromagnetism (Nd) <5 Reehuis and Jeitschko (1990)
278  Nd* Reehuis et al. (1993)
NdNi, P, Curie-Weiss law with 347 Nd* Jeitschko and Reehuis (1987)
magnetic order at T < 12K
NdRh,P, Van Vleck paramagnetism Madar et al. (1985a)
SmCo,P,  Antiferromagnetism (Co) 302 Reehuis and Jeitschko (1990)
Curie-like plus Van Vleck Sm*
paramagnetism (Sm)
SmNi,P, Curie-like plus Van Vleck 1.50 Sm* Jeitschko and Reehuis (1987)
paramagnetism
EuFe,P, Ferromagnetism (Eu) 27 7.74 Eu™ Moérsen et al. (1988b)
EuCo,P, Antiferromagnetism (Eu) 67 69 Eu* Reehuis et al. (1988a, 1992)
Antiferromagnetism (Eu) 67 8.1 Eu* Mérsen et al. (1988b)
EuNi,P, Intermediate valence(Eu) 7.3 Eur Marsen et al. (1988b)
EuZn,P, 7.85 Eu* Zwiener et al. (1981)
EuPd,P, Eu* Sampathkumaran

et al. (1985a)

continued on next page
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Table 83, continued

Compound  Magnetic properties Tcor  p,, Valence Reference
Ty (K) (ug) state of R

EuRu,P, Ferromagnetism (Eu) 32 7.8  Eu* Wenski and Mewis (1986a)
EuPt,Ps,  Antiferromagnetism (Eu) 17 7.6  Bu™ Wenski and Mewis (1986a)
GdNi, P, Antiferromagnetism (Gd) 10.5  7.86 Gd* Jeitschko and Reehuis (1987)
9.5 Reehuis et al. (1991)
TbNi, P, Paramagnetism with magnetic 9.61 Tb* Jeitschko and Reehuis (1987)
order at T <10K
Antiferromagnetism (Tb) 10.5 Reehuis et al. (1991)
DyNi, P, Paramagnetism with magnetic 10.55 Dy* Jeitschko and Reehuis (1987)
order at T < 10K
Antiferromagnetism (Dy) 5.0 Reehuis et al. (1991)
ErNi, P, Paramagnetism with magnetic 9.38 Er* Jeitschko and Reehuis (1987)
order at T <10K
Antiferromagnetism (Er) 2.2 Reehuis et al. (1991)
YbNi,P, Intermediate valence Yb Yb*3* Jeitschko and Reehuis (1987)
YbZn,P, Intermediate valence Yb 265 YbHH Zwiener et al. (1981)

2.5.1.12. RM,P,. Data for RM,P, compounds appear in table 85. Deviations from
a linear dependence of the unit-cell volumes of compounds with the ThCr,Si, and
CaBe; Ge,-structures (fig. 95) are observed for lanthanum (with Fe, Co, Ru, Pd), cerium
(with Fe, Co, Ni, Rh), europium (with Fe, Co, Ni, Ru, Rh, Pd) and ytterbium (with Ni,
Ru, Pd) compounds. For LaRu; P, and LaPd,P; the decreasing and increasing of unit-cell
volumes, respectively, are explained by deviations from the ideal composition (Jeitschko
et al. 1987). The magnetic characteristics of LaFe,P, and LaCo,P; indicate the normal
valence state, La**, for lanthanum atoms; Reehuis and Jeitschko (1990) explained the
cell volume deviations mentioned previously for LaFe;P, and LaCo;P; by the increase
of P-P distances (0.3176 and 0.3156, respectively), while that in LaNi,P; is 0.2497. This
leads to increasing cell parameter ¢ and unit-cell volume.

The magnetic susceptibilities of CeNi,P; and YbNi,P, at 7> 50K are temperature
independent and increase at lower temperatures (Jeitschko and Reehuis 1987). This is
explained by deviations of the valence state of cerium and ytterbium from 3+ to 4+ and
2+, respectively.

An interpretation of the magnetic behavior of CeRh,P; is not given; no ferromagnetic
order was observed for any other RRhy;P; compound (Madar et al. 1985a).

Among all RM,P, compounds magnetic order of the transition-metal subcell is
observed only for cobalt-containing compounds. Reehuis et al. (1992) carried out a
neutron diffraction study of the magnetic structure of EuCo,P; and established that
the cobalt atoms are not magnetic; p.g of europium atoms is 6.9 ug. The order of the
Eu moments is ferromagnetic within the basal planes in agreement with the positive Weiss



420 Yu. KUZ’MA and S. CHYKHRIJ

a Fe
0,175r A Co
o Ni
e Ru
0170¢ 2 Rh
x Pgd
OJGST
x
VOJGO-
0155} e
0150r
0,145+
0140}
0,135t

Y (a Ce Pr Nd PmSmEuGd Th Dy HoEr TmYb (u

Fig. 95. Plot of unit cell volumes of RM,P, compounds.

constant obtained from magnetic susceptibility measurements. Along the c-axis the order
is that of an antiferromagnetic spiral and this agrees with the over-all antiferromagnetic
behavior of the magnetic susceptibility.

Reehuis et al. (1993) carried out a neutron diffraction study of the magnetic order
in the phosphides PrCo,P; and NdCo,P,. In agreement with magnetic susceptibility
data (Reehuis and Jeitschko 1990) the magnetic moments of both the Pr** ions and
cobalt atoms of PrCo,P, were found to order antiferromagnetically with different, well-
defined Néel temperatures. In contrast, in NdCo,P; only the magnetic moments of the
cobalt atoms order at a well-defined Néel temperature, while the magnetic order of the
Nd** moments is induced gradually at lower temperature with the same propagation
vector through the magnetic order of the cobalt atoms. At low temperatures the magnetic
moments of the cobalt atoms were found to be about ey, = 0.8 g in both PrCo,P; and
NdCo, P, compounds.

The compound EuNi;P, shows no magnetic order down to 4.2K (Morsen et al.
1988b). From the slope of 1/ vs T plot Jeitschko and Reehuis (1987) obtained an
effective magnetic moment of Wey, =7.43 up, while teg for Eu?' is 7.94 up and for
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Eu®" it is 3.50 up. Linear interpolation suggests a valence of 2.11 for Eu in EuNi,P,.
From the deviation of the straight line in the cell dimensions europium valency may be
2.65 (Reehuis and Jeitschko 1987); from the Lyy-X-ray absorption edge an intermediate
valence of 2.46 is obtained (Warthmann et al. 1985); using Mossbauer spectra Nagarajan
et al. (1985) have shown that the valence of Eu is increasing with decreasing temperature
and becomes 2.25 at room temperature, while Nagarajan et al. (1981) obtained a value
for Eu valence of 2.5 at room temperature.

Similar behavior of the europium valence occurs in dilute compounds Eug g5 Y.95Ni, P,
where even at 4.2K Eu is in a strongly mixed valence state (Sampathkumaran et al.
1986).

Contradictory data exist about the valence state of Eu atoms in EuPd,P,. The
deviation of unit-cell volume (Jeitschko and Hofmann 1983), the europium Ly;-edge
X-ray absorption spectrum (Sampathkumaran et al. 1985b), and photoemission from the
europium 3d core level (Wertheim et al. 1985) suggest a mixed valence, while magnetic
susceptibility measurements (Sampathkumaran et al. 1984), the '*!Eu Méssbauer isomer
shifts (Sampathkumaran et al. 1984, 1985b), and the photoemission of the 4f shell
(Wertheim et al. 1985) indicate divalent europium. Similar behavior of europium atoms
in the dilute compound EuggsYqg5PdoPs, in particular, Ly-edge subspectra indicate an
identical relative weight of Eu*" and Eu** to those in the concentrated compound EuPd,P,
(Sampathkumaran et al. 1986). This means that the occurrence of such final-state effects
is not concerned with Eu-Eu interaction, but depends on the Eu-ligand interaction.
Sampathkumaran et al. (1986) explained these effects by the promotion of shake-up
4f electrons into a ligand orbital, which is covalently mixed with europium 4f electrons
in these compounds.

The magnetic behavior of EuRu,P, indicates only a divalent state of europium atoms
{Wenski and Mewis 1986a).

In the compound YbZn,P, partial substitution of zinc atoms by copper leads to an
increase of the ytterbium valence which rises to a value of 3+ at a composition of
YbCuZnP; (e =4.71 ug) (Zwiener et al. 1981).

The magnetic susceptibility of AgZnLaP, depends very slightly on the temperature
which is characteristic of diamagnetic semiconductors, while the magnetic susceptibility
of AgZnSmP, is temperature independent and characteristic of paramagnetic compounds
(Tejedor and Stacy 1990).

2.5.1.13. R U;_P Niedzielski and Tro¢ (1984) investigated the magnetic susceptibility
of the solid solutions Pr,U;_,P and Nd,U,_,P and found antiferromagnetic order with
Néel temperatures as follows: 30 and 20K for praseodymium compounds with x=0.68
and 0.28, respectively; and for Nd,U;,P, 84, 60, 28 and 20K at x=0.38, 0.48, 0.68 and
0.78, respectively. Troc et al. (1978) built a magnetic diagram of the systems NdP-UP
and PrP-UP.

2.5.1.14. RM,P,;. Data for RM4P,, compounds are collected in table 86. Deviations from
a linear dependence of the unit-cell volumes of RMyP1; compounds (fig. 96) probably
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Table 86
Magnetic properties of RM,P,, compounds

Compound Magnetic properties Tcor  fi,, Valence Reference
Tw (K) (ug) state of R

LaFe,P,, Pauli paramagnetism 1.46  La* Grandjean et al. (1984)
CeFe,P), Intermediate valence Ce 1.07  Ce* Grandjean et al. (1984)
PrFe,P,, Ferromagnetism 1.05 P+ Meisner (1981)
PrRu,P,, Ferromagnetism 0.35 pr+ Meisner (1981)
NdFe,P,, Ferromagnetism 1.97 Nd** Meisner (1981)
NdRu,P,,  Ferromagnetism 1.5t Nd* Meisner (1981)
EuFe,P,, Ferromagnetism (Eu) 100 62  Bu Grandjean et al. (1983)
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La Ce Pr Nd PmSmEu Fig. 96. Plot of unit cell volumes of RM,P,, compounds.

indicate different valence states of cerium atoms from 3+ in CeFe4Ppn, CeRuyPys,
CeOs4Py; (to 4+) and of europium atoms in EuFe4P;; and EuRu,Py; (Jeitschko and Braun
1977).

CeFe4P;; and CeRusPy; do not undergo magnetic ordering down to 4.2 K (Meisner
1981). The nature of the magnetism in PrRusPj, has not been explained.

Grandjean et al. (1984) have shown that relative quantities of the Eu?" and Eu’" in
EuFe4Py, do not change with temperature. The Mossbauer spectra indicate their ratio as
1:1 because the valence of europium atoms is 2.5. Iron atoms in EuFe4P;, do not carry
a magnetic moment and the magnetic behavior of this compound is connected with the
ordering of europium subcell (Gerard et al. 1983). In LaFe4P;, the magnetic moment of
the Fe atoms is less than 0.01 g (Shenoy et al. 1982).

2.5.1.15. Eu(RAs);. Semimetallic Eu(As;_,P,); with x <0.98 is antiferromagnetically
ordered with Ty = 11.4-8.5 K depending on x (Chattopadhyay et al. 1988a—c) with a phase
transition in sine-wave amplitude-modulated phase, which is accompanied by a first-order
transition into the helimagnetic phase (Chattopadhyay et al. 1987a,b). Bauhofer et al.
(1985) connect antiferromagnetic order in these compounds with indirect interaction of
europium atoms through nonmetallic atoms (P or As).
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2.5.2. Electrical properties

The temperature dependence of the resistivity of ternary phosphides RNiyP; (R=Y, Gd-
Lu) in the range 77-290 K has shown typical metallic conductivity with resistivity values
of about 200—-600 mQ2 cm (Chykhrij 1990b). The phosphides R;Nij;Ps (R=La, Ce, Pr,
Eu) demonstrate a similar character of conductivity and have absolute values of electrical
resistivity in the same range with RNi4P, compounds (Babizhets’ky et al. 1993b).

No transition to a superconductive state was found above 1.7K for Ce,Fe|;P; and
LuyFe;P7 (Reehuis and Jeitschko 1989) and LaCogPs (Reehuis et al. 1988b); above 2 K
for LagRh3,P 7 and CegRbs, P17 (Pivan et al. 1988); above 4.2 K for ScRuP and Sc;Ru, P
{Ghetta et al. 1986). The resistivity value of needle-like single crystals of CesRh3;Py7
was found to be 580 mQ cm at 293 K and 495 m&2 cm at 2K (Pivan et al. 1988). Pivan
et al. (1986) determined that the temperature dependence of HogNiygP 3 single crystals
is typical of metallic conductors; the electrical conductivity of Ho,Ni;,P7 was measured
only at room temperature.

The electrical properties of the phosphides CuZnSmP,;, AgZnSmP, and AgZnLaP,
were investigated by Tejedor and Stacy (1990). The resistivity values of all three
compounds are in the range of 0.1-0.2 mQ cm, which is an indication that these materials
are small band gap semiconductors. At temperatures above approximately 100K the
resistivity variation of AgZnSmP, and CuZnSmP; is much like that of a metal (increases
with increasing temperature). This type of behavior is characteristic of heavily doped
(generated) semiconductors. AgZnLaP, at 7 >100K exhibits typical semiconductor
behavior (resistivity decreases with increasing temperature).

Investigations of the electrical properties of the compounds RM;P; have shown metallic
conductivity. The phosphide LaRu, P, became a superconductor at 4.1 K (Jeitschko et al.
1987), while for YRu, P, (Jeitschko et al. 1987), LaFe, P, (Jeitschko et al. 1985), LaNi; P,
and CeNiyP, (Jeitschko and Rechuis 1987) no transition to a superconductive state was
found at temperatures above 1.8 K, and for LuRh,P, (Madar et al. 1985a) no transition
was found above 1.5K.

Meisner (1981) found that LaFe4P;, and LaRu,4P;, are superconductors at temperatures
below 4.08 and 7.02-6.79, respectively. CeFesPi2, CeRuyPy,, PrFesPy; and PrRuyPy, do
not undergo a transition into a superconductive state above 0.35K, and NdFe4P;, and
NdRu4Pj5 not above 1K (Meisner 1981). Grandjean et al. (1984) established metallic
conductivity for all RM4P;; (M=Fe, Ru) compounds. Only CeFe,;P;; is a semiconductor
with a band gap of 0.015eV (Meisner 1981).

Comparison of the plots of the unit-cell volumes of isotypic compounds with results
determining the valence state of the lanthanoid atoms using physical methods, indicates
a good correlation between these data. Among the compounds investigated the only
exceptions are EuFesPy; and Yb;NijpP;, where the cell volume indicates the trivalent
state of europium and ytterbium atoms, while magnetic susceptibility measurements show
intermediate valence of europium (Gerard et al. 1983) and ytterbium (Zeppenfeld and
Jeitschko 1993) in these compounds. In all other cases deviations from the R3* valence
state which are indicated by the cell volumes of the compounds were confirmed by calcu-
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lation of the magnetic moments for the lanthanoid atoms or by other methods. Moreover,
using the value of the cell volume deviation one can estimate the value of the change from
valence state of R** to R>* or to R**. Thus, for the compounds EuM,P, (M =Fe, Co, Ru)
considerable deviation of the cell volume is connected with the divalent state of europium
atoms, while for EuNi,P,, with an intermediate valence of Eu, the deviation is smaller.

Some correlation is observed between the phosphorus content in the compound and
the valence of lanthanoid atoms. Estimating the values of deviations of the unit-cell
volumes of europium compounds one can see that the Eu valence decreases from 3+
to 2+ with increasing phosphorus content in the compound and also with increasing
europium content. At a P content less than or equal to 33.3 at.% the trivalent state of
the Eu atoms is characteristic (EusNij;Ps, EusFe,P7, EuyCoypP7); for EugNippP; and
EugNiygP;3 the deviation of the cell volume is small which indicates an intermediate
valence of Eu as slightly different from 3+. All compounds of EuMP composition show
an intermediate valence of the Eu atoms. In EuM;,P, compounds in most cases (beside
EuNi,P,) the valence state Eu?* is observed. At further increasing phosphorus content
only the divalent state of Eu may be expected, but the exception is again EuFe4P; with
Eu in the intermediate valence state. Such unique behavior of EuFesP|; may probably be
connected with the structure of the polyanion Fe4P};, which determines the charge of the
R ion and decreases the influence of the R-ion size on the unit-cell volume.

For cerium compounds the valence state Ce** was found only for CeLi,P5, in all other
cases Ce atoms are in the intermediate valence state between 3+ and 4+. Using values
of deviations of unit-cell volumes one can make a supposition that the valence of the Ce
atoms decreases with increasing P content.

A similar tendency of decreasing valence is observed for ytterbium compounds. In
most compounds Yb atoms are in the normal trivalent state and only in compounds with
40at.% of P an intermediate valence between 3+ and 2+ was found.

The influence of the transition-metal atoms on the valent state of the lanthanoids may
be estimated with sufficient probability only for isotypic compounds, because the crystal
structure of the compounds and, as mentioned above, the phosphorus content considerably
influence it too. However, it should be mentioned that the smallest deviations from the
normal state R>* are observed for nickel compounds and considerably larger ones are
observed for iron and cobalt compounds.

The most complete information is available about RM,P, phosphides with the ThCr,Si,
structure. In particular, the crystal structure of cerium and europium compounds with Fe,
Co and Ni is completely determined. The positive charge of the R-ion in these compounds
must be compensated by a negative charge of the polyanion [M;P;]"". The value of the
charge depends on the number of bonding electrons given by transition-metal atoms and
P—P distance. The charge of the phosphorus ion may be changed from 4— (for covalently
bonding P, pair) to 6— (for two independent P~ ions). The P-P distance in the nickel
compounds (table 87) indicates the existence of chemical bonding between the phosphorus
atoms, but at a greater distance than in the covalent P-P bond (the covalent radius of the
P atom is 0.110, Pauling 1970). As a result, the intermediate variant of the pair P}~ with
two bonding and antibonding electrons is acceptable (Jeitschko and Reehuis 1987).
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Table 87
Interatomic distances in compounds RM, P, (R=Ce, Eu; M =Fe, Co, Ni)

Compound Sop Snerp Syem Srop Reference

CeFe,P, 0.2864 0.2236 0.2722 0.3075 Jeitschko et al. (1985)
CeCo,P, 0.2461 0.2271 0.2754 0.3016 Jeitschko et al. (1985)

CeNi, P, 0.2405 0.2299 0.2799 0.3046 Hofmann and Jeitschko (1984)
EuFe,P, 0.3268 0.2240 0.2699 0.3155 Reehuis and Jeitschko (1990)
EuCo,P, 0.3272 0.2233 0.2662 0.3125 Marchand and Jeitschko (1978)
EuNi, P, 0.2371 0.2296 0.2785 0.3026 Jeitschko and Jaberg (1980a)

Hofmann and Jeitschko (1984) have shown that nickel atoms form Ni-Ni bonds with
one bonding electron per Ni atom and the proposed scheme of valence compensation
as R*Ni'"Ni'*P;~, Taking into account the intermediate valence of Ce and Eu atoms
one can propose the following scheme for their compounds: Ce**#*Ni'*Ni'*P4~5~ and
Eu?*/3*Ni'*Ni"*P}”5". The charge of the P, ions varies slightly from —5 to —6 and —4
in Ce and Eu compounds, respectively, which is indicated by a small difference in the
Ni-P distances (table 87) and again small deviations of cell volumes (fig. 95). The P-
P distance in EuFe;P; and EuCo,P; (table 87) indicates the absence of bonding between
the corresponding atoms, and proceeding from the divalent state of the Eu atoms we
may write valence compensation as Eu?*M?*M? P*~P3~. For the compounds CeFe, P, and
CeCo,P; the value of the negative charge of the P, pair increases from —5 to —6 which is
mndicated by the increasing P-P distance and it leads to increasing valence of the cerium
atoms and to a respective decreasing of cell volume.

2.6. Chemical properties

Systematic investigation of the chemical properties of the ternary rare-earth phosphides
has not been carried out. Some authors report chemical properties of some compounds.

The phosphide LaLizP, (Grund et al. 1984) is stable against air and water; PrLi, P, (Fis-
cher and Schuster 1980) is rapidly decomposed by water, its reaction with acids proceeds
with the appearance of fire. Na,Eu3zP4 hydrolyzes in damp air (Honle et al. 1992).

The phosphides RNiP are grey substances which are soluble in concentrated HCI
and HNO; (Chykhrij et al. 1987); concentrated H;SO, passivates their solubility, but
moderate sulfuric acid (1:1) rapidly decomposes the RNiP compounds. Water solutions
of the alkalies and ammonia do not decompose RNiP. Johrendt and Mewis (1990) have
established that RPdP (R =La-Gd) are brown or grey-black finely-crystalline substances
which are stable against air, moisture or dilute mineral acids. The RPdP (R =Tb-Lu) are
decomposed by air and by reaction with HCI (1:1).

EuZnyP,, YZnCuP, (Kliifers et al. 1980), LaZnCuP,, CeZnCuP, (Mahan and Mewis
1983) and YbZnCuP, (Mewis 1980b) are stable against air and moisture, the latter
compound is easily decomposed by dilute mineral acids.
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The phosphide EuCu, 5P, (Mewis 1980a) does not react with dilute hydrochloric
acid; YbCusP; (Kliifers et al. 1979) is stable against air, water and dilute mineral acids.
The phosphides SmCuZnP,, SmAgZnP, and LaAgZnP, (Tejedor and Stacy 1990) have
melting points higher than 1370K and do not react with water at room temperature.

2.1. Preparation of ternary rare-earth phosphides

The melting of previously pressed powders of the transition metals with pieces of rare-
earth ingots protected in an argon atmosphere in an arc furnace produces the ternary rare-
earth phosphides with low phosphorus content (up to 33.3 at.%). An excess of phosphorus
is added to compensate for phosphorus losses during arc melting. Using such a method the
phosphides RyNij,Ps, RNisPy, R3Ni5P;, RgNiyP; and some others have been obtained.
This method was used for preparing samples with a P content of up to 33.3 at.% during
the investigation of the phase diagrams of the R—-M-P systems.

Another method used for the preparation of ternary phosphides is ampoule synthesis.
Evacuated silica tubes with an inserted pressed mixture of the powder components are
gradually heated up to 1000~-1270K, held at this temperature during 1-7 days and then
slowly cooled or quenched. For obtaining samples containing chemically active rare earths
the constituent components are placed into alumina crucibles and for lithium-containing
samples they are placed into tantalum or niobium crucibles. Sometimes the silica tubes
are filled with purified argon. By such a method EuCu, 75P, (Mewis 1980a), RM,P,,
SmCuP;, (Chykhrij 1990a,b) and some others were obtained. The phosphides containing
refractory or chemically inert metals are prepared by two steps: previously heated samples
are crushed, pressed and again homogenized in evacuated silica tubes. The phosphides
RPdP (Johrendt and Mewis 1990), RPtP (Wenski and Mewis 1986b-d) and some others
were obtained using such a method.

Some authors use a combination of the two methods mentioned. At first, the rare earth
and transition metals are melted in an arc or high-frequency furnace and then the alloy
obtained is crushed and heat-treated in an evacuated silica tube with the required quantity
of red phosphorus. By such a method the compounds RRhyP; (Madar et al. 1987a,b) and
RsRu;gPy; (Ghetta et al. 1989) were obtained.

The third method is a tin flux technique. Mixtures of powder components are placed
into alumina crucibles with 5-30 times excess tin and sealed in an evacuated silica
tube. The silica tube and its content are heat treated at 770~1270K during 6—120 hours
and either rapidly or slowly cooled. After dissolving the ingot obtained in hydrochloric
acid finely-crystalline ternary rare-earth phosphides are obtained. By such a method the
majority of the ternary rare-earth phosphides are prepared by Jeitschko and colleagues.
Oryshchyn and Chykhrij (1993) describe conditions for preparing the ternary rare-
earth phosphides from a tin flux in detail. The same authors tested cadmium and
indium as metal-solvents. The main disadvantage of the melting method is the fact
that often phosphides with compositions differing from the initial mixture are obtained.
Besides that, in four-component systems competing chemical reactions take place and
binary compounds containing metals and metal-solvent or phosphorus are formed.
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Oryshchyn and Chykhrij (1993) note that such by-products are Ni3Sny, NiyP, CoP, CusSng

{(solvent Sn) and NisIn, (solvent In).

For obtaining single crystals of the ternary rare-earth phosphides with high phosphorus
content, heating with a temperature gradient in the presence of substances which may be
transport agents is used. Single crystals of SmCuP, (Chykhrij 1990a) have been prepared
using a temperature regime 1470-1370K in the presence of I, or Br, as mineralizers.
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1. Introduction

The systematics of high-temperature metal halide vapors and vapor complexes have earlier
been summarized in a number of review articles or monographs. Worth mentioning are
the books by Schifer (1964), Margrave (1967) and Hastie (1975) and a number of
proceedings volumes, such as those edited by Hildenbrand and Cubicciotti (1978) and
Hastie (1979). Schifer (1976, 1983) reviewed the thermodynamics of metal chloride
vapor complexes. Papatheodorou (1982) and Brooker and Papatheodorou (1983) gave an
extensive account on the electronic, vibrational, thermodynamic and structural properties
of transition and rare-earth metal halide vapor complexes. Finally, Hilpert (1989, 1990)
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summarized the thermodynamics of the metal halide vapor complexes studied by Knudsen
effusion mass spectrometry since the year 1980.

In the years after 1970, the vapor complexes gained in significance due to a series
of important potential applications (Hastie 1975) related to new energy sources, energy
conservation and to a number of recycling and/or separation processes. A sudden increase
in the number of published articles was then observed which resulted in a significant
improvement in the knowledge of the thermochemical properties of the rare-earth halide
vapor complexes as well as to a much better understanding of their electronic and
structural properties. A large number of new vapor complexes has been identified and
the thermodynamics of their formation have been determined.

The aim of this chapter is to review the up to date available data of the simple rare-earth
halide vapors and of the vapor complexes formed by the rare-earth halides with different
complexing agents. First (sect. 2), the vaporization thermodynamics and structural trends
of simple rare-earth halides will be addressed together with the characterization of gaseous
homo-complexes. The summary of vapor complexes in binary systems of rare-earth
halides with (principally) alkali halides, in which the total vapor pressures are low enough
to permit the use of Knudsen effusion mass spectrometry will constitute a separate
section (sect. 3). Some of these systems are characterized by volatility enhancement
Jactors (see sect. 1.1) between 1 and 140, and are important for the development of high
intensity discharge lamps. The discussion on vapor complexes involving the relatively
volatile trichlorides of Al, In and Ga as complex forming agents (“carrier gases”) and
the presentation of vapor complex systems with volatility enhancement factors up to 10!
will then be presented (sect. 4). These systems, studied mainly by electronic absorption
and fluorescence spectroscopy, had been given serious consideration as energy storage
media for high power laser systems and for development of recycling/separation processes
(sect. 1.2) thus making a natural choice for a separate section.

1.1. Vapor complex formation

Vapor complexation involving rare-earth halides can be classified depending on the type
of the metal halide which plays the role of the vapor complex forming agent in two large
categories represented by the following general reaction schemes:

mRX3(s or )+ n MX(s, | or g) = MR, Xs,.,(g), €))
where MX is (usually) an alkali halide and
mRX3(s) +n Ay Xe(8) = RuAonXsmeon(8), (2
where AX3 is mainly a Group-IIIA halide (A=Al In, Ga; X=Cl, Br, I).
In case (1) the alkali halide may be present both in the condensed and vapor phase,

while the more volatile Group-IIIA halides (reaction 2) are in the gas phase. A large
number of particular reactions of type (1) and (2) have been studied with a view both
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to establish the formation and the stoichiometry of the gaseous complexes participating
in the equilibrium vapors as well as to characterize their thermochemical, electronic
and structural properties. Among the various experimental methods applied for the
characterization of metal halide vapor complexes, the most widely used ones include
Knudsen effusion mass spectrometry (Hilpert 1989, 1990), transpiration experiments
(Wachter and Schifer 1980), analysis of quenched equilibrium vapors (Wachter and
Schifer 1980), vapor density measurements using radioactive isotopes (Peterson et al.
1979), spectrophotometry (Qye and Gruen 1969), fluorescence spectroscopy (Carnall
et al. 1978), total pressure measurements of equilibrium vapors (Datz et al. 1961),
boiling point technique and condensate analysis (Mien-tseng and Novikov 1966) and
chemical vapor transport (Schifer 1964, 1974). By far the most extensive information
on vapor composition and partial pressures has been obtained by Knudsen effusion mass
spectrometry. Hilpert (1989, 1990) has demonstrated the potential of this method as
exploited also by transpiration mass spectrometry for gas phase analysis.

While the value of m in reactions (1) and (2) has most commonly been assumed or
found to be equal with one, often n has been shown to get more than one value in each
binary system. In reactions of type (1) common values for n include 1 and 2 corresponding
to MRX, and M;RXs vapor complexes, while in reactions of type (2) » may obtain several
values (n=0.5, 1, 1.5, 2, ...) corresponding to RAXg, RA;Xo RA3X)2, RAsX 5 type
vapor complexes. Generally more than one complex is present in the equilibrium vapor
mixture (see sect. 3.2, 4.1).

It has been established that the apparent volatilities of transition and rare-earth
metal halides are increased by several orders of magnitude through reactions of type
(1) and (2) giving rise to vapor complex formation. The enhancement of the vapor
densities of transition metal and/or rare-earth metal ions has commonly (see for example
Papatheodorou 1982) been reported in the form of the volatility enhancement factor.
That is, when a reaction occurs between a solid rare-carth halide with low vapor pressure
Pg (e.g. NdCl3) and a more volatile salt (carrier gas) with partial pressure P (e.g.
AlCl3, NaCl), and the partial pressure of the vapor complex is Pc, then the volatility
enhancement factor is determined at unit pressure of the carrier gas as:

r=Pc/Ps. 3)

Depending on the system and temperature the values of » are up to ~140 for reactions with
alkali halides (see sect. 3) but can reach values up to 10'* for reactions with aluminum
halides (see sect. 4).

Of significant interest also are the thermochemical properties of single component
rare-carth halide systems. Formation of gas phase homocomplexes (e.g Ry X5 dimers)
has been established for a limited number of rare-earth halides, which however at least
for the chlorides and iodides are considered to represent the range of properties of the
whole series (i.e., ScCls, LaCls, EuCl; and LuCls, and Scls, Lals, Dyls, Hol; and Tmls)
indicating that formation of dimers can most likely be safely assumed as occurring also
for the rest of the single component systems. Establishing the thermochemical properties



438 S. BOGHOSIAN and G.N. PAPATHEODOROU

of the vapor complexes and determining the relative amounts of the species present in
equilibrium vapors should naturally be based on accurate thermodynamic data concerning
the pure systems.

1.2. Applications

Hastie (1975) has presented a detailed description of the applications involving metal
halide vapor complexes in general, while more recent accounts are given by Schifer
(1976, 1983) and Papatheodorou (1982). Particular applications of rare-earth halide vapor
complexes have been described separately. Thus, the role of rare-earth halide vapor
complexes in the improvement of the luminous efficacy and color rendering index of
metal halide lamps has been specifically addressed (see e.g. Hirayama et al. 1978b, 1980,
Wesselink 1983, Van Erk and Rietveld 1987); the potential use of the rare-earth halide
vapor complexes as laser media has been demonstrated (see e.g. Krupke 1976a—c, Hessler
et al. 1977) and extensive studies of separation processes have recently been performed
by Adachi’s group (see e.g. Murase et al. 1993). A summary of the most characteristic
applications of rare-carth halide vapor complexes will be presented in the present sub-
section. For further information the reader should refer to the articles cited under each
application in order to access the original literature.

1.2.1. Chemical synthesis-crystal growth

A method for the preparation and purification of anhydrous rare-earth halides based in
vapor complexation and chemical vapor transport has been developed which uses the
rare-carth oxide as starting material. As an example, for preparing and purifying SmCls
(Papatheodorou and Kucera 1979), anhydrous and degassed Sm,05 (~2 g) was placed in
fused silica tubes (~1 cm i.d. x 20 cm long) containing an excess of aluminum chloride
(~2 g). The evacuated and scaled tube was then placed in a furnace and the temperature
was raised slowly (in 3—4 h) to 300°C. Near 200°C the fo