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Jean-Claude G. Binzli and Vitalij K. Pecharsky

These elements perplex us in our reaches [sic], baffle us in our speculations, and haunt
us in our very dreams. They stretch like an unknown sea before us—mocking, mystify-
ing, and murmuring strange revelations and possibilities.

Sir William Crookes (February 16, 1887)

Volume 44 of theHandbook on the Physics and Chemistry of Rare Earths
adds four chapters to the series which span a broad range of subjects, from
catalysis to molten salts, solar energy conversion, and intermetallic com-
pounds RT, (T%Si, Ge, Sn) best known for giant magnetocaloric effect.
The volume is therefore in tune with some of the global concerns about build-
ing a sustainable world.

The first chapter Chapter 259is devoted to a fairly new aspect of lantha-
nide catalysts, namely the use of borohydride complexes in polymerization of
polar monomers. Borohydride catalysts were proposed about a decade ago for
the ring-opening polymerization (ROP) of cyclic esters and the review
presents extensive data about the exact experimental conditions, molecular
characteristics, and performances of these catalysts. Emphasis is given to
the strategies adopted by chemists to improve the steric control of the poly-
merization in relationship with tailored rare-earth ligands. The following
review (Chapter 26) deals with melts of rare-earth inorganic salts. These
liquids are known for a long time, but deciphering their exact structure is still
a challenging problem. Major instrumental techniques to deal with this prob-
lem are X-ray and neutron diffraction. The author therefore first focuses on
the definition of the radial distribution function and on the various data treat-
ments leading to estimates of the coordination numbers of the first and second
coordination sphere. The formation of polymers and clusters is carefully
assessed with respect to their influence on coordination numbers. Potential
contribution of rare-earth materials to solar energy conversion is critically
evaluated inChapter 261 Light-to-electricity conversion by semiconductors
suffers from a major problem, namely spectral mismatch between the solar
emission spectrum and the conversion yield versus wavelength. To rectify
the situation, rare earth containing wavelength-converting materials are pro-
posed which transform too energetic or insufficiently energetic photons into
photons with optimum conversion wavelength. In this way, a few welcome
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percent can be added to the conversion efficiencies of solar cells. The final
chapter Chapter 26 describes rare-earthsR, intermetallic compounds (T

is Si, Ge, Sn, Ga, P, Sb, Bi, or mixtures thereof). These compounds have very
interesting fundamental science and, in addition, a giant magnetocaloric effect
was reported for Ggbi,.Ge, in 1997, which paved the way for magnetic
refrigeration applications near room temperature. The comprehensive review
deals with composition—structure—property relationships and highlights the
above-mentioned effect and other properties such as colossal magnetostric-
tion, spontaneous generation of voltage, pressure enhancement of magnetoca-
loric effect, unconventional magnetic glass state, spin-flop transition,
magnetic deflagration, or short-range order magnetic correlations.

CHAPTER 259. CATALYTIC BEHAVIOR OF RARE-EARTH
BOROHYDRIDE COMPLEXES IN POLYMERIZATION OF POLAR
MONOMERS

By SOPHIE M. GUILLAUME, LAURENT MARON, and PETER W. ROESKY
Universite de Rennes 1, France, UniverSitde Toulouse, France, and
Karlsruher Institut fr Technologie (KIT), Germany

Rare-earth borohydride complexes have been used in polymerization for
just over a decade. Significant achievements in the synthesis of such organo-
metallic complexes have greatly contributed to their applications as valuable
initiators in various polymerization reactions. The chapter focuses on the
polymerization of polar monomers. The reader is first introduced to a brief
summary of the synthesis and characterization of the rare-earth borohydride
complexes that have revealed activity in such polymerizations. Advances in
polymerization are then addressed from an experimental approach completed
by mechanistic insights through computational density-functional investiga-
tions. The catalytic behavior of rare-earth borohydride complexes in ring-
opening polymerization (ROP) of cyclic esters including various lactones,
lactides, trimethylene carbonate, aaehminoacidN-carboxyanhydrides, and

in the polymerization of methylmethacrylate, is then comprehensively
reviewed. The chapter is unique in that several tables gather the most significant
features of the experimental conditions for the synthesis of the polymers, and of
their molecular characteristics such as molar mass, dispersity values, and tacti-
city. Special emphasis is given to the strategies improving the control and the
livingness of the polymerization. These strategies lead to tailor-made ligands
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with adequate properties and, additionally, allow access to original well-
defined end-functionalized (co)polymers. Beyond the key reducing ability
of the borohydride anion toward the formation afo-dihydroxytelechelic
polymers, the implication of the rare-earth ancillary ligand(s) is also high-
lighted. The review will be useful as a reference material for researchers
active in rare-earth-promoted polymerization, in ROP, in hydroxytelechelic
polymers and for other polymer communities as well.

CHAPTER 260. STRUCTURES AND PROPERTIES OF
RARE-EARTH MOLTEN SALTS

By YASUHIKO IWADATE
Chiba University, Japan

There is a definite overlap between the concepts of molten salts and ionic
liquids since the former can be defined as high-temperature ionic liquids; how-
ever, the present tendency is to use the term “molten salts” to characterize melts
of purely inorganic compounds. If theoretical modeling of ionic crystals is rel-
atively easy to achieve, for instance making use of X-ray diffraction data, in
view of the periodic arrangements of ions in the structure, it becomes a much
more involved process when molten salts are considered because of interparti-
cle interactions due to collisions. A single experimental technique usually gives
partial reporting of the situation only so that a multiple-technique approach has
to be used. For instance, X-ray diffraction, vibrational spectroscopy, density
measurements, molecular dynamics, and Monte Carlo calculations are com-
monly combined to gain an objective representation of the ionic liquid state.
The review first focuses on the definition of the radial distribution function
and on the various ways prevailing to the estimate of coordination numbers
in both the first and second shell from this function. The state of knowledge
pertaining to melts of rare earth and alkali halides and salts with polyatomic
anions is then critically detailed. An important point is the penetration of ions
from the second into the first coordination sphere and its effect on coordination
numbers. Finally, the formation of polymeric ions and their clustering is consid-
ered in the context of conciliating experimental data with the stoichiometry of
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the salts. The review is aimed at inorganic chemists and materials scientists
dealing with electrolytes and their applications.

CHAPTER 261. LANTHANIDES IN SOLAR ENERGY
CONVERSION

By JEAN-CLAUDE G. BWNZLI and ANNE-SOPHIE CHAUVIN
Ecole Polytechnique Fi#rale de Lausanne (EPFL), Switzerland

Solar energy represents an abundant (1000 V§)nand seemingly cheap
source of energy. One way to tap it is to transform light into electricity with
photovoltaic devices. Single-junction solar cells presently reach 32% conver-
sion yield under 1-sun illumination while multijunction devices irradiated by
concentrated light can reach 44%. One major problem encountered when
trying to increase the conversion efficiency lies in the mismatch between
the absorption spectrum of the semiconductor and the solar emission spec-
trum. As a remedy, wavelength-converting materials are being developed,
and because solar cells perform best in a relatively narrow spectral range that
depends on their bandgap energy, lanthanide luminescent divalent and triva-
lent ions are particularly well suited for this purpose. In addition, nonlumi-
nescent ions feature special crystallographic and conduction properties that
make them invaluable in lattice-matched multijunction devices. In this chap-
ter, the performances of rare-earth ions in downconverting, downshifting,
and upconverting materials embedded into the architecture of luminescent
solar concentrators, silicon solar cells, semiconductor photovoltaic devices,
and dye-sensitized solar cells (DSSCs) are comprehensively and critically
reviewed. Other contributions, for example, as scattering layers and as modi-
fiers of the bandgap of titanium oxide in DSSCs, or to the powerinig ofvo
nanorobots, are likewise described. Finally, a general assessment is made and
improvements on the order gb5 absolute% in conversion yields are
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predicted provided fully optimized materials can be created. The review will
help scientists and materials engineers planning wavelength-converting mate-
rials for photovoltaic uses and, also, represents a welcome introductory text
for anyone interested in the field.

CHAPTER 262. BT, COMPOUNDS: AN EXTRAORDINARY
VERSATILE MODEL SYSTEM FOR THE SOLID STATE SCIENCE

By YAROSLAV MUDRYK, VITALIJ K. PECHARSKY, and KARL A.
GSCHNEIDNER Jr.
Ames Laboratory, lowa State University, USA

Rare-earth metals form intermetallic compounds with most of the metallic and
semi-metallic elements in the periodic table. Due to chemical similarities
among 16 of the 17 rare-earth elements (Sc frequently stands apart), they
often form families of either isostructural or closely related compounds.
Despite a long history of research in a broad field of intermetallics, a general
theory that enables one to clearly relate composition and structure with physi-
cal properties of a multicomponent alloy is still lacking. The review describes
a family of intermetallic materials formed by the rare-earth metals (R) and
Group 14 elements (T, which can also include certain quantities of Group
13 and Group 15 elements substituted for Group 14 elements) atdhe R
stoichiometry. The uniqueness of these compounds lies in their distinctly
layered crystallography that can be judiciously controlled by chemistry,
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processing, and a variety of external triggers including temperature, pressure,
and magnetic field. The materials exhibit a host of physical effects related to
magnetic and structural transformations that can occur separately or simulta-
neously. Unlike many other extended families of intermetallic materials,

present-day understanding of the composition—structure—physical property
relationships of BT, compounds approaches predictive power, and in this

chapter, examples of how one can predict some of the interesting physics
based on the knowledge of chemical composition and crystal structure of
these materials are shown. This review will be useful for researchers in the
field of intermetallic compounds and materials engineers seeking materials
that exhibit sharp changes of physical properties associated with first-order

phase transitions.
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1. HISTORICAL INTRODUCTION

1.1. General Context of the Use of Rare-Earth Complexes
in Polymerization

Rare-earth complexes, both divalent and trivalent ones, have been investigated
in polymerization for over two decades. In the early 1990s, MacLain revealed
the potential of rare-earth alkoxide compounds, namely [Rs(m-O)(OiPr)q3]
(R...Y, La, Sm, Dy, Er, Yb) (Kritikos et al., 2001; Poncelet et al., 1989) and
[Y(OCH,CH,0Et)5], in the ring-opening polymerization (ROP) of lactones
(d-valerolactone (VL), e-caprolactone (CL)) and diesters (glycolide, p-Lactide,
L-Lactide) (McLain and Drysdale, 1991, 1992; McLain et al., 1992, 1994).
Within the same period of time, Yasuda reported the first investigations on
the living polymerization of polar and nonpolar monomers promoted by dis-
crete organometallic rare-earth initiators. In particular, [(Cp*),RMe(THF)]
complexes (R...Y, Sm, Yb, Lu; Cp*...Z>-CsMes) (Evans et al., 1986, 1998:
Schumann et al., 1995; Watson, 1983), enabled the living polymerization of
lactones such as VL and CL affording polyesters of molar mass values (Mn)
up to 50,000 g mol * with dispersity values (By, Mw=Mn) below 1.07 (Yama-
shita et al., 1996; Yasuda et al., 1993a). The same complexes also allowed the
first living, highly syndiospecific (rr>90%) polymerization of methylmetha-
crylate  (MMA) affording poly(methylmethacrylate) (PMMA) featuring
Mn...65,000 120,000gmol ! with Mw=Mn...1:03 1:05 (Yasuda et al.,
1992). In addition, rare-earth metal hydrides exhibiting high activity and unique
behavior in various catalytic processes, among which polymerization reactions,
were already the focus of much attention at that time. Thus, [{(Cp*),SmH},]
(Cp...Z°-CsHs) (Evans et al., 1983; Jeske et al., 1985; Schumann et al.,
1995) initiated the ROP of CL (Mn 142,200gmol *-uncorrected Mnggc
value, Mw=Mn ... 1:05) yet with a lower efficiency than its alkyl homologue

1. Rare-earth metals herein symbolized by “R” refer to group Il metals including in addition to
scandium and yttrium, the fifteen lanthanide elements from lanthanum to lutetium.



Rare-Earth Borohydride Complexes in Polymerization

(Yamashita et al., 1996). Also, this samarium metallocene hydride was shown
to afford at 0 C high molar mass PMMA (Mn 563,000gmol 1) with
Mw=Mn values in the 1.02-1.05 range, with a high activity and with a syndio-
tacticity exceeding 95% (Yasuda et al., 1992, 1993a,b). Taking advantage of the
living polymerization process, random, and AB or ABA block copolymers of
acrylates and/or lactones were next prepared from these trivalent organolantha-
nide complexes (lhara et al., 1995; Tanabe et al., 2002; Yasuda et al., 1993b).
These pioneering investigations, on both alkoxide, alkyl and hydride derivatives
of rare-earth metal initiators, in the challenging field of living polymerizations,
then revealed valuable results. All subsequent studies on the polymerization of
polar and nonpolar monomers catalyzed by rare-earth metal-based systems
were then inspired by these original works.

Ensuing advances were later reviewed, especially by Yasuda (Yasuda and
Ihara, 1997; Yasuda and Tamai, 1993, 2000, 2002) and Okuda (Arndt et al.,
2002; Okuda et al., 2001). Typical examples of organolanthanide complexes
reported as initiators in the polymerization of polar and nonpolar monomers
include metallocenes hydride and alkyl derivatives, including heterobimetallic
species, such as for instance the above-mentioned [{(Cp*),RH}.] (R...La,
Nd, Sm, Lu) and [(Cp*),RMe(THF)] (R..Y, Sm, Yb, Lu), and
[{(Cp).YbMe}] [(Cp).YbMe(THF)], [{(Cp).RMe},] (R...Y, Yb), [(Cp*)R
(CHTMS,)] (R..Y, Sm), [(Cp*)La(CHTMS,),], [{(Z°:Z*-CsMe,Si-
Me,NCMez)R(m-H)(THF)},] (R...Y, Lu), [(Cp*).R(m-Me)AlMes] (R...Y,
Sm, Yb, Lu), and [Me,Si{[2,4-(TMS),CsH,][3,4-(TMS),-CsH,]}Sm(THF),]
(Fig. 1; Schumann et al., 1995). Whereas CL and MMA have been, at the early
stage, the most studied monomers, other polar as well as nonpolar monomers
have been considered next, especially lactones (b-propiolactone (PL), VL), car-
bonates (trimethylene carbonate (TMC), dimethyl-TMC), oxiranes (ethylene
oxide, propylene oxide, epichloridrin), alkyl (methyl, ethyl, isopropyl, t-butyl)
(meth)acrylates, as well as olefins (ethylene, 1-hexene, styrene), conjugated
dienes (butadiene, isoprene), or acetylene derivatives. The latest

SiMe;
5‘; \ _Ho % 5 \ _Me S%\ SiMes § \ oM

HO / .
Sm Sm Yb Y Me,Si Sm—THF,
Vaiarasl\ 7/ TSTHF / SiM /
ﬁ ﬁ ﬁ Qﬁ o Sites
MesSi
j \ _Me Me \ _Me__ / M ’ NILEN -Me
sm’ DAI” vw  vh eSSl Ly Lo, Si
/e Me /e N\ Me™ ANy LN Me
Xl & e e
Me Me Me  Me

FIGURE 1 First typical organolanthanide complexes used as initiators in the polymerization of
polar and nonpolar monomers.
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contributions, in particular from Hou (Hou and Nishiura, 2010; Hou and
Wakatsuki, 2002; Hou et al., 2006), Endo (Nomura and Endo, 1998), Agarwal
and Greiner (Agarwal and Greiner, 2002; Agarwal et al., 2000), Kerton (Kerton
et al., 2004), or Edelmann (Edelmann, 2009, 2010, 2011), have addressed more
specific domains. Following the developments in organometallic synthesis
of rare-earth complexes, original neutral or cationic initiators, either mono-
or bicomponent catalytic systems, showed novel activity and regio- and/or
stereo-selectivity in (co)polymerization; these include half-metallocene com-
plexes bearing mixed Cp*-monodentate anionic ligands or cyclopentadienyl
(Cp)-amido and -phosphido linked ligands, as well as Cp-free complexes such
as [(COT)RCI] (COT ...cyclooctatetraenyl). Alongside hydrides, alkyls, alkox-
ides or aryloxides, amides and halogenides, like in [R(INTMS,)s] and [Sml,],
were also introduced as active function. Indeed, although highly efficient in
polymerization, hydride complexes of the rare-earth metals are, in comparison
to other species, more sensitive and require good expertise for their isolation
and subsequent handling (Ephritikhine, 1997; Konkol and Okuda, 2008;
Schumann et al., 1995). This is one of the reasons that explain the burst of
the investigations of non-hydride rare-earth complexes in polymerization
catalysis. Note that among these latter, alkoxide or aryloxide derivatives have
stimulated many efforts since they are the most easily prepared.

Tetrahydroborate -namely tetrahydridoborato, commonly referred to as
borohydride -complexes of transition metals, including of f-elements, have
not been that extensively studied as reflected by the limited number of
reviews dedicated to this topic (Makhaev, 2000; Marks and Kolb, 1977; Vis-
seaux and Bonnet, 2011; Xhu and Lin, 1996) or addressing it within a more
general context of the related hydride complexes (Arndt and Okuda, 2002;
Edelmann, 2009; Ephritikhine, 1997). Indeed, the chemistry of transition
metal borohydride species has been essentially pursued to provide reactive
hydride compounds. Rare-earth borohydride complexes, have been first
synthesized as the inorganic compounds [R(BH,4)s] (Zange, 1960) and as sol-
vates, [R(BH,4)s(THF)3] (1; Gmelin Handbook, 1991; Mirsaidov et al., 1976,
1986h). However, it is only many years later that this chemistry has been
revisited to the profit of organometallic rare-earth complexes (Cendrowski-
Guillaume et al., 1998, 2000, 2002, 2003; Palard et al., 2005; Richter and
Edelmann, 1996; Schumann et al., 1998). This whole pioneering work, up
to the late 1990s, has really launched the organometallic chemistry of rare-
earth borohydrides, as recently reviewed (Visseaux and Bonnet, 2011).

1.2. Significant Features and Advantages of the Borohydride
Ligand

The tetrahydroborate ion, BH,; , the simplest known anionic boron hydride,
is usually covalently coordinated to transition metal atoms through a B-H-
metal three center-two electron bridging bond in an Z*, Z? or Z* mode
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(Makhaev, 2000; Marks and Kolb, 1981; Parry and Kodama, 1993; Xhu and
Lin, 1996). In most of the rare-earth borohydride complexes, the borohydride
ligand is di- or tri-hapto bonded to a unique metal center (terminal BH, ),
or bridging two metals in various ligation modes, (m,-H);BH (Skvortsov
et al., 2007a), (my-H),BH(mz-H) (Skvortsov et al., 2007a), (my-H)>,B(m,-H)»
(Khvostov et al., 1998; Visseaux et al.,, 2010), or (my-H),B(ms-H),
(Cendrowski-Guillaume et al., 1998; Jaroschik et al., 2010). This unique
mono-, bi-, or tri-dentate configuration of the bridging hydrogen atoms may
be related to important species in catalytic transformations as a reminiscence
of the reactivity of hydride homologues. Of high significance in rare-earth
borohydride chemistry, tetrahydroborate complexes reacting with acidic sub-
strates are valuable selective reducing agents, and also often play a major role
as catalysts in reactions such as hydrogenation.

More importantly to the present considerations, BH, features several
advantages over other anionic ligands. On one hand, the borohydride ligand
is isoelectronic with methane thus serving as a structural model in the C-H
activation of saturated hydrocarbons (Makhaev, 2000). On the other hand,
BH, is considered as a pseudo halide. It is isosteric with ClI , yet it is much
more electron donating (Cendrowski-Guillaume et al., 2000; Xhu and Lin,
1996). This highly valuable characteristic has been exploited for the isolation
of otherwise inaccessible discrete 4f-element species that thus feature a higher
degree of covalence. Furthermore, owing to the lower propensity of BH; to
form bridging compounds in comparison to the corresponding halide and alk-
oxide ligands, and thanks to the larger ionic radius (and therefore wider coor-
dination sphere) of rare-earth metals, well-defined non-aggregated 4f-element
derivatives thus become accessible with borohydride ligand(s). Clusters -often
encountered in rare-earth alkoxide species- are therefore avoided. All these
properties impart greater solubility to rare-earth complexes in nonpolar sol-
vents. Last, but not least, formation of ate species is hence much less favored
in borohydride chemistry, one reason being also the lower solubility of alkali
metal borohydride salts which are thereby more easily removed by-products.
Discrete neutral rare-earth borohydride complexes are thus quite (yet not
always) readily accessible (Ephritikhine, 1997; Makhaev, 2000; Marks and
Kolb, 1977; Visseaux and Bonnet, 2011; Xhu and Lin, 1996).

Also, borohydride species are rather attractive given that the presence and
the structure of the borohydride ligand(s) can be easily assessed analytically.
'H and B NMR spectroscopies allow the detection of the borohydride ligand
upon displaying a typical pattern in the *H NMR spectrum consisting of a
broad quartet (Jg...80-90 Hz) arising from the quadrupolar *'B nucleus
(nuclear spin quantum number of 3/2). However, the rapid interchange of
the bridging and terminal hydrogen atoms precludes distinguishing the exact
structure between bidentate and tridentate coordination. Nevertheless, FTIR
spectroscopy has demonstrated that these two coordination modes display
quite distinct and characteristic B—H vibrational bands (Ephritikhine, 1997;
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Makhaev, 2000; Marks and Kolb, 1977). Ultimately, X-ray analysis nowadays
allows the ligation mode to be unambiguously determined as hinted by the
RdAB bond distance(s), and ideally by the location of the refined hydrogen
atoms (Ephritikhine, 1997; Makhaev, 2000; Marks and Kolb, 1977; Xhu and
Lin, 1996). These molecular spectroscopic tools provide a highly valuable
“handle” for both the characterization of borohydride reaction products and
the in situ monitoring of experiments, thus allowing identification of relevant
intermediates leading to the clarification of reaction mechanisms.

Making the parallel between the bridging hydrogen atoms within the bond-
ing mode of the BH, ligand and those within discrete rare-earth hydride
compounds (Arndt and Okuda, 2002; Makhaev, 2000; Marks and Kolb,
1977; Xhu and Lin, 1996), while further taking into account the high perfor-
mances of the rare-earth hydride species in polymerization as mentioned
above, exploring the ability of rare-earth borohydrides to promote polymeriza-
tion thus appeared appealing. In light of the originality and versatility of this
unusual anionic BH4 ligand featuring a hydridic character, well-defined rare-
earth borohydride complexes have thus been developed to be used as initiators
in the polymerization of polar monomers, and especially of cyclic esters and
MMA (Fig. 2), as well as of nonpolar monomers. Expansion of these poly-
merization studies reciprocally impacted the growth of organometallic chem-
istry of rare-earth borohydride derivatives. The synthesis and characterization
of inorganic and organometallic borohydride rare-earth complexes has been
previously addressed (Arndt and Okuda, 2002; Ephritikhine, 1997; Makhaev,
2000; Marks and Kolb, 1977; Schumann et al., 1998; Visseaux and Bonnet,
2011; Xhu and Lin, 1996) and some aspects of the catalytic behavior of
rare-earth borohydrides in polymerization have been recently reviewed by
Visseaux and Bonnet (2011).

1.3. Scope of the Review

The present chapter is focusing on the most recent achievements (up to the
early beginning of 2013) in the synthesis of rare-earth borohydride complexes
designed for the polymerization of polar monomers. The synthesis and
characterization of inorganic and organometallic rare-earth borohydride
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FIGURE 2 Typical polar and nonpolar monomers investigated in polymerization initiated by
rare-earth complexes.
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complexes is first presented in the following section, in light of the latest
advances and in relevance to the compounds used as initiators in polymeriza-
tion reactions described in the third section. Special emphasis is given to the
strategies followed to improve the control and the livingness of the polymeri-
zation especially in terms of tailor-made ligands, and in turn, to access to orig-
inal well-defined end-functionalized (co)polymers. Progress in understanding
and tuning their mechanistic behavior as (pre)initiators in polymerization
catalysis, both from an experimental approach combined with computational
insights, is assessed. Efforts are also paid to demonstrate that theoretical
DFT calculations are nowadays an essential tool to better understand and
model polymerization mechanisms. Up-to-date experimental and computa-
tional advances of the past decade are comprehensively covered in the present
tutorial review.

2. SYNTHESIS OF RARE-EARTH BOROHYDRIDE COMPLEXES

The general aspects of the synthesis and characterization of rare-earth borohy-
dride complexes have been recently described (Visseaux and Bonnet, 2011)
and only some essential features are addressed here for the understanding of
the review. Thus, we do not present a full account of rare-earth element boro-
hydride complexes but we rather focus only on those which are relevant as
initiators for the polymerization of polar monomers.

2.1. Inorganic Borohydride Complexes

The trisborohydrides of the rare-earth elements [R(BH,)s] (R...Y, Sm, Eu,
Gd, Th, Dy, Ho, Er, Tm, Yb, Lu) were initially prepared in 1960 by Zange
upon reacting rare-earth metal alkoxides [R(OCHs)3] with B,Hg (Zange,
1960). In the 1970s and 1980s Mirsaidov and coworkers reported in several
publications a more convenient approach to the solvates [R(BH,)s(THF)s]
(IR) by starting from RCl; and NaBH,; (Scheme 1) (Mirsaidov and
Kurbonbekov, 1985; Mirsaidov and Rakhimova, 1978; Mirsaidov et al.,
1976, 1978, 1982, 1986a,b). A similar, yet optimized, synthetic protocol
was also published by Ephritikhine and coworkers (Cendrowski-Guillaume
et al., 2000). In contrast to the other rare-earth compounds, the scandium
borohydride [Sc(BH.)s(THF),] (1Sc") (Lappert et al., 1983; Lobkovski
et al., 1977) features only 2 equiv of THF coordinated to the central metal.
The divalent bisborohydride complexes [R(BH4)2(THF).] (2R) (R...Sm,
Eu, Yb) were originally reported in 1999 (Makhaev and Borisov, 1999).

THF
RCl; + 3NaBH, ——— »  [R(BH,)3(THF)3] + 3 NaCl
1R
SCHEME 1 General synthesis of [R(BH4)3(THF)3] ().
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At that time, they were prepared from [NaR(BH,)4(DME)4] (R...Sm, Eu, Yb)
by thermal reduction at 150-200 C in vacuum. Unfortunately, the characteriza-
tion was incomplete. Recently, Nief and Visseaux reported a more convenient
approach to [Sm(BH,)(THF),] (2Sm), which was obtained from
[Sm(BH,)3(THF)3] (1Sm) and Sm metal (Scheme 2) (Jaroschik et al., 2010).
The complex was then fully characterized including its solid-state structure fea-
turing an infinite monodimensional polymer with two tridentate BH, in the
bridging position between two six-coordinated Sm atoms. [Yb(BH,)(THF),]
(2YDb) is accessible in a similar way (Marks et al., 2012) while [Eu
(BH4)>(THF),] (2Eu) was prepared by two synthetic pathways. Compound
2Eu can either be obtained in a reductive pathway from EuCl; and NaBH, in
a high yield or by a salt metathesis from [Eul,(THF),] and NaBH, (Scheme 2)
(Marks et al., 2012).

The divalent thulium compound [Tm(BH.,),(DME),] (2Tm") was only
prepared recently upon reduction of [Tm(BH,4)s(THF)3] (1Tm) with CgK or
via salt metathesis from Tml, and KBH, in DME (Momin et al., 2011)
(Scheme 2). The solid-state structure displays a discrete molecule with two
DME ligands bonded to Tm'".

The monocationic trivalent rare-earth metal borohydrides [R(BH4).(THF)s]
[BPhs] (3R) were obtained by Okuda and coworkers upon protonation of
[R(BH,4)3(THF)3] (IR, R...Y, La, Nd, Sm) with 1 equiv of the Br nsted acid
[NEtsH][BPh,4] in THF (Robert et al., 2008), as sketched in Scheme 3.

2.2. Organometallic Borohydride Complexes

Although several synthetic routes to lanthanide borohydride derivatives have
been described (Visseaux and Bonnet, 2011), the most popular way remains,

SCHEME 2 Synthesis of [R(BH.)»(THF),] (2R) and [Tm(BHa)(DME),] (2Tm?").

[R(BH,)3(THF)3] + [NEtzH][BPh,] l. [R(BH4),(THF)s][BPh,]
- H2
1R - NEf3 3R
- BH,4

SCHEME 3 Synthesis of [R(BH.)2(THF),][BPh,] (3R).
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SCHEME 4 General synthesis of organometallic rare-earth borohydride complexes.

SCHEME 5 Synthesis of the monocyclopentadienyl complex [{Cp*Sm(m-BH,4)(THF),},] (4Sm).

by far, the salt metathesis reaction of an alkali metal derivative of a given
ligand with [R(BH4)3(THF)3] (1R) (Scheme 4).

The long-time most popular ligand in organometallic chemistry of the
rare-earth elements is the pentamethylcyclopentadienyl (CsMes, Cp*) ligand
and its related derivatives. In divalent rare-earth element chemistry, the mono-
cyclopentadienyl complex [{(Cp*)Sm(m-BH4)(THF),},] (4Sm) was only
reported recently. It was synthesized by Nief, Visseaux, and coworkers in
43% yield from [Sm(BH,4).(THF),] (2Sm) with KCp* in THF in a 1:1 ratio
(Scheme 5) (Jaroschik et al., 2010).

The metallocene complexes of the trivalent rare-earth elements have been
prepared in different ways, for example [(Cp*),Sm(BH,)(THF)] (5Sm) was
obtained either from [SmCI3(THF),], NaCp*, and NaBH, in THF (Schumann
et al., 1998), or from [Sm(BH,)3(THF)3] and NaCp* (Palard et al., 2004). In a
similar approach, metallocenes with a different substitution pattern on
the five-membered ring were synthesized. Metallocenes with the bulkier
cyclopentadienyl ligands [(Cp*™"),Nd(BH.,)(THF)] (6Nd), [(Cp™"®),Sm(BH,)
(THP)] (7Sm), and [(Cp™*).Sm(BH4)] (8Sm) (Cp*™...CsMey("Pr),
Cp™...CsHoPhs-1,2,4, Cp™™..CsH'Pr,) were prepared from the
corresponding potassium cyclopentadienyls (KCp*™', KCp™, KCp'™™*)
and [R(BH4)s(THF)s] (1R) (Barbier-Baudry et al., 2006). Only [(Cp™3),Sm
(BH4)(THF)] (7Sm) was isolated.

Although metallocenes of the rare-earth elements are usually much more
common than monocyclopentadienyl complexes, the latter class of com-
pounds was well investigated and used as catalysts in the ROP of polar mono-
mers. Thus, a significant number of monocyclopentadienyl bisborohydride
compounds were prepared in which different substitution patterns on the
five-membered ring have been achieved. In this context, the samarium
complex [(Cp"™®)Sm(BH,),(THF),] (9Sm) was prepared by Visseaux and
coworkers upon reaction of [Sm(BH,)3(THF)s] (1Sm) with the appropriate
amount of KCp™ (Barbier-Baudry et al., 2006). The isopropyl substituted
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O U + [R(BH,4)3(THF)n]
- LiBH —R—

A 1R ‘ ATB
BH,

R = Sc (11Sc), Sm (11Sm)
SCHEME 6 Synthesis of the linked half-sandwich complexes [(CsMe4-CgHy-0-NMeo)R(BH4),]

(R...Sc (11Sc), Sm (11Sm)).
\/E@b/

Toluene R
[(Cp*P’)R(BH4)2(THF)n] + K{(p-to)NN} —— HB \\N
- KBH, 4 N
R = Nd (10Nd), Sm (10Sm)

Cp* = CsMe,"Pr
R =Nd (12Nd), Sm (12Sm)
SCHEME 7 Synthesis of heteroleptic b-diketiminate lanthanide complexes.

[MeY(THF)gl[BPhy], + NaBH, [MeY(BH,)(THF)s][BPh,]

aBPh,
14Y

SCHEME 8 Synthesis of the ionic species [MeY (BH,)(THF)s][BPh,] (14Y).

compounds  [(Cp*™")Nd(BH.)2(THF),] (10Nd), [(Cp*"")Sm(BH4),(THF),]
(10Sm) (Bonnet et al.,, 2004a) and linked half-sandwich complexes
[(CsMey-CgH4-0-NMey)R(BH,),] (R...Sc (11Sc), Sm (11Sm)) (Jian et al.,
2010) reported by Cui and coworkers, were all obtained in a similar way
(Scheme 6).

Visseaux and coworkers reported on the heteroleptic b-diketiminate lan-
thanide complexes [(Cp*""){(p-Tol)NN}R(BH.,)] ((p-Tol)NN ... (p-CH3CgH.)
NC(Me)CHC(Me)N, R...Nd (12Nd), Sm (12Sm)) (Scheme 7) (Bonnet et al.,
2004b). The complexes were prepared from the direct metathesis reaction of
their monocyclopentadienyl precursors, [(Cp*™)Sm(BH,),(THF),] (10Sm)
and [(Cp*""Nd(BH,)»(THF),] (10Nd), respectively, with K{(p-Tol)NN}
in good yields (Scheme 7). The corresponding triphenyl derivative [(Cp™"™)
{(p-Tol)NN}Sm(BH,4)] (13Sm) was obtained in a one-pot reaction from
[SM(BH,)3(THF)3] (1Sm), KCp™™, and {(p-Tol)NN}K (Barbier-Baudry
et al., 2006).

An non-cyclopentadienyl but organometallic ionic species, [MeY(BH,)
(THF)s][BPh,] (14Y), was synthesized in moderate yield by Okuda and
coworkers upon reaction of the dicationic methyl complex [MeY(THF)g]
[BPhy], with 1 equiv NaBH,; (Scheme 8) (Kramer et al.,, 2008). The
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starting material [MeY(THF)g][BPhs], was generated by protonation of
[LisYMeg(THF),] with [NEtsH][BPh,], a typical reagent used for the synthe-
sis of cationic rare-earth species (Cendrowski-Guillaume et al., 1998, 2002).

2.3. Post-Metallocene Borohydride Complexes

Post-metallocene complexes of di- and trivalent rare-earth element com-
pounds were synthesized. The divalent thulium trispyrazolylborate compound
[(Tp®“M&YTm(BH,)(THF)] (15Tm) (Tp®®“Me . tris(2-tBu-4-Me)pyrazolylbo-
rate) was obtained by Bonnet, Nief, and coworkers from [Tm(BH,4),(DME),]
(2Tm") and (KTp'™®"M®) (Momin et al., 2011). Another popular non-cyclopen-
tadienyl ligand is the amidopyridine (Ap*) ligand developed by Kempe and
coworkers. Salt elimination of Ap*K {Ap*H ...(2,6-diisopropyl-phenyl)-[6-
(2,4,6-triisopropyl-phenyl)-pyridin-2-yl]-amine} with [Ybl,(THF)s] leads to
the ytterbium aminopyridinato complex [(Ap*)YbI(THF),], (16Yb) (Scott
and Kempe, 2005) which was treated with NaBH, to give in situ the
corresponding borohydride complex (Guillaume et al., 2007). The same
groups also similarly generated in situ the trivalent borohydride derivatives
of [(Ap*)LaBr,(THF)3] (17La) and [(Ap*)LuCly(THF),] (18Lu) (Scheme 9).

A very simple approach was reported by Yuan and coworkers (Scheme 10).
They prepared the aryloxide lanthanide borohydrides [(ArO)R(BH,4).(THF),]
(Ar...CgHo-t-Bus-2,4,6; R...Er (19Er), Yb (19Yb)), simply by a “one-pot”
reaction of RCls;, NaBH,, and ArONa in THF in low yield (Yuan et al.,
2006a).

The bisborohydride complexes of the bisphosphiniminomethanide ligand
developed by Roesky and coworkers, [{CH(PPh,NTMS),}La(BH,4)-(THF)]
(20La) and [{CH(PPh,NTMS),}R(BH,4),] (R...Y (20Y), Lu (20Lu)), were
synthesized by two different synthetic routes (Scheme 11). The lanthanum
and lutetium complexes were prepared from [R(BH4)3(THF)3] (1R) and

iPr
iPr
iPr ci|
iPr N | ~THE
-
iPr
[Ap*LuCl,(THF),]
(18Lu)

SCHEME 9 Amidopyridinato complexes exemplified with [(Ap*)LuCly(THF),] (18Lu).
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»
B ol
tBu ONa +RCly+2NaBH, —————> tBqu—siBHA
- 3 NaCl {BU @7 4

tBu
R = Er (19Er), Yb (19YDb)
SCHEME 10 Synthesis of the aryloxide lanthanide borohydrides [(ArO)R(BH,)(THF),].

SCHEME 11 Different approaches for the synthesis of bisphosphiniminomethanide complexes.

K{CH(PPh,NTMS),} in moderate to good yields, whereas the yttrium ana-
logue was obtained from in situ prepared [{CH(PPho,NTMS),}YCl,], and
NaBH, (Jenter et al., 2010).

Amidinates and guanidinates are among the most popular ligands in post-
metallocene chemistry of the rare-earth elements (Edelmann et al., 2002). Not
surprisingly, these classes of compounds have been studied as initiators in the
ROP of polar monomers. The guanidinate complexes [{(TMS),NC(NCy),}R
(BH,)2(THF),] (R...Er (21Er) Yb (21Yb)) were synthesized in moderate yields
by Yuan and coworkers from [R(BH4)s(THF)3] (1R) with the sodium guanidi-
nate [{(TMS),NC(NCy),}Na] in a 1:1 molar ratio in THF (Yuan et al., 2006b).
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SCHEME 12 Synthesis of some selected guanidinate complexes.

By using the corresponding lithium salt [{(TMS),NC(NCy),}Li] instead
of the sodium salt, the related ate complexes [{(TMS),NC(NCy),}.R
(m-BHy4),Li(THF),] (R...Nd (22Nd), Sm (22Sm), Yb (22Yb)) were formed
(Scheme 12) (Skvortsov et al., 2007b). The analogous isopropyl compounds
[{(TMS),NC(NiPr),},R(BH4),Li(THF),] (R..Nd (23Nd), Sm (23Sm))
were synthesized by treatment of [R(BH,)3(THF)s] (1R) with lithium N,N'-
diisopropyl-N’-bis(trimethylsilyl)guanidinate in toluene (Skvortsov et al., 2007a).

The Mountford group reported on a number of polydentate nitrogen-based
ligands. Thus, reaction of [Sm(BH,4)3(THF)s] (1Sm) with diamide—diamine
ligands (2-CsH4N)CH,N(CH,CH,NTMS), (N,NN™9) and (2-CsH,N)CH,N
(CH,CH,NMes), (N,NNMe) gave the dimeric compounds [{(N,NN™%)Sm
(BH4)}:] (24Sm) and [{(N,NNMe)Sm(BH,4),Li},] (25Sm) (Scheme 13)
(Bonnet et al., 2005b). In a similar way the diaminobis(phenoxide) ligand
O,NNPY (H,0,NNP ... (2-CsH4N)CH,N{2-HO-3,5-C¢H,'Bu,},) was coordi-
nated to the various rare-earth metals to afford complexes of composition
[{(OoNNPYR(M-BH,)(THF)}.] [R...Y, n..0.5 (26Y); Nd, n..1 (26Nd);
Sm, n...0 (26Sm)] (Scheme 13) (Bonnet et al., 2005a). Monomeric samarium
borohydride complexes [(O,N5)Sm(BH.)(THF)] (O.N"...R'CH,N(CH,-2-0-
3,5-CsH,'Bu,), where R'...CH,OMe, CH,NMe,, (2-CsH4N), or Et, with
L..OMe (27Sm), NMe, (28Sm), py (29Sm)), and [(O,N"")Sm(BH.,)
(THF)5] (30Sm) with the same and related bis(phenolate)amine ligands were
obtained from [(BH4)sSm(THF)3] (1Sm) and Na,O,N" (L ... py, OMe, NMe,,
"Pr) (Scheme 13) (Dyer et al., 2010).

A similar approach was recently published by Trifonov, Carpentier, and
coworkers. By using the diaminobis(phenolate) ligands [O,N,]* ({CH,N
(Me)CH2'3,5'Me,tBU'C6H20}2) and [02N2]2 (C5H4NCH2N{CH2'3,5'M€,
tBu-CsH,0},) the heterobimetallic borohydrido neodymium complexes
[{(02N2)'Nd(BH,)(m-BH,)Li(THF)}] (31Nd) and [(O,N,)°Nd(BH,)(m-BH,)
Li(THF)5] (32Nd) (Scheme 14) were synthesized from the lithium salts of
the ligands and [Nd(BH,)3(THF)s] (INd) (Sinenkov et al., 2011). Also, Sun
and coworkers reported on tetrahydrosalen supported rare-earth metal
complexes. They reacted the sodium salt of the ligand 6,6"-[ethane-1,2-diyl-
bis(methylazanediyl)]bis(methylene)bis(2,4-di-tert-butylphenolate)  (N,O,)
with the lanthanide trichlorides RCl; (R...Er, Yb) in DME to form the
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SCHEME 13 Polydentate nitrogen- and oxygen-based compounds as ligands for neodymium
and samarium borohydrides.
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SCHEME 14 Polydentate nitrogen- and oxygen-based compounds as ligands for lanthanide
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SCHEME 15 Some diazabutadiene yttrium complexes.

corresponding complexes [(N,O,)RCI(DME),] (R...Er (33Er), Yb (33Yb))
(Scheme 14). These compounds were treated with NaBH, in situ to give the
corresponding borohydrides (Wu et al., 2009).

The research groups of Carpentier and Trifonov used the chelating dianio-
nic bis(amide) ligand (DAB? ) ((2,6-CsH3'Pr,)NC(Me) J C(Me)N(2,6-
CeHs'Pr,)? ) to prepare the yttrium complexes [(DAB)Y(O'Bu)(THF)
(DME)] (34Y) and [{(DAB)Y(BH,4),}{Li(DME)3s}] (35Y) (Scheme 15). For
the preparation of the borohydride, in situ generated (DAB)Li, was reacted
with equimolar amounts of [Y(BH,)3(THF)s] (1Y) to give 35Y in 52% yield
(Mahrova et al., 2009).
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SCHEME 16 Bis(b-diketiminate) rare-earth borohydride complexes.

Bis(b-diketiminate) rare-earth borohydride complexes were reported by
Shen (Shen et al., 2012). Reaction of RCI3 (Ln... Y, Yb) with the sodium salts
of the b-diketiminate afforded the bis(b-diketiminate) rare-earth chlorides.
According to the ligand system used, these chloride complexes were either
isolated or prepared in situ. Reaction of these latter compounds with 1 equiv
of NaBH,, afforded the bis(b-diketiminate) monoborohydride complexes
[{(2,6-iPr,C¢H3)NC(Me)CHC(Me)N(CgH5)}.RBH,]  (R...Y (36Y), Yb
(36Yb)) and [({N(2-MeCgsH,;)C(Me)}.CH),RBH,] (R..Y (37Y), Yb
(37YDb)) (Scheme 16).

Recently the lanthanide borohydride complexes [R(BH4)3(THF)s] (R...La
(1La), Nd (INd)) were grafted onto non-porous silica dehydroxylated at
700 C, resulting in the bis(borohydride) surface species [(@SiO)R
(BH4)2(THF)22] (R...La (38La), Nd (38Nd)) (Ajellal et al., 2010b). The
monoborohydride grafted on silica [(@SiO)La(BH,)] (39La) was also dis-
cussed (Del Rosa et al., 2011a,b, 2012).

3. RARE-EARTH BOROHYDRIDE INITIATORS IN
THE POLYMERIZATION OF POLAR MONOMERS

Note that the terms related to polymers and polymerization used in the
following section have been recently defined by the polymer division com-
mission on macromolecular nomenclature subcommittee on macromolecu-
lar terminology and subcommittee on polymer terminology of the
International Union of Pure and Applied Chemistry (Hiorns et al., 2012;
Penczek and Moad, 2008).

For the sake of clarity, literature data on the polymerization of polar mono-
mers are gathered in Tables 1-5 according to the monomer, namely lactones,
lactides, carbonates, a-amino acid N-carboxyanhydrides, and methylmetha-
crylate, respectively.

In light of the remarkable performances of [{(Cp*),SmH},] in the
polymerization of polar monomers (Yamashita et al., 1996), one would
have expected further studies on rare-earth hydrides used as initiators in
the ROP of polar monomers. Whereas the dimeric hydrido complex
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[{(Z°:Z2*-CsMe,SiMe,NCMe3)Y (THF)(m-H)},] was demonstrated as being a
single-site, single-component catalyst for the polymerization of ethylene,
tert-butyl acrylate, and acrylonitrile (Arndt et al., 2002; Okuda et al., 2001),
the only, to our knowledge, other rare-earth hydride complexes investigated
in polymerization, namely the tetrasubstituted guanidinato yttrium and lute-
tium complexes, [{[TMS,NC(NiPr),].R(m-H)},] (R...Y, Lu), evaluated in
the ROP of CL, displayed some activity but no control
(Mnsgc ~ 79,000gmol 1, 1:8 <Mw=Mn < 3:5; Lyubov et al., 2008).

3.1. ROP of Lactones and Lactides, and a-Amino Acids
N-Carboxyanhydrides

3.1.1. Trivalent Inorganic Rare-Earth Borohydride Initiators
3.1.1.1. e-Caprolactone

The homoleptic rare-earth trisborohydride complexes [R(BHj4)s(THF)s]
(R...Y (1Y), La, (1La), Nd (INd), Sm (1Sm)) were the real first transition
metal borohydride derivatives to be investigated in the ROP of a polar
monomer, namely of CL, by Guillaume and coworkers in the early 2000s
(Scheme 17; Guillaume et al., 2003; Palard et al., 2004, 2005, 2006) (Table 1).
ROP of CL proceeded rapidly in THF, DCM, or DCM/toluene at room tem-
perature in a controlled process. As many as 377 CL units per metal-BH,
could be converted within 10 min using the samarium initiator 1Sm providing
PCL of molar mass up to Mnggc ... 39,600gmol 1. The molar mass values
Mngec varied linearly with the feed ratio highlighting a “living” process.
However, at [CL]o/[BH4]o>150, assuming three growing polymer chains
per metal, Mnsgc deviated to lower values relative to Mnye, indicating the
presence of some transfer reactions. The fairly narrow dispersity values
(Mw=Mn_, na,sm Cca:1:3) similarly suggested the occurrence of side reac-
tions, yet to some minor extent. In ROP of cyclic esters, such undesirable
reactions involve the typical inter- or intra-molecular transesterifications, that
is, reshuffling or backbiting processes respectively, or other transfer reactions
(Albertsson and Varma, 2003). Intra-molecular transesterification reactions
lead to the formation of cyclic polymers (alongside linear ones), ultimately
reducing the molar mass of the polymer. Intermolecular transesterification
reactions, or intermolecular chain transfer reactions, induce the broadening
of the dispersity. The moderate dispersity can also be attributed to a rate of

(0]

O
(1) [R(BH,)3(THF)s]
n+2 Q = A HO%OM)%O’(/\%\/OH
(@) H+ o >"
CL HO-PCL-OH

SCHEME 17  Synthesis of HO-PCL-OH from the ROP of CL initiated by [R(BH,)3(THF)3] (1R).



TABLE 1Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of Lactones and Experimental Data

Lactone Reaction Mn max®© Polymer
Rare-earth borohydride ([Lactone]o/[BH4lo Solvent time (Mniheo)™® Tacticity
complex highest value)® Temp. (C) Conv. gmol ! Bum® (%) Copolymer
Divalent complex
[SM(BH.)2(THF),] CL (232) THF 5min 24,600 1.59
(2Sm, Scheme 2) (Jaroschik et al., 2010) 25 C 100% (13,250)
[(Cp*)SM(BH.)(THF),}»] CL (234) THF 3 min 20,400 1.36
(4Sm, Scheme 5) (Jaroschik et al., 2010) 25 C 84% (22,400)
[TM(BH.4)2(DME),] CL (233) THF 19 min 12,400 1.34
(2Tm’, Scheme 2) (Momin et al., 2011) 25 C 74% (19,600)
[(Tp®BYMeYTmM(BH,)(THF)]' CL (100)f THF 3 min 5700' 1.44f
(15Tm) (Momin et al., 2011) 25 C 100% (11,400)
[(Ap*)YbI(THF),], CL (568) THE 4h 43,600 1.56
(16Yb)/NaBH,* (Guillaume et al., 2007) 23 C 98% (63,400)
Trivalent complex
[Y(BH.)3(THF)».5]f VL(200) THF 60 min 4300 1.6'
(1Y?, Scheme 1) (Nakayama et al., 2009) 60 C 3.3%' (660)"
[Y(BH)3(THF)s]" PDL (50)' THF 1 min 11,0001 1.9
(1Y, Scheme 1) (Nakayama et al., 2011) 60 C 66%" (7920)"
[R(BH)2(THF)s][BPh.] CL (250) THF 30s 17,400 1.33
R..Y (3Y), La (3La), Nd (3Nd),  (Robert et al., 2008) 19 C 100% (28,500)

Sm (3Sm) (Scheme 3)




[{CH(PPh,NTMS),}Y(BH4).] CL (150) THF, Tol 1 min 15,700 1.38

(20Y, Scheme 11) (Jenter et al., 2010) 20 C 92% (16,200)

[(PrTMS)NC(N'Pr)N(CH,)sNC  CL (5000) Tol 5 min 22,800 1.45

(NiPr)N(TMS)'Pr)R(BH,)(DME)]  (Zhang et al., 2012) 20 C 100% (45,800)

R..Y, Nd, Yb

[{(O2NNPY)Y(BH)(THF)o 5}2]" CL (290) Tol/THF 2 min 24,700 1.74

(26Y, Scheme 13) (Bonnet et al., 2005a) 25 C 84%' (27,800)

[{(DAB)Y(BH.),{Li(DME)3}] rac-BL(250) THF, Tol 48h 4600 1.23 Atactic

(35Y, Scheme 25) (Mahrova et al., 2009) 20 C 14% (3530) PHB

[La(BH4)3(THF)3]" rac-BL (33) Tol 24 h 2700" 1.75' Pm 50

(1La, Scheme 1) (Ajellal et al., 2010b) 20 C 91% (2610) "

[La(BH4)3(THF)3]" rac-BL (300) Tol 92 h 8500 1.08 Pm 56

(1La, Scheme 1) (Guillaume et al., 2013) 25 C 31% (8000)

[La(BH.4)3(THF)3] VL (300) THF, Tol 30 min 15,000 1.43 PLLA-co-PVL

(1La, Scheme 1) (Nakayama et al., 2009) 60 C 94% (16,200)" PCL-co-PVL
(Nakayama
et al., 2009)

[La(BH4)3(THF)3] CL (251) THF 15 min 24,450 1.16 PCL-co-PVL

(1La, Scheme 1) (Palard et al., 2005, 21 C 100% (28,610) (Nakayama

2006) et al., 2009)

[La(BH.)s(THF)s] PDL (50) THF 1 min 14,000 2.8

(1La, Scheme 1) (Nakayama et al., 2011) 60 C 83% (2880)"

[(Ap*)LaBr,(THF)3] CL (450) THF 4h 46,300 1.45

(17La, Scheme 24)/NaBH,’ (Guillaume et al., 2007) 23 C 99% (50,800)

[{CH(PPh,NTMS),} CL (150) THF, Tol 1 min 13,400 1.34

La(BH.)o(THF)] (Jenter et al., 2010) 20 C 98% (16,800)

(20La, Scheme 11)

- /

Continued



TABLE 1Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of Lactones and Experimental

Data—Cont'd
Lactone Reaction Mn max®© Polymer
Rare-earth borohydride ([Lactone]o/[BH4lo Solvent time (Mngheo)™® Tacticity
complex highest value)® Temp. (C) Conv. gmol * Bye (%) Copolymer
[Pr(BH.)s(THF)]" VL (200)f THF 60 min 8100 14f
(1Pr, Scheme 1) (Nakayama et al., 2009) 60 C 55%" (11,000)"
[Nd(BH.)s(THF)] rac-BL (33) Tol 24h 3100 1.83f Pm 50
(1INd, Scheme 1) (Ajellal et al., 2010b) 20 C 100%' (2900)"
[Nd(BH.)s(THF)]" rac-BL (300) Tol 92h 9700 1.06 Pm 54
(1Nd, Scheme 1) (Guillaume et al., 2013) 25 C 31% (8000)
[Nd(BH4)3(THF)3] VL (200)f THF 60 min 7300° 15
(1INd, Scheme 1) (Nakayama et al., 2009) 60 C 55%" (10,960)"
[Nd(BH4)3(THF)3] CL (221) THF, DCM 15 min 17,000 1.29 PCL-b-PBLG
(INd, Scheme 1) (Guillaume et al., 2003; 21 C 100% (25,200) PBLG-b-PCL-
Palard et al., 2005, b-PBLG
2006) (Schappacher
et al., 2006)
PCL-co-PLLA
(Nakayama
et al., 2007)
[Nd(BH.)s(THF)3] CL (157) THF/ 14 min 21,100 1.48
(1INd, Scheme 1)/aldehyde, (Wu et al., 2008) acetone 90% (nd)"
ketone 60 C
[Nd(BH.)s(THF)3] PDL (200) THF 8h 39,000 1.53
(INd, Scheme 1) (Nakayama et al., 2011) 60 C 87% (41,760)"




{(ONNPY)Nd(BH.4)(THF)},]" CL (275) Tol/THF 0.5 min 24,000 1.57 PCL-b-PLLA'

(26Nd, Scheme 13) (Bonnet et al., 2005a) 25 C 89%' (27,900) PCL-b-PLA'
(Bonnet et al.,
2005a)

[{(O2N2)*Nd(BH4),Li(THF)},] rac-BL (50) THF 12h 5000 1.09 Atactic

(31Nd, Scheme 14) (Sinenkov et al., 2011) Tol 61% (2625) PHB

20 C

[(O2N2)>Nd(BH,),Li(THF);] rac-BL (50) THF, Tol 12h 2500 1.11 Atactic

(32Nd, Scheme 14) (Sinenkov et al., 2011) 20 C 24% (1050) PHB

[SM(BH.)3(THF)5] rac-BL (300) Tol 72h 8300 1.05 Pm 52

(1Sm, Scheme 1) (Guillaume et al., 2013) 25 C 22% (5700)

[SM(BH.)s(THF)s] CL (377) THF, DCM, 10 min 39,600 1.24 PCL-b-PMMA

(1Sm, Scheme 1) (Palard et al., 2004, DCM/Tol 96% (41,500) PMMA-b-

2005, 2006) 21 C PCL-b-PMMA

(Schappacher
et al., 2007)

[SM(BH.)s(THF)3] VL (200) THF 60 min 4800 1.5

(1Sm, Scheme 1) (Nakayama et al., 2009) 60 C 26%' (5140)"

[(Cp*)2Sm(BH,)(THF)] CL (565) THF 30 min 39,150 1.43

(55m) (Palard et al., 2004, 21 C 99% (63,850)

2006)
H{(NaNN™SSm(BH)},] CL (250)f Tol/THF 1 min 24,000 1.17'
(24Sm, Scheme 13) (Bonnet et al., 2005b) 25 C 96%' (27,400)
\_ /

Continued



TABLE 1Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of Lactones and Experimental

Data—Contd
Lactone Reaction Mnma Polymer
Rare-earth borohydride ([Lactone]o/[BH 4]0 Solvent time (Mngheo)™® Tacticity
complex highest value)? Temp. (C) Conv. gmol Pu® (%) Copolymer
[{(ONNPYSM(BH,)}]" CL (275) Tol/THF 0.5 min 26,920' 1.76'
(26Sm, Scheme 13 (Bonnet et al., 20059 25 C 90%" (28,250)
[(OoNBHSM(BH,)(THF)] CL (275) Tol/ITHF 2 min 28,400 1.83
LY2OMe (27Sm), NMe, (Dyer et al., 2010) RT 100% (31,381)
(28Sm), py (29Sm),
(Scheme 13
[(O2N"")Sm(BH,)(THF}]
(30Sm, Scheme 13
[(N>O)Er(Cl)(DME)]/NaBH® CL (1500) Tol/Hexane 120 min 33,300 1.43
(33Er, Scheme 19 (Wu et al., 2009) 65 C 95% (nd)"
[Yb(BH,)s(THF)]' VL (200 THF 60 min - -
(1Yb, Scheme (Nakayama et al., 2009 60 C 0%’
[(N20,)Yb(CI)(DME)}/NaBH,®  CL (1000) Tol/Hexane 120 min 36,400 1.33
(33Yh, Scheme 19 (Wu et al., 2009) 65 C 96% (nd)"
[(Ap*)LUCL(THFY] CL (450) THF 4h 45,600 153
(18Lu)/NaBH,° (Guillaume et al., 2007) 23 C 99% (50,800)




[{CH(PPh,NTMS),}Lu(BH.)] CL (150) THF, Tol 0.5 min 15,800 1.41

(20Lu, Scheme 11) (Jenter et al., 2010) 20 C 95% (16,400)
[{(2,6-iPr,CsH3)NC(Me)CHC CL (1000) Tol 3 min 9870 1.35
(Me)N(CeHs)}2RBH.] (Shen et al., 2012) 20 C (98%) (11,170)

R..Y (36Y), Yb (36Yb)
[{N(2-MeCgH,)C
(Me)}2CH).RBH,]
R..Y (37Y), Yb (37Yb)
(Scheme 16)

Supported complex

[(@SiO)La(BH4)x(THF),.5] rac-BL (50) Tol 24h 600 1.79 Pm 50
(38La) (Ajellal et al., 2010b) 20 C (9%)" (400)"

[(@SIO)Nd(BH4)2(THF), 5] rac-BL (100) Tol 24h 11,500 1.61 Pm 85
(38Nd) (Ajellal et al., 2010b) 20 C (75%) (6450) "

#Note that the [lactone]o /[BH4]o ratio is different from the [lactone], /[initiator/catalyst]o value, the former being used in the calculation of the theoretical molar mass
(Mnyheo) assuming one growing chain per BH, group.

SMonomer conversion determined by *H NMR or by gravimetry and corresponding to the highest [lactone]o/[BHa]o value reported.

°Number average molar mass (maximum value) determined by SEC-MALLS or by SEC versus polystyrene standards and corrected by a factor of 0.56 for CL (Save et al.,
2002) and uncorrected for PHB.?

9Theoretical molar mass calculated from [lactone]o /[BH4]o monomer conversion  Miaciones @SSUMing one growing chain per BH, group, with Mg, ...86 g mol %,
Myt ...100 g mol %, Mc, ...114 g mol *, and Mpp, ... 240 g mol *; note that a discrepancy between Mng,e, and Mngsec may be indicative of a number of growing polymer
chains different from the number of BH, groups in the initiating complex.

€Calculated average dispersity value as reported from SEC traces.

Only a single experiment is reported.

9Prepared in situ.

"Value not reported by the authors.
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propagation which is faster than the rate of initiatidhe(iczek and Moad,
2008. The best control in terms of experimental and calculated molar mass
agreement, and narrow dispersity was achieved with the largest metal,
La> Sm> Nd. The quasi “living” character of the ROP process was later fur-
ther demonstrated with the successful synthesis of block copolymers prepared
by sequential copolymerization, pobt€aprolactonep-poly(trimethylene
carbonate), PCIb-PTMC (Section 3.5.1 Table 1. The studies on the influ-
ence of solvent revealed the detrimental effect on the polymerization rate of
a coordinative polar solvent such as THF, in comparison to non-coordinative
DCM or apolar toluene. Indeed, it is assumed that THF, because of its high
affinity toward oxophilic rare-earth metals, competes with the polar CL
monomer for coordination onto the metal center. This trend was later often
observed in the ROP of cyclic esters promoted by rare-earth borohydride
complexes, yet with some exception, as for instance with the higher CL
polymerization rate reported in THF than in toluene using diaminobis
(phenoxide)monoborohydride complexeBo(net et al., 2009a The
polyester recovered were established, based on extensive investigations by
'H and**C NMR, FTIR, Matrix-Assisted Laser Desorption/lonization-Time-
of-Flight Mass Spectrometry (MALDI-ToF MS) and elemental analyses, as
a,o-dihydroxytelechelic PCL $cheme 1) Note that dihydroxytelechelic
polymers herein referred to as HO-polymer-OH are formally H-polymer-OH
(Guillaume, 2013 Formation of such HO-PCL-OH, initially not
foreseen, resulted from the reduction of the carbonyl group of the first
inserted CL molecule (see belowcheme 26Section 3.1.% This behavior

is certainly distinct from that observed with the more common rare-earth
alkoxide initiators which providea,o0-hydroxyalkoxytelechelic (see below,
Scheme 27Section 3.1.4Palard et al., 2006 Detailed FTIR investigations
revealed that the terminal -OBHgroup of the growing polymer was
involved in van der Waals interactions leading to the cohesion of the
experimentally observed “physical” gel. This route from rare-earth borohy-
dride initiators represents a valuable strategy for the synthesis of highly
desirable dihydroxytelechelic macroinitiatorsvide infra; Section 3.1.5
Guillaume, 201} Interestingly, the residual amount of metal present in the
recovered PCL samples was measured around 0.26-0.63% of the initial
loading in metal Palard et al., 2005 This issue is relevant considering the
potential application of PCL in the biomedical field. Subsequent investiga-
tions on then vitro cytotoxicity of PCL samples prepared from various metal
derivatives, including the rare-earth trisborohydride complexes, were carried
out by Guillaume and coworkersS¢happacher et al., 200L0The results
revealed the absence of toxic influence of the polyesters on human osteo-
progenitor cells, making these polymers valuable candidates as biomaterials
to be in contact with living human cells. Besides, the absence of toxicity
of the residual rare-earth metal remaining in the isolated PCL was also
demonstrated.
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Following their interest in cationic rare-earth organometallic species,
Okuda and coworkers investigated the first ROP of a cyclic ester using a cat-
ionic borohydride rare-earth complex, [R(BH,4)2(THF)s][BPh,] (R...Y (3Y);
La (3La), Nd (3Nd), Sm (3Sm)) (Robert et al., 2008) (Table 1). All initiators
featured a higher activity toward the ROP of CL (Mn < 17,400gmol * with
1:25 < Mw=Mn < 1:38) than the parent neutral complexes [R(BH,)z(THF)3]
(R..Y (1Y), La (1La), Nd (INd), Sm (1Sm); 100% conversion within
15 min; Palard et al., 2005), with a complete CL conversion reached in 30s
whichever the metal ([CL]o/[BH4]oca. 250). However, the number of
growing chains per metal center always exceeded two (as anticipated from
such bisborohydride initiators), presumably due to rapid gelation of the reac-
tion mixture involving chain transfer reactions. These preliminary results next
prompted theoretical investigations by Okuda, Maron, and coworkers on the
ROP of CL initiated by [MeY (BH4)(THF)s][BPh4] (14Y; Susperregui et al.,
2011; see below Section 4 and Table 6).

As an extension of these studies on homoleptic rare-earth borohydride initia-
tors, Sun and coworkers developed an elegant approach toward the synthesis of
related end-capped PCLs (Wu et al., 2008) (Table 1). The so-called one-pot
reduction/initiation strategy was successfully extended to the reduction (up to
90% within 14 min at 60 C), by the rare-earth borohydride complexes
[R(BH4)3(THF)3] (R... Y (1Y), Nd (1Nd)), of the carbonyl group of an exogenous
aldehyde or ketone RC(O)R' (R...alkyl, aryl, R'..H, alkyl; see below,
Scheme 28, Section 3.1.4). The resulting rare-earth alkoxide [R(OCHRR")4]
then triggered the ROP of CL with high efficiency, ultimately affording
HO-PCL-OCHRR' as evidenced by 'H NMR and FTIR analyses
(2,650 <Mn<21,100gmol ! with 1:25<Mw=Mn < 1:76). Double or multi
carbonyl-containing reagents similarly gave a,o-hydroxyalkoxytelechelic PCLs.
While the reduction reactivity of aliphatic aldehydes is prior to that of ketones, the
polymerization process from aliphatic aldehydes was less efficient than others.

3.1.1.2. d-Valerolactone

The ROP of the one-carbon smaller lactone, d-valerolactone (VL) was investi-
gated by Nakayama, Shiono, and coworkers at 60 C in THF or toluene from
[R(BH,)3(THF),] (R...Y, x...25 (1Y"); La, x...3 (1La); Pr, x...2 (1Pr%); Nd,
X...3 (INd); Sm, x...3 (1Sm); Yb, x...3 (1Yb)) with various metal centers
(Nakayama et al., 2009) (Table 1). The catalytic activities observed were in the
same order as the ionic radii of the ions La Pr Nd=>Sm=>Y >Yb (Shannon,
1976), and better in toluene as opposed to THF. The linear variation of Mn values
with the PVL yields along with Mw=Mn ca: 1:43 indicated a rather controlled
polymerization in the case of 1La. In comparison to CL, the ROP of VL in THF
was considerably slower (30 min for 81% conversion at [VL]o/[BH4]o ... 200) as
expected for a less strained VL ring (Saiyasombat et al., 1998). *H NMR and
MALDI-ToF MS analyses supported the formation of a,o-dihydroxytelechelic
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SCHEME 18 Synthesis of HO-PVL-OH from the ROP of VL initiated by [R(BH,;)3(THF)3] (1R).
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SCHEME 19  Synthesis of HO-PPDL—OH from the ROP of PDL initiated by [R(BH4)s(THF)3] (LR).

PVLs (Mn up to 15,000 g mol * with 1:3 <Mw=Mn < 1:7) following the same
mechanism as that established for CL (Scheme 18).

3.1.1.3. o-Pentadecalactone

In the [R(BH4)3(THF)3] (R...Y (1Y), La (1La), Nd (1Nd)) series, the neo-
dymium complex was the most efficient (83% in 1min at [PDL]o/
[BH4]o ... 50) toward the ROP of o-pentadecalactone (PDL) at 60 C, as estab-
lished by Nakayama et al. (2011) (Table 1). The molar mass of the polymer
synthesized from 1Nd increased with the yield (Mn up to 39,000 g mol * with
Mw=Mn ca: 1:4) featuring a quite good control. The resulting polyesters were
shown by H NMR and MALDI-ToF MS analyses as being a,o-
dihydroxytelechelic PPDL, HO-PPDL-OH, thereby assuming a mechanism
similar to that of CL (Scheme 19).

3.1.1.4. Lactide

The series of complexes [R(BH4)3(THF),] (R...Y, x...2.5 (1YY); La, x...3
(1La); Pr, x...2 (1Pr%); Nd, x...3 (INd); Sm, x...3 (1Sm); Yb, x...3 (1YDb))
were also shown by Nakayama, Shiono, and coworkers to be active in
the ROP of racemic-lactide (rac-LA, Nakayama et al., 2009) (Table 2). The
same trend in catalytic activity related to the metal center
(La Pr Nd=>Sm=>Y=>Yb) or solvent polarity (ROP proceeded slower
in THF as compared to in toluene) was observed, as for VL (vide supra).
No  stereoselectivity = data  have  been  reported for PLA
(3,800 <Mn <30,100gmol ! with 1:2<Mw=Mn < 1:7). The ROP of (S,S)-
lactide (L-lactide, LLA), initiated by 1Nd at [LLA]¢/[BH4]o...50, reached
76% in 30 min at 60 C, affording highly crystalline PLLA (Tm...162 C,
Mn 16,500gmol !) with 1:2<Mw=Mn<1:6 suggesting the absence of



TABLE 2Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of Lactides and Experimental Data
Lactide Solvent Reaction Mnmax® Polymer

Rare-earth borohydride ([Lactide]o/[BH4]o Temp. time (MNiheo)™® Tacticity

complex highest value)® (C) Conv.” gmol ! bp® (%) Copolymer

Trivalent complex

[Y(BH.4)3(THF)2 5] rac-LA(133)f THF 60 min 3800° 1.7 nd?

(1Y?, Scheme 1) (Nakayama et al., 2009) 60 C 24%' (4550)¢

[{(ONNP)Y(BH,)(THF)o.5}] rac-LA (200) THF, 60 min 10,600 1.52 Pr 87

(26Y, Scheme 13) (Bonnet et al., 2005a) 25 C 72% (18,300)

Tol, 70 C

[{(O2NNPY)Y(BH4)(THF)o.s}»] LLA (200)f THF 180 min 3850 1.37° Isotactic

(26Y, Scheme 13) (Bonnet et al., 2005a) 25 C 28%' (7780) PLLA

[{(DAB)Y(BH.),{Li(DME)3}] rac-LA (75) THF, Tol  4h 13,400 1.21 Atactic

(35Y, Scheme 25) (Mahrova et al., 2009) 20 C 92% (9950) PLA

[La(BH.)s(THF)s] rac-LA (200) THF 60 min 30,100 1.33 nd? PLLA-co-PVL

(1La, Scheme 1) (Nakayama et al., 2009) 60 C 90% (17,625)° (Nakayama
et al., 2009)

[Pr(BH.)s(THF),]" rac-LA (133)' THF 60 min 12,700’ 1.3 nd?

(1Pr’, Scheme 1) (Nakayama et al., 2009) 60 C 65%' (12,500)¢

[Nd(BH4)3(THF)s] rac-LA (133)' THF 60 min 12,200 1.4 nd?

(INd, Scheme 1) (Nakayama et al., 2009) 60 C 64%' (12,300)°

[Nd(BH.)s(THF)s] LLA (200) THF 3h 16,500 1.2 Isotactic PCL-co-PLLA

(INd, Scheme 1) (Nakayama et al., 2007) 60 C 76% (22,000) PLLA (Nakayama
et al., 2007)

\_ J

Continued



TABLE 2Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of Lactides and Experimental

Data—Contd

Lactide Solvent Reaction Mnmax Polymer
Rare-earth borohydride ([Lactide]o/[BH 4o Temp. time (Mnineo™ Tacticity
complex highest value)® (O Conv.” gmol * b (%) Copolymer
[{(TMS)NC rac-LA (200) THF, Tol 60 min 52,000 1.68 Atactic
(N'Prp}Nd(BH),Li(THF )] (Skvortsov et al., 20074 20 C >98% (28,220) PLA
(22Nd, Scheme 19
[{(TMSYNC LLA (100) THF 60 min 17,300 1.54 Isotactic
(N'PrR},Nd(BH ),Li(THF Y] (Skvortsov et al.,, 20074 20 C 98% (14,100) PLA
(22Nd, Scheme 19
[1,8-C1oHe{NC(BU)N-2,6-Me,-  rac-LA (250) THF, Tol  18h 18,700 1.57 Pr 62
CeHa}2]R(BHa)Li(THFY] (Yakovenko et al., 2013 20 C 97% (36,000)
R%Nd, Sm
[(Pr(TMS)NC(NPr)N(CH,)s rac-LA (1000) THF, Tol  3-15h 30,500 1.55 Pr72
NC(NiPr)N(TMSIPr)R(BH) LLA (3000) 20 C 78% (33,700)
(DME)] (Zhang et al., 2012
R%Y, Nd, Yb
[{(ONNPY)Nd(BH,)(THF)}] rac-LA (200) THF, 120 min 4800 1.57 Pr 64 PCLb-PLA
(26Nd, Scheme 13 (Bonnet et al., 20059 25 C 33% (9500) (Bonnet et al.,

Tol, 70 C 2005a)

[{(O2NNPY)Nd(BH4)(THF)b] LLA (200§ THF 180 min 6330 1.31f Isotactic PCLb-PLLA
(26Nd, Scheme 13 (Bonnet et al., 20059 25 C 34%' (9790) PLLA (Bonnet et al.,

2005a)




[{(O2N2)*Nd(BH.),Li(THF)}] rac-LA(100) THF, Tol  12h 22,800 1.21 Atactic
(31Nd, Scheme 19 (Sinenkov et al., 2017 20 C >99% (13,700) PLA
[(O2N2)?°Nd(BH4)(BH,)Li(THFY]  rac-LA (250) THF, Tol  12h 15,000 1.60 Atactic
(32Nd, Scheme 19 (Sinenkov et al., 2017 20 C 99% (29,900) PLA
[SM(BH,)s(THF)]" rac-LA (133 THF 60 min 12,100' 1.3f nd ¢
(1Sm Scheme J) (Nakayama et al., 2009 60 C 59%' (11,400)
{(TMS)LNC rac-LA (200) THF, Tol  165h 23,500 2.10 Atactic
(NCy)o}.Sm(BHy),Li(THF)] Skvortsov et al., 20073 20 C 95% (13,820) PLA
(22Sm, Scheme 1)
[{(TMS)NC LLA (100J THF 60 min 2200 1.56 Isotactic
(NCy)},Sm(BH),Li(THF)] (Skvortsov et al.,, 20074 20 C 12% (1700) PLA'
(22Sm Scheme 1)
[{(O2NNPY)Sm(BH,)}.] rac-LA (200) THF 60 min 15,700 1.53 Pr71.5
(26Sm Scheme 13 (Bonnet et al., 20059 25 C 66% (18,000)

Tol 70 C
[{(O2NNP)Sm(BH,)}] LLA (200§ THF 45 min 15200° 1.63 Isotactic
(26Sm Scheme 13 (Bonnet et al., 20059 25 C 74%' (14,400) PLLA
[(0,NYSM(BH,)(THF)] rac-LA (200) THF 30 min 21,700 1.58 Pr 84
L% 0OMe (27Sm), NMe, (28Sm), (Dyer et al., 2010) RT 92% (26,520)
py (29Sm) (Scheme 13
[(O2N"")Sm(BH;)(THF}]
(30Sm, Scheme 13
[Yb(BH4)s(THF)]' rac-LA (133} THF 60 min - . nd?
(LYb, Scheme 1) (Nakayama et al., 2009 60 C 0%’

/

Continued
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TABLE 2Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of Lactides and Experimental
Data—Contd

Lactide Solvent Reaction Mn max© Polymer
Rare-earth borohydride ([Lactide]o/[BH4]o Temp. time (Mniheo)™? Tacticity
complex highest value)® (C) Conv.” gmol ! bp® (%) Copolymer
[{(TMS),NC rac-LA, LLA (200) Tol 16.5h 15,500 1.72 Atactic PLA
(N'Pr)2}Yb(BH.),Li(THF),] (Skvortsov et al., 2007a) 20 C 94% (13,700) PLLA
(22Yb, Scheme 12)
[{(2,6-iPr,CsH3)NC(Me)CHC LLA (1000) Tol 4 min 12,660 1.36 PLLA
(Me)N(CgHs)}.RBH,] (Shen et al., 2012) 20 C (96) (13,760)

R...Y (36Y), Yb (36Yb)
(Scheme 16)[({N(2-MeCgH,)C
(Me)},CH),RBH,R ... Y (37Y),
Yb (37Yb) (Scheme 16)

aEote that the [lactide]o/[BH4]o ratio is different from the [lactide], /[initiator/catalyst], value, the former being used in the calculation of the theoretical molar mass
(Mngneo) assuming one growing chain per BH, group.

Monomer conversion determined by *H NMR or by gravimetry and corresponding to the highest [lactide]o /[BH.]o value reported.
°Number average molar mass (maximum value) determined by SEC-MALLS or by SEC versus polystyrene standards and corrected by a factor of 0.58 for PLA (Save et al.,
2002).
%Theoretical molar mass calculated from [lactide]o/[BHs]o monomer conversion  Miactige, aSSUming one growing chain per BH, - group, with M4 ... 144 g mol L note
that a discrepancy between Mny,, and Mnsgc may be indicative of a number of growing polymer chains different from the number of BH,4 groups in the initiating
complex.

Calculated average dispersity value as reported from SEC traces.

fOnly a single experiment is reported.

9Value not reported by the authors.
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SCHEME 20 Synthesis of atactic and isotactic HO-PLA-OH from the (non)stereoselective ROP
of rac-LA or LLA, respectively, initiated by [R(BH4)3(THF)s] (1R).

SCHEME 21 Stereoselective synthesis of isotactic PHB from the ROP of rac-BL initiated by
[(@SiO)Nd(BH,)2(THF)2 2] (38Nd).

epimerization, and possibly the occurrence of transesterification reactions
(Nakayama et al., 2007). Formation of a,o-dihydroxytelechelic PLLA was
evidenced by MALDI-ToF MS (Scheme 20).

3.1.1.5. b-Butyrolactone

The ROP of racemic b-butyrolactone (rac-BL), a four-membered ring lactone
known as a reluctant monomer to ring-open polymerize (Saiyasombat et al.,
1998), was briefly studied by Thomas, Gauvin, and coworkers, using molecular
[R(BH4)3(THF)3] (1La, 1Nd) and supported [(@SiO)R(BH,4)-(THF), ]
(R...La(38La), Nd (38Nd)) rare-earth trisborohydride complexes (Scheme 21;
Ajellal et al., 2010b) (Table 1). These supported complexes featured two BH,4

ligands in line with the determined B/R ratio ca.2 and with the carbon content.
The molecular derivatives 1Nd and 1La successfully ring-open polymerized BL
from both BH, groups at 20 C, with 1Nd being more active than 1La (results
based on a unique experiment) and providing atactic (3-hydroxybutyrate) oligo-
mers (PHB, Mn  3,100gmol !).? Whereas the grafted lanthanum 38La gave

2. Note that in the case of PHBs, the molar mass values obtained from SEC: using a refractive
index detector are uncorrected values because the difference in hydrodynamic radius of PHB ver-
sus the poly(styrene) standards used for calibration has not been established.
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poor activity and atactic PHB, the grafted neodymium derivative 38Nd exhibited
the highest stereoselectivity for the isospecific polymerization of rac-BL (Pm
85%), as determined from analysis of the carbonyl region of the “*C{*H}
NMR spectrum of the PHB (Mn  11,500gmol *; Scheme 21). These heteroge-
neous initiators 38La, 38Nd appeared comparatively less active than the non-
supported analogues 1La, 1Nd. No further characterization of the PHB (chain-
ends, thermal transition temperature of isotactic PHB) was reported. The effect
of the grafting mode of a rare-earth borohydride complex onto a silica surface
was next investigated from kinetic and thermodynamic parameters through
DFT studies on the ROP of the larger lactone, namely CL, by Maron and cowor-
kers (Del Rosa et al., 2011a,b).

Recently, Guillaume, Maron, Roesky, and coworkers showed the con-
trolled ROP of rac-BL from 1La, INd, and 1Sm initiators (Guillaume
et al., 2013). The ROP remained quite slow, as commonly observed with
this b-lactone, and a better control was observed in the order Sm>Nd> La.
Well-defined atactic a,0-dihydroxytelechelic PHBs, with Mn up to 7900 g mol *
and dispersity values 1.10 were formed, in THF or toluene at 25 C, as evi-
denced from combined NMR and MALDI-ToF analyses (Scheme 22). These
findings were further supported by DFT calculations (vide infra).

3.1.1.6. g-Benzyl-.-Glutamate N-Carboxyanhydride

Although a-amino acids N-carboxyanhydrides (NCAs), also known as
Leuchs’ anhydrides, are not cyclic esters, they are cyclic monomers which
undergo ROP to afford the corresponding poly(a-amino acid)s. The trisboro-
hydride complexes [R(BH4)3(THF)s] (R...Sc (1Sc), Y (1Y), La (1La),
Dy (1Dy)) were thus investigated in the ROP of a-amino acids NCA, namely
g-benzyl-L-glutamate NCA, by Shen and coworkers (BLG; Peng et al., 2012a,
2012b) (Table 3). The molar mass values of the resulting poly(g-benzyl-L-
glutamate N-carboxyanhydride) (PBLG) prepared from 1Y were controlled
to some extent by the [BLG]o/[1Y], ratio and increased with higher reaction
temperatures, but were found larger than the calculated ones. The yttrium
complex 1Y always afforded higher molar mass (Mn  86,200gmol ') than
the other three rare-earth metal complexes, while 1Sc gave the lowest Mn
values. Detailed MALDI-ToF and Electron-Spray lonization MS analyses
along with various NMR experiments (*H, **C, COSY, HMQC) of a polymer
sample prepared from the related L-alanine NCA (ALA) and 1Y showed the

SCHEME 22 Synthesis of atactic PHB from the ROP of rac-BL initiated by [R(BH4)s(THF)s]
(1R; R...La, Nd, Sm).



TABLE 3Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of BLG-NCA and Experimental Data

BLG Mn max®© Polymer
Rare-earth ([BLG]o/[BH4]o Solvent Reaction time  (Mngpeo)®* Tacticity
borohydride complex  highest value)? Temp. (C) Conv.? gmol ! Bum (%) Copolymer
Trivalent complex
[Sc(BH.4)s(THF),] BLG (73) DMF 24h 35,100 1.65
(1Sc’, Scheme 1) (Peng et al., 2012a,b) 40 C 98% (15,700)
[Y(BH.)s(THF)3] BLG (388) DMF 24h 86,200 1.32 P(BLG-b-ALA)
(1Y, Scheme 1) (Peng et al., 2012a,b) 40 C 92% (78,100) P(BLG-b/co-BLL)
(Peng et al., 2012b)
[La(BH.)s(THF)s] BLG (69) DMF 24 h 49,800 1.29
(1La, Scheme 1) (Peng et al., 2012a,b) 40 C 90% (13,500)
[Dy(BH.4)3(THF)3] BLG (59) DMF 24 h 56,800 1.16
(1Dy, Scheme 1) (Peng et al., 2012a,b) 40 C 90% (11,500)

2Note that the [BLG]o/[BH4]o ratio is different from the [BLG], /[initiator/catalyst], value, the former being used in the calculation of the theoretical molar mass (Mngeo)

assuming one growing chain per BH, group.

®Monomer conversion determined by H NMR or by gravimetry and corresponding to the highest [BLG]o/[BH.]o value reported.
°Number average molar mass (maximum value) determined by SEC-MALS in DMF/LiBr.
9Theoretical molar mass calculated from [BLG]o/[BH4]o BLG conversion Mg.g, assuming one growing chain per BH, group, with Mg, ...219 g mol *; note that a
discrepancy between Mnge, and Mngec may be indicative of a number of growing polymer chains different from the number of BH, groups in the initiating complex.
€Calculated average dispersity value as reported from SEC traces.
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SCHEME 23 Synthesis of PBLG from the ROP of BLG initiated by [Y(BHa)3(THF)s] (1Y).

o o}
(1) 17La or 18Lu/ NaBH, o OH
n+2 Q Ho“sj({’ o
) H* o 5 °n
CL HO-PCL-OH

SCHEME 24  Synthesis of HO-PCL—-OH from the ROP of CL initiated by the rare-earth borohy-
dride complexes generated in situ from [(Ap*)RBry(THF)3] (R...La (17La), Lu (18Lu))/NaBHj.

formation of an a-carboxylic-o-aminotelechelic polypeptide chain (A) and an
a-hydroxyl,o-aminotelechelic polymer (B), as the two major products. Two
other minor compounds were identified as an a-amino,o-hydantoinic (C),
and an a-carboxylic,0-hydantoic acid (D) end-functionalized poly(ALA)
(Scheme 23; see also Schemes 29 and 30 in Section 3.1.4).

3.1.2. Trivalent Organometallic Rare-Earth Borohydride Initiators
3.1.2.1. e-Caprolactone

3.1.2.1.1. Trivalent Rare-Earth Borohydride Initiators Made in Situ In a
recent study, Kempe, Guillaume, and coworkers pioneered the in situ synthe-
sis of a rare-earth borohydride initiator from the salt metathesis reaction
between NaBH, and the aminopyridinato rare-earth halides [(Ap*)
LaBr,(THF)s] (17La) or [(Ap*)LUCIx(THF),] (18Lu), in the ROP of CL
(Scheme 24; Guillaume et al., 2007) (Table 1). Whereas no polymer was
obtained in the absence of NaBH,, dihydroxytelechelic PCLs were formed
from such bicomponent initiating systems, 17La,18Lu/NaBH,, thus demon-
strating the successful in situ generation of the rare-earth borohydride pre-
initiating species (vide infra). Fairly large CL loadings ([CL]o/[BH4]o 450)
were quantitatively converted within 4 h at 23 C affording quite high molar
mass PCLs (Mn up to 46,300 g mol 1) with Mw=Mn ca: 1:49. This attractive
strategy, using a borohydride alkali metal salt combined to a rare-earth halide
as a precursor to the rare-earth borohydride initiator, has later been only rarely
applied in the ROP of cyclic esters to make PCL: examples are the
tetrahydrosalen-backboned rare-earth complexes reported by Shen and
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coworkers [(N,O,)R(CI)(DME),] (R...Er, n...1 (33Er), Yb, n...2 (33Yh))/
NaBH, (Wu et al., 2009) (Scheme 14) and the related [{CH(PPh,NTMS),}
R(Z°-CsMes)CI)/HOIPr (R...Y, Sm, Yh), (Gamer et al., 2007) combination.
Such an approach generating the active borohydrido species in situ avoids
the prior synthesis and isolation of the complex, which represents a significant
advantage. Yet it remains largely under-exploited in comparison to the use of
discrete rare-earth borohydride polymerization initiators.

3.1.2.1.2. Discrete Trivalent Rare-Earth Borohydride Initiators The cat-
alytic behavior of [(Cp*),Sm(BH4)(THF)] (5Sm) was studied in the ROP of
CL by Guillaume and coworkers as the first organometallic rare-earth borohy-
dride evaluated in the ROP of a cyclic ester (Palard et al., 2004) (Table 1).
Quantitative CL conversions were easily reached within 30 min even at higher
monomer loadings ([CL]o/[BH4]o ... 565), affording quite high molar mass
(Mn up to 39,150 g mol * with Mw=Mnca: 1:43). A linear dependence of
the experimental molar mass on the [CL]o/[BH4]o ratio was observed with a
small deviation at higher monomer loadings resulting from side reactions.
Use of this single-site initiator enabled to better understand the ROP mecha-
nism of a cyclic ester promoted by a borohydride initiator, especially in
providing solubility to key intermediates such as [(Cp*),Sm(BH,)(CL)] (see
Scheme 26, Section 3.1.4). The contribution of the ancillary Cp* ligands
was highlighted by comparison with the performances of the homoleptic com-
plex [Sm(BH,4)3(THF)3] (1Sm). The favorable steric hindrance of the Cp*
versus BH, ligand limited the side reactions whereas the greater electron-
donating ability of Cp* versus BH, slowed down the rate of polymerization
by a factor of six, thereby enabling a better control of the ROP of CL with the
metallocene initiator.

The ROP of CL from the samarium borohydride complexes of the diamide—
diamine ligand, [{(N;NN™S)Sm(BH,)},] (24Sm) and [{(N,NNM*)Sm
(BH4),Li},] (25Sm), were briefly described by Mountford and coworkers
(Bonnet et al., 2005b). This latter species was found, under the same
conditions, half as active as the former one (96% vyield in 1 min of 25 CL
equivs by 24Sm), possibly as a result of the greater steric hindrance of the
mesityl groups.

3.1.2.2. e-Caprolactone and Lactide

The post-metallocene complexes [{(O,NNPY)R(m-BH,)(THF),}.] [R...Y,
n..0.5 (26Y); Nd, n...1 (26Nd); Sm, n...0 (26Sm)] were shown by Bonnet,
Mountford, and coworkers as being very effective initiators (up to 90% con-
version of 275 CL units in 0.5 min) in the ROP of CL at 25 C (Bonnet
et al., 2005a) (Table 1). While a fair control of the molar mass
(Mn  26,920gmol ') was observed, dispersity values were rather large
(1:57 <Mw=Mn < 1.76). The slightly lower activity of the yttrium complex



Handbook on the Physics and Chemistry of Rare Earths

was attributed to its smaller radius. ROP of lactides initiated by a rare-earth
borohydride complex was first reported with the evaluation of this same series
of initiators (Bonnet et al., 2005a) (Table 2). The ROP of L-lactide (LLA) in
THF (25 C) or toluene (70 C) showed, under similar conditions ([LLA]o/
[26R]o ... 200), the samarium complex (26Sm) to be the most active (74% of
isotactic PLLA in 45 min) and the only one to enable a good control, yet
only in THF. As for the ROP of CL, the occurrence of transesterification
reactions or a slow initiation step compared to propagation rationalized
both the deviation of the molar mass values measured experimentally
(Mn 15,200gmol !) from the expected values, and the large dispersity
values of the PLLA (1:31 <Mw=Mn < 1:73). High [LLA]y/[initiator], ratios
and/or the use of toluene as solvent at 70 C afforded a poorer control of
the molar mass, assuming one growing chain per metal center. The O,NN"Y
complexes of Y (26Y), Nd (26Nd), and Sm (26Sm) were also all active in
the ROP of rac-LA in THF (25 C) or toluene (7 C), with again a “living”
polymerization with limited chain transfer demonstrated in the case of the
samarium initiator (Table 2). Heterotactic enriched PLAs (up to P, 87% for
26Y) were obtained from the ROP of rac-LA in THF (Mn 15,700gmol 1),
whereas the reaction in toluene provided atactic polymers. No NMR details
on the microstructure of the formed polylactides and especially on the nature
of the chain-ends, nor on the ROP mechanism of lactides, were reported. FTIR
u(OH) stretching bands between 3650 and 3200 cm * were attributed to end-
functionalities.

As an extension of these studies, the solvated samarium borohydride com-
plexes supported by the bis(phenolate)amine ligands, [(O,N“)Sm(BH.)(THF)]
(L...OMe (27Sm), NMe, (28Sm), py (29Sm)), and [(O,N"Sm(BH4)(THF),]
(30Sm) (Scheme 13), were further reported in the ROP of CL and rac-LA by
Duchateau, Maron, Mountford, and coworkers (Dyer et al., 2010) (Tables 1
and 2). All samarium complexes were efficient initiators (full conversion
within 2 min) for the ROP of CL ([CL]o/[27-29R], ... 275) affording, based
on *H NMR and MALDI-ToF MS analyses, linear a,o-dihydroxytelechelic
PCLs (Mn 31,400gmol 1) contaminated by some cyclic polymers. Both
the dispersity —ranging from 1.4 to 2.5- and the control depended on the
O,N" ligand pendant arm, with [(O,N°M®)Sm(BH,)(THF)] (27Sm) being
the best, especially in terms of PCL molar mass agreement. In the ROP of
rac-LA, only the complexes with the tetradentate O,N" ligand were active,
the one without a pendant donor group, that is, the tridentate [(O,N")Sm
(BH4)(THF),] (30Sm) compound, being totally inactive. The pendant arm
effect was reflected by the following increasing order of activity toward
rac-LA:  O,N°M® O,N?<O,NNM®2  Heterotactic  enriched a,o-
dihydroxytelechelic PLAs (Mn 26,500gmol 1) were always obtained
(Pr 78-84%). Poly(rac-LA) formed from [(O,N“)Sm(BH,)(THF)] (L ... OMe,
py), showed by MALDI-ToF analyses, in addition to the AC(O)CH(Me)OH
chain-end arising from the protonolysis of the metal-oxygen bond, the
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presence of a AOCH(Me)CH,OH end-group originating from the insertion of
the first LA unit into the Sm—-BH, moiety accompanied by carbonyl reduction
by Sm-BH,. In contrast, with O,N"™®2 a mixed a-hydroxy,o-aldehyde-
terminated PLA displaying both dC(O)CH(Me)OH and dCH(Me)CHO
end-groups was obtained. All the MALDI-ToF spectra also evidenced the
presence of cyclic PLAs along with these linear polymers. These experimental
findings were next supported by DFT calculations which pointed to a,o-
dihydroxy-terminated PLAs as being the most favored polymers.

The series of bis(phosphinimino)methanide complexes of the rare-earth ele-
ments developed by Roesky and coworkers were first evaluated in the ROP of
CL from the in situ prepared alkoxide initiators (Gamer et al., 2007) (Table 1).
The promising results including a living polymerization along with well-
defined PCL featuring controlled molecular features (end-groups and Mn fidel-
ity, very narrow dispersity values 1:06 <Mw=Mn < 1:20) prompted further
studies from the corresponding borohydride complexes [{CH(PPh,NTMS),}
La(BH4)2(THF)] (20La) and [{CH(PPh,NTMS),}R(BH4),], (R...Y (20Y),
Lu (20Lu)) (Scheme 11), by Roesky, Guillaume, Maron, and coworkers (Jenter
et al., 2010). The ROP of CL proceeded smoothly at 20 C with complete con-
version ([CL]o/[20Y/Lu]g 150) being achieved within a few minutes in THF
or toluene. With respect to the Mw=Mn values, the ROP appeared slightly less
controlled in toluene, whereas lowering of the reaction temperature from 23 to
0 C resulted in a significantly improved control and activity of the catalyst.
Indeed, at 0 C, the dispersity determined (1:06 < Mw=Mn < 1:11 for all three
metal complexes) was lower than that from room temperature
(1:16 < Mw=Mn < 1:49). Noteworthy, these Mw=Mn data are, to our knowl-
edge, the narrowest values ever obtained for the ROP of CL initiated by rare-
earth borohydride complexes (Table 1). All three catalysts were highly active
without any significant difference arising from the metal center. Thus, the ancil-
lary ligand in this latter case, as well as the bis(phosphinimino)methanide,
most likely significantly and positively influenced the control of the ROP of
CL. The unigue role played by the ligand itself in the ROP process was later
substantiated by DFT insights by the same groups (Barros et al., 2008a; Jenter
et al., 2010) (Table 6; vide infra).

The bis(b-diketiminate) rare-earth borohydride complexes, [{(2,6-
iPr,CsH3)NC(Me)CHC(Me)N(CeHs)}2RBH,] (R... Y (36Y), Yb (36YDh)) and
[{N(2-MeCgH4)C(Me)},CH),RBH,] (R...Y (37Y), Yb (37Yb)), were
recently reported by Shen to be active in the ROP of CL and LA using high
monomer loadings (up to 1000 equiv) (Shen et al., 2012). The efficieny of
the initiating complexes depended on both the ligand and the metal with
36R being more effective than 37R. A good control of the PCL molecular fea-
tures (molar mass and dispersity values) was achieved at room temperature
within 3 min, in particular with 37Yb; it was also found better for polymeri-
zations ran in toluene as compared to THF, and at 20 C rather than at 10
or 40 C. Similarly, the best control in the ROP of LLA was obtained for
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37YDb with evidences of a living feature being reported (linear variation of the
molar mass with monomer conversion) and dispersity around 1.35, yet sug-
gesting the occurrence of some transesterifications. Dihydroxytelechelic PCLs
were obtained while PLLAs were end-capped by a ACH,OH and a
dCHMeOH groups, as evidenced by *H NMR spectra. Sucessful immortal
ROP (Ajellal et al., 2010a; Guillaume and Carpentier, 2012) was also per-
fomed with 'PrOH (up to 200 equiv) at 20-60 C. In these cases, the PLLA
featured a AO'Pr and a dCHMeOH end-capping units.

Finally, the group of Shen recently reported bridged bis(guanidinate)
monoborohydride  complexes  [('Pr(TMS)NC(N'Pr)N(CH,)sNC(N'Pr)N
(TMS)'Pr)R(BH,4)(DME)] R...Y, Nd, Yb in the ROP of CL, rac-LA and
LLA (Zhang et al., 2012) (Tables 1 and 2). Whereas a significant metal effect
was observed in the ROP of CL, rac-LA, and LLA, the neodymium deriva-
tives revealed the most efficient (Nd  Yb=>Y) in terms of activity and molar
mass control whichever the monomer. Very high loadings of CL (up to 5000
equiv) or LLA (up to 3000 equiv) afforded PCLs and PLAs with Mnpc up to
22,800 gmol * and Mnp_a up to 30,500 g mol %, yet with rather large
dispersities (Mw=Mn 1.31-1.81). A double LLA addition experiment showed
the expected increase in PLA molar mass values. Slightly heterotactic PLAs
were formed from rac-LA (Pr<72%). The authors evidenced the
formation of PCL diols as expected, and observed the characteristic quartet
for the dCHMe(OH) end-group, yet without mentioning whether only one
type of chain-end group was observed.

3.1.2.3. Lactide

Lanthanide borohydride complexes of the bulky guanidinate ligands,
[{(TMS),NC(NCy),}>R(m-BH,4),Li(THF),] (R...Nd (22Nd), Sm (22Sm), Yb
(22YD)), initiated the ROP of rac-LA and LLA as reported by Carpentier,
Trifonov, and coworkers (Skvortsov et al., 2007a) (Table 2). Assuming
only one growing polymer chain per metal center (instead of the two expected
for a bisborohydride initiator), the overall control (Nd Yb>Sm) over the
PLA molar mass (Mn 52,000gmol ') and dispersity values
(1:09 < Mw=Mn < 2:99) revealed better than that observed in the polymerization
of MMA (Skvortsov et al., 2007c, vide infra; Table 5). The detrimental effect of
THF versus apolar non-coordinating toluene on the rate of the ROP of LA was
evidenced, in agreement with most common (see the above-mentioned study on
CL, Palard et al., 2005), yet not systematic (Bonnet et al., 2005a), literature find-
ings. Whichever the reaction solvent, the observed order of decreasing activity
wasNd  Yb>Sm. Whereas atactic PLA was formed, the ROP of LLA afforded
isotactic microstructures, as evaluated by analyses of the methine region of the
decoupled *H NMR spectra (Kasperczyk, 1995). The polymers were clearly
end-capped by a ACH(Me)OH group indicative of a classical coordination—
insertion mechanism with an oxygen-acyl bond cleavage, as observed with the
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homoleptic trisborohydride complexes 1R (Nakayama et al., 2007). However, the
other chain-end group could not be unambiguously identified. Finally, these same
groups reported the ROP of rac-LA promoted by the moderately active heterobi-
metallic ansa-bis(amidinate) lanthanide borohydrides featuring a conformation-
ally rigid naphthalene linker [1,8-C1oHe{NC('Bu)N-2,6-Me,-CsH3}.R
(BH4),Li(THF),] (R...Nd Sm) (Yakovenko et al., 2012) (Table 2). Slightly het-
erotatic PLAs (Pr 54-62%) were prepared in THF or toluene at room temperature,
with controlled molar mass for lower monomer loadings ( 120 equiv) and rela-
tively large dispersity values (1:47 < Mw=Mn < 1:67).

3.1.2.4. Lactide and b-Butyrolactone

The yttrium borohydride complex supported by chelating diamido ligand,
[{(DAB)Y (BH,),H{Li(DME)s}] (35Y, Scheme 15), initiates the ROP of rac-
LA and rac-BL at 20 C in toluene providing atactic polymers
(Mn  13,400gmol !, 1:15 < Mw=Mn < 1:30), as briefly shown by Trifonov,
Carpentier, and coworkers (Scheme 25; Mahrova et al., 2009) (Tables 1 and 2).
A quite good control of the molar mass (assuming two growing polymer chains
per metal center) and dispersity values were obtained. Higher reaction rates were
observed in an apolar solvent such as toluene compared to THF. The nature of
PHB chain-ends were not discussed.

Similarly, these authors reported that the neodymium complexes supported
by diaminobis(phenoxide) ligands ((O,Ny)*...{CH,N(Me)CH,-3,5-Me,'-
Bu-CgH,0},; (O;N,)?... CsHsNCH,N-{CH,-3,5-Me,'Bu-CgH,0},), [{(O2N,)*
Nd(BH4)(M-BH)Li(THF)},] (31Nd), and [(O.N,)’Nd(BH,)(m-BH,)Li
(THF),] (32Nd; Scheme 14), provided atactic PLA (Mn 22,800gmol !,
1:15<Mw=Mn<1:82) and atactic PHB  (Mn 5,000gmol !,
1:07 <Mw=Mn<1:12) based on NMR analyses (Sinenkov et al., 2011)
(Tables 1 and 2). The solvent effect was more pronounced in the case of
rac-LA than of rac-BL, with ROP in THF being faster than in toluene.
The data suggested that only one BH, group initiated the ROP of rac-BL,
and that with rac-LA, a single BH, group initiated polymerization in the
case of 31Nd, and that both BH, groups within 32Nd were active.
'H NMR spectra of low molar mass PLA samples showed the characteristic
quartet (d 4.33 ppm) for the ACH(CH3)OH terminal group whereas the exact
nature of all termini could not be unambiguously determined. No noticeable

SCHEME 25 Nonstereoselective synthesis of atactic PHB from the ROP of BL initiated by
[{(DAB)Y (BH4) H{Li(DME)s}] (35Y).
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influence of the ancillary ligand could be evidenced. The behavior of all these
(DAB) and (O,;N3) compounds is reminiscent to that of the above lanthanide
borohydride ate complexes bearing guanidinate ligands, 22 Nd, 22 Sm, 22 Yb.

3.1.3. Divalent Rare-Earth Borohydride Initiators

As a result of their higher sensitivity, with respect to their marked tendency to
oxidize to the more stable trivalent state, divalent rare-earth borohydride com-
plexes have only been rarely and lately studied as initiators in the polymeriza-
tion of a polar monomer, namely of (only) CL (Guillaume et al., 2007; Iftner
et al., 2011; Jaroschik et al., 2010; Momin et al., 2011) (Table 1).

3.1.3.1. Divalent Rare-Earth Borohydride Initiators Made in Situ

Kempe, Guillaume, and coworkers were the first to evaluate a divalent rare-earth
borohydride initiating species in the ROP of a cyclic ester (Guillaume et al.,
2007). The aminopyridinato ligand (Scott and Kempe, 2005) allowed
stabilization and isolation of the mono-ancillary ytterbium(ll) halide complex
[(Ap*)YbI(THF),]> (16YDb). The pre-initiating ytterbium species formed in situ
from the combination of 16Yb and NaBH, (1-2 molar equiv) afforded high
molar mass PCLs (Mn  47,500gmol *; Mw=Mn ca: 1:56), yet with a control
of the polymer features not as good as that obtained with the trivalent alike initi-
ating systems 17La, 18Lu/NaBH, (Scheme 9) (Table 1). Indeed, the larger triva-
lent lanthanum bromide based initiating system 17La/NaBH, afforded the
best defined PCLs (vide supra). This whole study allowed evaluation, on a given
—namely aminopyridinato— series of rare-earth derivatives, of the metal, of the
oxidation state, and of the halide substituent effects, as rarely exemplified. Note-
worthy, no oxidation of the divalent complex was observed during the ROP of
CL, as opposed to the behavior of the samarium [Sm(BH,4),(THF),] (2Sm) and
[{(Cp*)SM(BH,)(THF),},] (4Sm) or thulium [Tm(BH,),(DME),] (2Tm’) and
[(Tp®"M&)Tm(BH,)(THF)] (15Tm) complexes described by Nief and Visseaux
(Iftner et al., 2011; Jaroschik et al., 2010; Momin et al., 2011; vide infra).

3.1.3.2. Discrete Divalent Rare-Earth Borohydride Initiators

Of note, compounds based on Tm'' —the divalent lanthanide exhibiting the largest
reducing power (Tm''>Sm'" > Yb" > Eu")- as later developed by Bonnet, Vis-
seaux, Nief, and coworkers, [Tm(BH,)»(DME),] (2Tm") and [(Tp®“M®)Tm
(BH,)(THF)] (15Tm), were found active in the ROP of CL at 25 C (Momin
etal., 2011) (Table 1). However, assuming one growing PCL chain per R-BH,,
the control over the PCL molar mass and dispersity values remained limited, in
comparison to the Sm'" initiator [{(Cp*)Sm(BH.)(THF),},] (4Sm) (Mn up to
20,400 g mol * with 1:28<Mw=Mn < 1:36; Jaroschik et al., 2010; Iftner
et al., 2011) (Table 1). With all four divalent initiators [Sm(BH,4)-(THF),]
(2Sm), 2Tm’, 4Sm, and 15Tm, the metal was oxidized during the polymeriza-
tion leading to a R"" active species, as hinted by the observed (from a dark to a



Rare-Earth Borohydride Complexes in Polymerization

light) color change of the reaction solution. The oxidation of the Tm'" center
seemed faster than that of Sm'. The monosubstituted complexes 4Sm and
15Tm seemed to display a higher activity in comparison to the homoleptic ana-
logues 2Sm and 2Tm?’, reflecting the influence of the ancillary ligand, Cp* and
Tp™“Me respectively, in making the complex more readily oxidizable. Two dif-
ferent mechanisms, involving either monoelectronic transfer (favored at low
[CL]o/[Sm], ratios ... 116) or insertion into the Sm''-BH,, bond (favored at higher
[CL]o/[Sm], ratios... 465), were suggested from the experimental results on the
samarium complexes (Jaroschik et al., 2010), and next investigated computation-
ally by Maron and coworkers (vide infra; Iftner et al., 2011).

3.1.4. Mechanistic Insights from Analytical Studies on the ROP
of Lactones, Lactides, and a-Amino Acids N-Carboxyanhydrides
Initiated by Rare-Earth Borohydride Complexes

3.1.4.1. ROP of Lactones and Lactides

The rare-earth borohydride complex used in the ROP of a polar monomer is
herein commonly referred to as the initiator or as the catalyst. More precisely,
it does act as a pre-initiator as described thereafter.

The ROP mechanism of a lactone initiated by a rare-earth borohydride
complex has been first described by Guillaume and coworkers on the basis
of comprehensive investigations (Guillaume et al., 2003; Palard et al., 2004,
2005). Detailed NMR, FTIR, MALDI-ToF MS, and elemental analyses,
including in particular the monitoring of the stoichiometric reaction of [La
(BH4)3(THF)3] (1La, a diamagnetic complex facilitating NMR understanding)
and [(Cp*),Sm(BH,4)(THF)] (5Sm, an organometallic complex providing bet-
ter solubility and featuring the Cp* as diagnostic group for NMR and MS
investigations —and thus identification— of resulting intermediates) with CL,
all the way to the hydrolysis products, allowed identification of several key
intermediates which were isolated and fully characterized. As depicted in
Scheme 26, during the initiation step, the first three incoming CL molecules
displace the coordinated THF from the metal in [Nd(BH,)3(THF)3] (1Nd) to
form the adduct [Nd(BH,4)3(CL)s] (i). Subsequently, these first CL molecules
insert into each of the Nd-HBH3 bonds with a C(O)dO (oxygen-acyl) bond
cleavage to give the intermediate [Nd{O(CH,)sC(O)H BHz}3] (ii) (most
likely solvated by a Lewis base). The displaced BH3 group then immediately
reduces the adjacent aldehyde to form a dACH,OBH, function thereby
generating the alkoxyborane derivative [Nd{O(CH,)sCH,OBH,}] (iii). Ensu-
ing propagation into the NddO bond of this active species gives the living
polymer  [Nd[{O(CH,)sC(0)}, 10(CH,)¢OBH,]s] (iv). Finally, upon
termination —that is, quenching and deactivation— hydrolysis of both the
RO and CH,OdBHS, bonds of iv generates an hydroxyl end-group at each
chain-end (dip/13¢c 3.71/59.9 ppm) giving HO(CH,)sC(O){O(CH,)sC(0)},0
(CH5)sOH, HO-PCL-OH (v). Direct experimental evidence was provided
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SCHEME 26 Proposed general mechanism for the ROP of CL initiated by a rare-earth borohy-
dride complex illustrated with [Nd(BH,)s(THF)s].
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for species of the type i, iii, iv, and v from both mono- and tris(borohydride)
catalytic systems (Guillaume et al., 2003; Palard et al., 2004). Additional sup-
port of the presence of ACH,OBH, groups (which lead to the formation of a
“physical gel”) during the polymerization process was obtained from FTIR
investigations which unambiguously showed the presence of B—H unit(s) in
the relevant intermediates depicted in Scheme 26 (Palard et al., 2005).

From these observations, the pseudo anionic coordination—insertion mech-
anism illustrated in Scheme 26 for the neodymium complex, involving in par-
ticular the carbonyl reduction by the reactive AHBH; group and common to
all borohydride initiators [(L)xR(BH4)s «(THF)] (“Ly”...ancillary ligand, for
example, Cp*,; x...1-2), was suggested to rationalize the formation of a,o-
hydroxytelechelic PCL. Finally, this mechanism has been corroborated by
detailed DFT investigations by Maron and coworkers on both trisborohydride
and single-site monoborohydride organometallic complexes (Barros et al.,
2008a; vide infra) (Table 6). This mechanism is similarly taking place during
the ROP of lactones (BL, Guillaume et al., 2013; CL, Guillaume et al., 2003;
VL, Nakayama et al., 2009; PDL, Nakayama et al., 2011) or lactides (Dyer
et al., 2010; Nakayama et al., 2007) initiated by trivalent rare-earth borohy-
dride complexes.
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The divalent samarium borohydride complex [SmEHITHF),] (2Sm) has
been suggested by Nief, Visseaux, and coworkers to operate through a similar
coordination—insertion mechanism thereby affordimg -dihydroxytelechelic
PCL (Jaroschik et al., 20)0A different monoelectronic oxidative process, with
the polymerization induced by the oxidation of $then involving two samar-
ium centers, was proposed to rationalize the single growing PCL chain per two
metal ions and the observed chain-ends. DFT investigations computed this oxi-
dative route through radical species to be favorable, but the study showed that it
does not occur experimentally unless one considers transfer reactions with the
solvent yide infrg Iftner et al., 201}

Therefore, in the ROP of a polar monomer promoted by a rare-earth boro-
hydride complex, during the initiation step, the rare-earth borohydride com-
plex reacts with the first incoming monomer molecule to form a complex
then featuring a metal-oxygen bond, which is the real active species. In the
ROP of cyclic esters and acrylates such as lactones, lactides or carbonates
and methyl methacrylate (MMA), the complex formed from the equimolar
mixture of the rare-earth borohydride and the first monomer moiety added,
results in the formation of a rare-earth alkoxide/enol&tdd infra) as the real
initiating and propagating species. Consequently, when using a rare-earth
borohydride in the polymerization of a polar monomer, the propagation will
always take place in a metal-oxygen (and not in a metal-gJBidnd. Also,
the number of growing polymer chains is given, in a controlled “living” ROP
process, by the number of R-BHinit.

In such a coordination—insertion mechanism, the larger size of the metal
center should accelerate the monomer coordination by providing less steric
hindrance in a wider coordination sphere. However, as exemplified above in
several series of rare-earth borohydride complexes, this trend does not always
apply experimentally. Also, the potential coordination of a solvent or another
substrate molecule onto the metal center may similarly impact the rate of
polymerization. This reveals the significant role played by the ancillary(ies)
in providing, along with the metal itself, a delicate balance of steric and elec-
tronic parameters. As demonstrated by the DFT investigations discussed
below, thermodynamic as well as kinetic factors also significantly contribute
to the whole energetic reaction profile.

Finally, we note that using rare-earth borohydride complexes rather
than alkoxide ones as initiators does present the significant advantage of
affording directly a,0-dihydroxytelechelic polymers instead afalkoxy0-
hydroxytelechelic analoguess¢heme 27 Palard et al., 2006 Whereas any
initiator will always generate one hydroxyl chain-end upon hydrolysis of the
metal-oxygen bond during termination, only borohydride complexes will con-
comitantly lead to a second aliké OH end-capping function thanks to the
reduction of the cyclic ester carbonyl by the BHroup @arros et al.,
2008a; Palard et al., 20n6The potential ring-opening of the cyclic ester
through a @ C (oxygen-alkyl) bond cleavage that may occur besides the
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SCHEME 27  Synthesis of a,o-functionalized PCL from the ROP of CL illustrating the two pos-
sible monomer openings, the OdC(O) oxygen-acyl (blue) and the OdC oxygen-alkyl (red) bond
cleavages.

0OdC(0O) (oxygen-acyl) bond rupture, as in the case of cationic initiators and
more often with the small four-membered ring b-lactones such as BL or pro-
piolactone (Scheme 27), has been disclaimed in these mechanistic studies
from polymer chain-end analyses.

In the related synthesis of end-capped PCLs through the reduction of an
exogenous aldehyde or ketone R'C(O)R” (R'...alkyl, aryl, R”...H, alkyl;
Scheme 28) by the homoleptic rare-earth trisborohydride complexes 1R,
Sun and coworkers envisaged two possible mechanisms (Wu et al., 2008).
Two concomitant reduction pathways involving either the active alkoxide
complexes [R(OCHR'RY);] in the case of aromatic aldehydes or ketones (path
A), or the BH; THF active byproduct in the case of substrates such as propa-
nal and butanal with limited steric effect and high reactivity (path B), are pro-
posed to account for the incomplete control of the polymerization observed
experimentally (Scheme 28).

3.1.4.2. ROP of a-Amino Acids N-Carboxyanhydrides

The ROP of a-amino acids N-carboxyanhydrides studied experimentally with
(g-benzyl-L-glutamate N-carboxyanhydride) (BLG) has been investigated ana-
Iytically by Shen, Ling, and coworkers in an effort to understand the polymer-
ization mechanism (Peng et al., 2012a,b) (Table 3). In particular NMR and
MS analyses of a polymer sample (no NMR data are, however, reported)
prepared from the related r-alanine NCA (ALA) revealed an a-carboxylic-
o-aminotelechelic polypeptide chain (A) as the major product (Scheme 29).
An activated monomer mechanism (typical tertiary amine NCA ROP mecha-
nism; reaction pathway A in Scheme 29) was proposed to explain its forma-
tion. In this route, the N-yttrium metallated NCA (i) formed upon 3-NH
deprotonation, attacks the second incoming ALA at the 5-CO leading to dimer
(ii) featuring a highly electrophilic N-acyl NCA end-group and a nucleophilic
carbamate end-group. Further chain growth then proceeds through the carba-
mate end by attack at the 5-CO of another NCA or of i, or through the
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SCHEME 28 Proposed mechanism for the ROP of CL initiated by a rare-earth alkoxide
generated in situ from 1/R'RYC(O).

electrophilic N-acyl NCA end attacked by i or by the carbamate end of
another ii. The COOH end-group is then generated during the precipitation
upon 5-CO attack of N-acyl NCA end-group by H,O and release of a mole-
cule of CO,. The (other) amino end-group arises from hydrolysis of the active
yttrium carbamate group followed by release of one CO, molecule. The second
major distribution of peaks was assigned to a-hydroxyl, o-aminotelechelic
polymer (B) formed via a nucleophilic ring-opening initiation and chain growth
process (known as the normal amine mechanism; reaction pathway B in
Scheme 29). The ALA attacks at 5-CO by [Y(BH,4)s(THF)3], ring-opens and
inserts into the YAHBH; bond to give the intermediate (iv), in which the
immediate interaction of the HBH3 group with the a-carbonyl results in the for-
mation of the corresponding yttrium alanine carbamate derivative (v). The ROP
of ALA by v then proceeds through attack at its 5-CO by the yttrium carbamate
with the (1-oxygen)-(5-acyl) bond cleavage, and subsequent release of one mol-
ecule of CO,. Water termination/hydrolysis of the [AINHCH(CH3)CH»(OBH,)]
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SCHEME 29 Postulated major mechanisms for the ROP of BLG initiated by [Y(BH4)s(THF)s],
1Y.

chain-end generates the hydroxyl end-group, while hydrolysis of the active
yttrium carbamate group and release of CO, generate the amino group of the
resulting a-hydroxyl,0-aminotelechelic poly(ALA) chains (B). The swift back
and forth switching between these two mechanisms afforded monomodal SEC
traces and partial control of the polypeptide molar mass.

Both an amino and hydantoic (C, Scheme 30), and a carboxylic and
hydantoic acid (D, Scheme 30) end-functionalized poly(ALA) were finally
identified as minor products in the MALDI-ToF mass spectrum. The forma-
tion of product C is closely related to species i. After formation of the dimer
ii, both cyclization and propagation competitively take place. The cyclized
3-(yttrium carboxylate) hydantoin product iv attacks the 5-CO of N-acyl
NCA end-group of a polymer chain (iii), thus giving C. Also, the addition
of a propagating nucleophilic carbamate end-group onto the yttrium
a-isocyanato carboxylate that arises from the rearrangement of i is postulated
to result in the formation of product D (Peng et al., 2012a,b).
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SCHEME 30 Proposed side reactions of the ROP of BLG initiated by [Y(BH,4)3(THF)z], 1Y.

3.1.5. Valuable a,o-Dihydroxytelechelic Polyesters

The most significant advantage of using rare-earth borohydride complexes
as initiators in the ROP of cyclic esters is the resulting direct formation of
a,o-dihydroxytelechelic polyesters which are not accessible from the more com-
mon alkoxide initiators (Scheme 27; Palard et al., 2006). Indeed, no chemical
modification of a chain-end is required to generate the second OH group, the first
one being necessarily created within the termination step upon hydrolysis of the
active metal-oxygen bound into an OH (vide supra). Hydroxytelechelic poly-
mers are indeed highly desirable and valuable since they provide easy access to
copolymers which are otherwise not so straightforwardly prepared, or to original
(multi-)block (co)polymers (vide infra, Section 3.5.2; Guillaume, 2013).

3.2. ROP of Trimethylene Carbonate

Given the reactivity of the BH, group with the carbonyl of the first inserted
lactone or diester monomer unit, the ROP of a carbonate monomer was fore-
seen as promising. However, in contrast to the ROP of lactones or lactides
which have been comparatively quite investigated with a variety of inorganic
and organometallic complexes (Table 1), studies on the ROP of a cyclic



TABLE 4Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of Trimethylene Carbonate (TMC)

and Experimental Data

T™MC Solvent Mn max®©
Rare-earth borohydride (ITMC]o/[BH.]o Temp. Reaction time (Mnigheo)*
complex highest value)® (O Conv.” gmol * bum® Copolymer
Trivalent complex
[{CH(PPh,NTMS),}Y(BH4),] (250) Tol 2min 8000 1.29f
(20Y, Scheme 11) (Guillaume et al., 2012) 20 C 26% (6600)
[{CH(PPh,NTMS),} (250) Tol 2 min 11,300 1.47
La(BH4)>(THF)] (Guillaume et al., 2012) 20 C 42% (13,300)
(20La, Scheme 11)
[SM(BH.)3(THF)3] (345) THF, DCM 4h 27,050 1.32 PTMC-b/co-PCL
(1Sm, Scheme 1) (Palard et al., 2007) 21 C 74% (26,050) (Palard et al., 2007)
[{CH(PPhaNTMS) 3 Lu(BH,),] (250) Tol 5 min 12,100 1.42
(20Lu, Scheme 11) (Guillaume et al., 2012) 20 C 47% (12,000)

2Note that the [TMC]o/[BH4]o ratio is different from the [TMC], /[initiator/catalyst], value, the former being used in the calculation of the theoretical molar mass (Mneo)

assuming one growing chain per BH, group.

®Monomer conversion determined by *H NMR or by gravimetry and corresponding to the highest [TMC]o /[BH.]o value reported.

°Number average molar mass (maximum value) determined by SEC versus polystyrene standards and corrected by a factor of 0.73 for TMC (Palard et al., 2004).
9Theoretical molar mass calculated from [TMC]o/[BH.4]o TMC conversion Mryc, assuming one growing chain per BH, group, with Mryc... 102 g mol *; note that a
discrepancy between Mny,, and Mnsgc may be indicative of a number of growing polymer chains different from the number of BH, groups in the initiating complex.

€Calculated average dispersity value as reported from SEC traces.

%
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carbonate monomer are limited to trimethylene carbonate, TMC, and to just a
couple of rare-earth borohydride initiators (Table 4).

3.2.1. Inorganic Rare-Earth Borohydride Initiators

To this end, poly(trimethylene carbonate), PTMC, was synthesized by Guil-
laume and coworkers from the ROP of TMC promoted by [Sm(BH,)s(THF)s],
1Sm, under mild conditions (Palard et al., 2007) (Table 4). Polycarbonates
with quite high molar mass (Mnsgc up to 27,000 g mol ') were obtained in
high yields, with a linear dependence of Mnsgc with the [TMC]o/[BH.], ratio.
Remarkably, the ROP proceeded without decarboxylation (no ether linkages
observed in the NMR spectra of the polycarbonates) as otherwise commonly
observed with other catalytic systems. The ROP of TMC (81% in 90 min
at [TMC]o/[BH4lo...86) was found, under similar operating conditions
([initiator], ca. 4.5 mmol L 1), to be slower than that of CL (100% in
5min at [CL]o/[BH4]o...87; Table 1). The dispersity values of PTMC
(Mw=Mnca:1:3) were quite narrow in comparison with PTMC samples
prepared from other non-borohydride rare-earth initiators, and hardly larger
than the ones measured for other polyesters- such as PCLs or PLAs- prepared
from rare-earth borohydride complexes. Note that the correction factor
applied to PTMC samples analyzed by SEC against polystyrene standards to
correct for the hydrodynamic radius difference between such two distinct
polymers was established in this original work from comparative MALDI-
ToF MS, viscosimetry, and NMR investigations. Detailed *H and **C, 1D
and 2D NMR and MALDI-ToF MS analyses revealed the formation of
a-hydroxy,o-formatetelechelic PTMC, the first example of formate end-
functionalized PTMC (Scheme 31).

3.2.2. Organometallic Rare-Earth Borohydride Initiators

The unique study on the ROP of TMC promoted by an organometallic rare-
earth borohydride complex involves the bis(phosphinimino)methanide bisbor-
ohydride complexes of lanthanum, yttrium, and lutetium, [{CH
(PPh,NTMS),}La(BH,)(THF)] (20La) and [{CH(PPh,NTMS),}R(BH,),]
(R...Y (20Y), Lu (20Lu)) reported by Guillaume et al. (2012) (Table 4).
The ROP proceeded rapidly in toluene at 20 C with quantitative TMC
conversion reached within 2min at [TMC]y/[20Y,La,Lu]o...100
(TOF... 3000 molypc moly 410 h 1. At larger monomer loadings (500
equivs), this high activity was maintained or improved (TOF up to

n+2

0
(1) [Sm(BH)3(THF)3l  Ho, ,0_ [0, ,O_ Oy ,O_ _H
oo hd TT% 2 Tk] R
v (2) H* o) 0 o)

SCHEME 31 Synthesis of HO-PTMC-OC(O)H from the ROP of TMC initiated by [Sm
(BH4)3(THF)3], 1Sm.
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SCHEME 32 Synthesis of HO-PTMC-OC(O)H and HO-PTMC-OH from the ROP of TMC
initiated by [{CH(PPh,NTMS),}La(BH,)2(THF)], 20La.

6300 molrmc mol . h ). Changing the solvent to THF was found to inhibit
the polymerization. A good control of the PTMC molar mass was obtained
up to Mnsec  Mnnmr  MNipeo ... 10,000gmol 1. Although the SEC traces
remained unimodal, the Mw=Mn values around 1.42 indicated the occurrence
of transcarbonatation reactions as commonly encountered in the ROP of car-
bonates. *H NMR analyses of the PTMC samples only showed the presence of
both hydroxy and formate end-groups, featuring a HOdCH,d and
dCH,0C(O)H intensity ratio of generally 2:1. The concomitant formation
of a-hydroxy,o-formate telechelic PTMC (vide infra, Scheme 34 path A)
and of a,o-dihydroxytelechelic PTMC (vide infra, Scheme 34 path B), dis-
playing a common dCH,OH *H NMR signal, was also likely and could
not be ruled out from the experimental data (Scheme 32). In silico investiga-
tions of the mechanism next revealed the formation of the latter heterofunctio-
nalized a-hydroxy, o-formatetelechelic PTMCs to be slightly preferred
computationally. Also, these DFT insights highlighted the valuable role of
the bis(phosphinimino)methanide ligand (vide infra).

3.2.3. Mechanistic Insights from Analytical Studies on the ROP
of TMC Initiated by Rare-Earth Borohydride Complexes

Given the ROP mechanism of the related CL, initiated by rare-earth borohy-
dride complexes, the mechanism of the ROP of TMC has been similarly
investigated from detailed NMR, FTIR, and MALDI-ToF MS analyses. In
particular, the (soluble) [Sm(BH,)s(EtOC(O)OEt)s] intermediate was success-
fully isolated and characterized, thus demonstrating the initial displacement of
THF from the Sm coordination sphere by the incoming (non polymerizable)
Et,CO3 carbonate molecules (Palard et al., 2007). The initiation step of the
polymerization of TMC promoted by [Sm(BH,)s(THF)s] (1Sm) thus involves
the substitution of the coordinated THF by the first three incoming carbonate
molecules to give [Sm(BH4)3(TMC)3] (i) (Scheme 33). The nucleophilic
attack of i on the carbon atom of the TMC carbonyl function was followed
by the carbonate insertion into the SmMdHBH; bond with an oxygen-acyl
bond cleavage to form [Sm{O(CH,)sOC(O)HBH}s], (ii). Indeed careful
analysis of the polymer chain-ends by *H and **C NMR did not show the
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SCHEME 33 Proposed mechanism for the ROP of TMC initiated by a rare-earth borohydride
initiator illustrated with [Sm(BH,)3(THF)3], 1Sm.

terminal specific HOC(0)Od and dCH,CHj5 groups arising from an oxygen-
alkyl (OC(0O)OdCHy,) bond breakage, but clearly evidenced the HOCH,d
and dOC(O)H protons and carbons at d 3.71/59.9 and 8.03/161.8 ppm,
respectively. At this stage, it appeared experimentally, from the NMR spectra
of the analogous lanthanum species which display the dOC(O)H signals, that
the C(O) of the inserted carbonate of ii would not undergo reduction by the
adjacent H-BH; group, unlike in the case of CL. However, elimination of
the BH3; THF adduct from ii (Scheme 33 path B) or later on upon hydrolysis
from iii (Scheme 33 path A), could not be established from experimental data.
Propagation then proceeds from the active samarium alkoxide species ii/ii’ into
the active polymer [Sm{O(CH,)s0C(0)}, 1{O(CH,)3;0C(O)HBHz}s], (iii), or
the BHs-free analogue [Sm{O(CH,);0C(0)}, 1{O(CH,)30C(0)H}s] (iii"),
respectively. Termination upon acidic hydrolysis of the SmdO and possibly
of the OC(O)HBH; bond(s) (path A), gives the a-hydroxy,o-formatetelechelic
PTMC, HO(CH,);0C(0){O(CH);0C(0)},0(CH);0C(0O)H, HOPTMCAOC
(O)H, (iv) (Scheme 33). This is the first pseudo anionic coordination—insertion
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type process fully detailed for the ROP of a carbonate initiated by a rare-earth
complex. It is also different from the cationic process described for the ROP of
TMC initiated by rare-earth trishalides (Shen et al., 1997), which proceeds
through an oxygen-alkyl bond scission of the monomer leading to a high con-
centration of ether segments, not observed in this study.

Interestingly, the use of the organometallic bis(phosphinimino)methanide
bisborohydride rare-earth complexes [{CH(PPh,NTMS),}R(BH,),(THF)]
(R...La (20La), Y (20Y), Lu (20Lu)) by Guillaume et al. (2012), raised the
question of the carbonyl reduction by the BH3 function leading to the forma-
tion of a putative a-hydroxy,o-hemiacetaltelechelic PTMC (Scheme 34). The
latter species, [H{O(CH,);0C(0)}, 10(CH,);0CH,0H] (ii") would be
formed after the coordination—insertion of the first incoming TMC molecules
to 20La (in)to [{CH(PPh,NTMS),}La{O(CH,)s0C(O)HBH3}] (i), followed
by the reduction of the adjacent carbonyl group of i by the terminal BHj into

[La](BH,), [La] = {CH(PPh,NTMS),}La(THF)]
20La

Coordination— | 2 o*o
insertion N

T™MC
o
(0] (e} HBH
lLa] ~TN T/‘ 3
Path A . (0] 5 Path B
No C(O) reduction / ! \ C(O) reduction
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SCHEME 34 Proposed mechanism for the ROP of TMC initiated by [{CH(PPh,NTMS),}La
(BH4)2(THF)], 20La.
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[{CH(PPh,NTMS),}La{O(CH,);OCH,0BH,}] (i) and then by the propaga-
tion (Scheme 34 path B), as observed with the ROP of CL (Scheme 26).
However, no evidence of ii’ could be detected by *H NMR most likely
because the unstable hemiacetal chain-end evolved toward an AOH group
with liberation of formaldehyde, thus affording the a,o-dihydroxytelechelic
PTMC, [H{O(CH,);0C(0)},O(CH,)s0H] (iii’) (Scheme 34 path B).
The hydroxyl chain-ends of iii’ would then be identical to the one of the
a-hydroxy,o-formatetelechelic PTMC (ii), the latter being formed via the
ROP mechanism which does not involve the carbonyl reduction (Scheme 34
path A), as previously described for the ROP of TMC from trisborohydride
complexes and illustrated in Scheme 33 with [Sm(BH4)3(THF)3] (1Sm).
DFT studies next showed that these two mechanisms (Scheme 34 path
A and B) were computationally feasible (vide infra).

3.3. Concluding Remarks on the ROP of Polar
Monomers Initiated by Rare-Earth Borohydride Complexes

The molar mass of the polymers formed from the controlled ROP of a
polar cyclic (non-acrylate) monomer generally remains smaller than
50,000 g mol *; yet, higher molar mass values have not necessarily been tar-
geted (Tables 1-4). Note that a difference between the experimental molar
mass value (Mngsec), and the one calculated (Mnyeo) assuming that all
BH,4 groups participate in the ROP, suggested either a poor control of the
catalytic system, or a number of initiating BH, functions different from
expected (Penczek and Moad, 2008).

It is noteworthy that regarding polylactones and polylactides, the narrow-
est dispersity values (Mw=Mn<1:06) were obtained for the ROP of
CL initiated by the bisphosphiniminomethanide complexes [{CH
(PPhoNTMS) }a(BH,)2(THF)] (20La) and [{CH(PPh,NTMS),}R(BH,),]
(R...Y (20Y), Lu (20Lu)), reported by Roesky, Guillaume, Maron, and cow-
orkers (Jenter et al., 2010), or with the synthesis of PHB promoted by the
diaminobis(phenoxide) complexes [{(O,N,)*Nd(BH.),Li(THF)},] (31Nd)
and [(O,N,)°Nd(BH,),Li(THF),] (32Nd) reported by Carpentier, Trifonov,
and coworkers (Sinenkov et al., 2011), or by the homoleptic rare-earth
trisborohydride complexes [R(BH4)3(THF)s] (R...La (1La), Nd (1Nd), Sm
(1Sm)) as found by Guillaume et al. (2013), thus suggesting a well-controlled
ROP process in these cases (Tables 1 and 2). The Mw=Mn values recorded for
poly(lactide)s prepared from rare-earth borohydride catalysts were larger than
the ones commonly obtained from a well-controlled ROP process involving
the more common alkoxide initiators. In comparison to polylactones, the dis-
persity values usually obtained for PTMC ( 1.3) samples were generally
higher as a result of a larger extent of transcarbonatation side reactions versus
transesterification ones (Tables 1-4).
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The activities of the rare-earth borohydrides investigated in the ROP of
polar monomers (under the operating conditions reported, that is, reaction
times not necessarily optimized) including lactones, lactides,
N-carboxyanhydrides, and carbonates can be estimated from data gathered
in Tables 1-4 The comparison shows the highest activity of up to
TOFY434,200 mok, mol., h %, recorded with bis(phosphinimino)methanide
borohydride complexes [{CH(PBNTMS),}La(BH,4),(THF)] (20La) and
{CH(PPh,NTMS),}R(BH,),] (RY2Y (20Y), Lu (20Lu)), by Roesky,
Guillaume, Maron, and coworkerslgnter et al., 2000 to be in the same
range as those obtained with the rare-earth cationic bisborohydride complexes
[R(BHY)(THF)s][BPhs] (RYY (6Y); La (6La), Nd (6Nd), Sm ©Sm))
(TOF%30,000 mok, moly | ana.smh *) by Okuda and coworkersRpbert
et al., 2009, or with the bridging monoborohydride diaminobis(phenoxide)
derivatives [{(QGNNPY)R(mBH,)(THF)}2] (RY4Y, n¥0.5 26Y), Nd, n¥.1
(26Nd), Sm, n¥40 (26Sm) (TOFY429,700 mak, molsmh ) reported by
Mountford Bonnet et al., 2009a Remarkably, these activities are, to our
knowledge, the highest values reported for rare-earth borohydride initiators
promoting either a cyclic polar monomer or an acrylat&l¢ infra) polymer-
ization (Tables 1-)

Although within a given series of rare-earth complexes, a direct correla-
tion of the polymerization activity with the ionic radii of the metal centers
is often observed, this trend cannot be taken as a general rule throughout
the rare-earth series. Indeed, subtle parameters often related to the steric and
electronic contribution of the ancillary molecule(s), and most significantly
to the nature of the ligand itself as well as to the presence of the “non-spectator”
BH, ligand, have to be taken into account. This can be assessed through
DFT investigations as elegantly exemplified with the interaction of the bisphos-
phiniminomethanide ligand with the borohydride ligand.

The mechanism for the ROP of cyclic lactones, lactides, carbonates, and
a-amino acid N-carboxyanhydrides, based on experimental investigations,
are now well established and recognized. However, the exact nature of the
polymer end-capping functions has not yet been systematically investigated
or evidenced. Whereas,o-dihydroxytelechelic PHB, PCL, PVL, PPDL,
PLA, PLLA, PTMC are formed, other end-functionalized PTMCs and PBLGs
have also been obtained, thus underlying the singularity of both carbonate and
a-amino acid NCA monomers. As addressed thereafter, DFT input has been a
determining factor to support (some of) the mechanisms proposed and to pro-
vide other energetic information otherwise inaccessible.

Regarding the ROP of cyclic carbonatesasamino acidN-carboxyanhy-
drides, the investigations remain quite rare in comparison to other
cyclic esters (lactones and lactides) and limited to TMC and BLG monomers.
The concomitant occurrence of several possible ROP pathways, as evidenced
experimentally and especially from mechanistic insights, may be a limiting
factor.
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SCHEME 35 Synthesis of PMMA from the polymerization of MMA initiated by Nd(BH,4)3(THF)3
(INd).

3.4. Polymerization of Methyl Methacrylate

3.4.1. Inorganic and Organometallic Rare-Earth Borohydride
Initiators

Using Nd(BH,4)3(THF); (LNd) as a pre-initiator, in association with variable
amounts of an alkylating agent as co-catalyst such as Mg"Bu,, "BuLi or
[(2,6-'Bu-4-Me-CgH30),AIEL], poly(methyl methacrylate) (PMMA) with dif-
ferent tacticities depending on the solvent, was prepared at 40/0 C in yields
up to 95% by Visseaux and coworkers (Scheme 35; Barbier-Baudry et al.,
2006) (Table 5). Highly syndiotactic PMMA (rr up to 75%) was formed from
all reactions performed in THF, whereas only the use of 1Nd/BulLi in toluene
led to an isotactic enriched PMMA (mm up to 93%). No mechanistic informa-
tion was reported.

The polymerization of methyl methacrylate (MMA) initiated by the rare-
earth borohydride complexes [R(BH,4)3(THF)3] (R...Nd (INd), Sm (1Sm)) or
[(Cp*),SM(BH4)(THF)] (5Sm) proceeded in various solvents (THF, DCM,
toluene) at ambient temperature to give rather syndiotactic (rr up to 67%)
poly(methyl methacrylate) as reported by Maron, Guillaume, and coworkers
(Barros et al., 2008b) (Table 5). Lowering the temperature from 25to 10 C
improved the conversion of MMA from 10% in 24 h to 35% in 4 h when using
1Nd/DCM. Use of the metallocene complex 5Sm enabled to reach quantitative
MMA conversion and significantly enhanced both the activity (TOF up to
111 molyma Molsm h 1) and the productivity (up to 221 turnover numbers in 2 h).
However, the experimental molar mass values were generally much higher
than expected and quite broad dispersities (1:2<Mw=Mn<2:7) were
obtained, suggesting poor initiation efficiency. DFT investigations by Maron,
Guillaume, and coworkers of MMA polymerization reactions using [(Cp).Eu
(BH,4)] as model initiator in comparison to [(Cp),Eu(H)] (related to Yasuda’s
work on [{(Cp*),Sm(H)},]) rationalized these experimental data, and allowed
a ROP mechanism to be established (vide infra, Barros et al., 2008b). In parti-
cular, in the reaction of [(Cp),Eu(BH,)] with MMA, the most likely among all
possible computed products was the exergonic borate [(Cp),Eu {(OBH5)
(OMe)C] C(Me),}] complex, which was formed via the enolate [(Cp).Eu
{O (OMe)C] C(Me),}] (Scheme 36).



TABLE 5Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of Methylmethacrylate (MMA) and

Experimental Data

Solvent Reaction M max®© Polymer
Rare-earth borohydride MMA ([MMA]o/[BH4lo  Temp. time (Mngheo)™ Tacticity
complex highest value)® (C) Conv.” gmol * Bum® (%) Copolymer
Trivalent complex
[(CsMe,dCgH4-0-NMey) (250) Benz, 2h 16,600 1.59  mm/mr/rr
Sc(BH4)2](11Sc, Scheme 6) (Jian et al., 2010) THF Benz: (nd)f Benz: 80/14/6
20 C TOF...13 THF: 2/24/74
THF:
TOF...70
[(CsMe,dCgH,4-0-NMey) (250) Benz, THF: 190,000 216  THF:
Sc(BH,4)2](11Sc, Scheme 6)/ (Jian et al., 2010) THF 2.5min (nd)f mm/mr/rr
Mg"Buy, "BuLi® 20 C TOF...15 0/20/80
{CH(PPh,NTMS),}Y(BH,),]  (400) THF, Tol  24h nd"" nd™™  mm/mr/rr
(20Y, Scheme 11) (Guillaume et al., 2011) 23 C <5% 25/31/44
[{CH(PPh2NTMS)2}La(BH4)  (400) THF, Tol  2h nd"" nd""  mm/mr/rr
2(THF)](20La, Scheme 11) (Guillaume et al., 2011) 23 C 9% 29/40/31
[Nd(BH.)s(THF)s] (130) THF, 4h 31,500 2.1 mm/mr/rr
(INd, Scheme 1) (Barros et al., 2008b) DCM, Tol THF: 22% (680) 16/27/57

25 C




[Nd(BH,)3(THF)3] (167) THF, Tol THF: 23 h, 110,000 2.46  mm/mr/rr
(INd, Scheme 1)/Mg"Bus, (Barbier-Baudry et al., 40 C 81% (13,500)" THF: 3/22/75
"BuLi, [(2,6-'Bu-4-Me- 2006) Tol: 3h, Tol: 93/6/1,
CgH3O),AIlEt]° 95% 1/18/81
[(Cp*™)Nd(BH4)(THF)] (500) THF, Tol  15h 31,000 2.85  mm/mrirr
(6Nd)/Mg"Bus, "BuLi® (Barbier-Baudry et al., 0C 100% (44,500)" 4/18/78,

2006) 77/11/12
[CPp*™)NA(BH4)2(THF),] (250) THF, Tol  19h 21,400 20°  mmimrir
(10Nd, Scheme 7)/"BuLi®' (Barbier-Baudry et al., 0C 92%' (23,000)_*_ THF: 0/27/73'

2006) Tol: BM" Tol: 94/5/1'
[(CP*™){(p-Tol)NNIR(BH,)] (500) Tol 16 h _ 1,000,000' 1.5 mm/mrirr
R...Nd (12Nd), Sm (12Sm) (Barbier-Baudry et al., 0C Nd: 100%' (50,00_0)f 96/3/1'
(Scheme 7)/BuLi?' 2006) Sm: 59%' or BM/
[{(TMS).NC (775) Tol 8h 615,050 272 mm/mrirr
(NCy)2}2Nd(BH,),Li(THF),] (Skvortsov et al., 2007c) 21 C 39% (30,550)° 31/34/35
(22Nd, Scheme 12)
{(TMS).NC - (250) Tol, RT 3h 8500’ 2.52'  mm/mr/re
(N'Pr)2}aNd(BH,),Li(THF),]' (Skvortsov et al., 2007b) 52%' (13,000)" 44/41/15'
(23Nd)
[Sm(BH.,)3(THF)3] (125) THF, 24 h 30,000 2.2 mm/mr/rr PCL-b-PMMA
(1Sm, Scheme 1) (Barros et al., 2008b) DCM, Tol  Tol: 7% (880) 24/20/56 PMMA-b-PCL-b-

25 C PMMA
(Schappacher
et al., 2007)

/
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TABLE 5Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of Methylmethacrylate (MMA) and
Experimental Data—Cont’d

Solvent Reaction Mn max© Polymer
Rare-earth borohydride MMA ([MMA]o/[BH.s],  Temp. time (Mngpeo)™® Tacticity
complex highest value)? (C) Conv. gmol ! Bu® (%) Copolymer
[(Cp*)2.Sm(BH.)(THF)] (320) THF, 20h 378000 21 mm/mrir
(55m) (Barros et al., 2008b) DCM, Tol THF: 100%'  (22,140) 18/15/67
25 C
[(Cp™"™®)2Sm(BH,)(THF)' (500) Tol 16h 418,000 25 mm/mr/rr
(7Sm) (Barbier-Baudry et al., 0cC 90%' (45,000)f 0/18/82'
2006)
[(CPp™"3),Sm(BH.4)(THF)] (500)' THF 23h 31,500 21" mmimrfr
7Sm)/"BuLi® Barbier-Baudry et al., 0C 67% 33,500 2/28/70
/"BuLi®"' bi d | ! f /28/70'
2006)
[(Cp"™™)Sm(BH.)]' (50) Tol 4h 540,0000  1.45' mm/mrir
(8Sm) (Barbier-Baudry et al., 25 C 100%' (5000)" —/-168
2006)
[(CPp™™)2Sm(BH,)] (500) Tol 20h BM BM' mm/mrirr
(8Sm)/Mg"Bu,,%' "BuLi? (Barbier-Baudry et al., 0C 45% 85/11/4
2006)
[(CP™"3)SM(BH,)2(THF),] (250) Tol 16h BM BM  mmimrir
(9Sm)/Mg"Bu,, "BuLi®' (Barbier-Baudry et al., 0C Mg: 70%' Mg: 17/18/65'

2006) Li: 23%' Li: 84/7/9'




[(Cp*™YSM(BH,)L(THFY] (250) Tol 6h nd' nd' mm/mr/rr
(10Sm)/Mg"Bu,’ (Barbier-Baudry et al., 0C 45% 41/19/40
2006)
[(CsMesd CgH4-0-NMey) (250) Benz, Benz: 2.5h 21,600 151  mm/mr/rr
Sm(BH,),](11Sm Scheme §  (Jian et al., 2010 THF TOFY.4 (ndY Benz: 43/
20 C THF: 1h 37/20
TOFY,42 THF: 9/33/58
[(CsMe,d CgH4-0-NMey) (250) THF 1h 246,300 1.90 mm/mr/rr
Sm(BH;),](11Sm (Jian et al., 2010 20 C TOFY440 (ndY 4124172
Scheme §/
"BuLi?
[(CP™™3){(p-Tol)NN} (500) THF, Tol  THF:24h 36,400 24" mm/mrirr
Sm(BH)] (Barbier-Baudry et al., 10 C 79% (39,500)*'_' THF: 1/24/75
(13Sm)/BuLi®” 2006) Tol: 3h Tol: BM" Tol: 93/5/2'
68%'
[{(TMSYNC (775) Tol 8h 58,000 153  mm/mr/rr
(NCy)},Sm(BH,),Li(THF)] (Skvortsov et al., 2007¢ 21 C 62% (48,300) 51/12/37
(22Sm, Scheme 19
{(TMS)yNC ~ (250) Tol 3h 199,900 9.95  mm/mr/rr
(N'Pry}2Sm(BH,),Li(THF)Y]' (Skvortsov et al., 2007) RT 7% (19,250 22/31/47'
(23sm)
{(NoNN ™S Sm(BH,)},] (200) Tol/THF 3h 35,660 121"  mm/mr/rr
(24Sm Scheme 13 (Bonnet et al., 2005b) 25 C 50% (10,000) 27/38/35'

.

/
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TABLE 5Rare-Earth Borohydride Complexes Used as Initiators in the (Co)Polymerization of Methylmethacrylate (MMA) and
Experimental Data—Cont'd

\

Solvent Reaction Mnmal Polymer
Rare-earth borohydride MMA ([IMMA] o/[BH4]o Temp. time (Mnheo)™ Tacticity
complex highest value)® (O Conv.? gmol ! D IVRE (7)) Copolymer
{(N2NNM*)Sm(BH),Li}] (100) To/THF  12h 12,400 1.64  mm/mrirr
(25Sm, Scheme 13 (Bonnet et al., 2005h) 25 C 26%' (2600) 25/40/35'
[(ArO)Er(BHy)o(THF)] (100) Tol 15h 96,500 nd’ mm/mr/rr
(19Er, Scheme 10 (Yuan et al., 20069 0C 58% (4150) 6/34/60
[{(TMSLNC(NCYRLIEr(BHy),  (300) Tol 25h 25,800 245 nd
(THF)](21Er) (Yuan et al., 2006b) 0C 28% (7100)
[(ArO)Yb(BH,)2(THF)] (100) Tol 15h 98,000 nd’ mm/mr/rr
(19Yb, Scheme 19 (Yuan et al., 20069 0C 60% 4710y 7134159
[{(TMSLNC(NCy)}Yb (150) Tol 15h 15,100 205 nd
(BH4)2(THF)](21Yb) (Yuan et al., 2006h) 0C 41% (6150)
[{(TMSLNC (775) Tol 8h 57,700 1.63  mm/mrirr
(NCy)},Yb(BH,),Li(THF)Y] (Skvortsov et al., 2007¢ 21 C 32% (24,900) 52/32/16

(22Yb, Scheme 19




[{CH(PPh,NTMS),}Lu(BH4),]  (400) THF, Tol  24h nd"" nd™™  mm/mrirr
(20Lu, Scheme 11) (Guillaume et al., 2011) 23 C 11% 12/27/61
[{(2,6-iPr,CeH3)NC(Me) (2500) Tol 2h 72,090 1.62  mm/mr/rr
CHC(Me)N(CgHs)}2RBH,] (Shen et al., 2012) 0cC 100% (nd) 0/21/80
R..Y (36Y), Yb (36Yb)

(Scheme 16)

[{N(2-MeCgH4)C(Me)}.CH),

RBH4]R...Y (37Y), Yb (37Yh)

(Scheme 16)

Supported complex

[(@SIO)Nd(BH4)»(THF), ] (500) f 9h 42,200 4.2 mm/mr/rr
(38Nd) (Del Rosa et al., 2012) (40%) (nd) ' 69/15/16

2Note that the [MMA], /[BH,], ratio is different from the [MMA], /[initiator/catalyst], value, the former being used in the calculation of the theoretical molar mass (Mneo)
assuming one growing chain per BH, group.

PMMA conversion determined by *H NMR or by gravimetry and corresponding to the highest [MMA]o/[BH,], value reported; TOF values given in

mOIMMA mo'complex h 8

°Number average molar mass (maximum value) determined by SEC-MALLS or by SEC versus polystyrene standards and corrected by a factor of 1.0 for PMMA.
9Theoretical molar mass calculated from [MMA]o/[BHslo MMA conversion Mpma, assuming one growing chain per BH,  group, with Mywma... 100 g mol %; note that
a discrepancy between Mng,e, and Mnsec may be indicative of a number of growing polymer chains different from the number of BH, groups in the initiating complex.
€Calculated average dispersity value as reported from SEC traces.

fValue not reported by the authors.

9Prepared in situ.

"Polymer insoluble in THF.

'Only a single experiment is reported.

JBimodal (BM) SEC traces.
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SCHEME 36 Synthesis of PMMA from the polymerization of MMA initiated by [(Cp).Eu(BH,)].

The polydentate diamide—diamine supported samarium monoborohydride
complex [{(N;NN™S)Sm(BH,)}.] (24Sm) developed by Mountford and co-
workers enabled the polymerization of MMA providing polymers with a
microstructure depending on the reaction temperature: the syndiotacticity
reached 65% at 78 C while rather atactic PMMA (mm/mr/rrca.25/38/
35%) were obtained at 25 C (Bonnet et al., 2005b) (Table 5). Although high
molar mass PMMA formed (Mn...52,800gmol ) with quite narrow
Mw=Mn values (ca.1.23), no further investigations from 24Sm but these
few experiments were reported. The comparatively less efficient (26% in
12h at 25 C) lithiated analogous complex, [(N.NNM®)Sm(BH,),Lil,
(25Sm) similarly gave atactic PMMA (mm/mr/rr 25/40/35%). These prelimi-
nary data first exemplified the polymerization of MMA by a rare-earth boro-
hydride complex. In comparison, the compounds [{(O,N?)R(m-BH,)
(THF),}2] (R...Y, n...0.5 (26Y); Nd, n...1 (26Nd); Sm, n...0 (26Sm)) were
ineffective for the polymerization of MMA (Bonnet et al., 2005a).

The borohydride metallocene and half-metallocene systems reported by
Visseaux and coworkers derived from substituted cyclopentadienyl rare-earth
complexes [(Cp™™),Sm(BH4)(THF)],  (7Sm), [(Cp™™)SM(BH,)2(THF),]
(9Sm), [(CP*")R(BH4)2(THF);] (R...Nd (1ONd), Sm, (10Sm)), [(Cp'™™),
Sm(BH,)] (8Sm), and/or diketiminate [(Cp”"){(p-Tol)NN}Sm(BH,)]
(13Sm), [(Cp*™"){(p-Tol)NNIR(BH,)] (R..Nd (12Nd), Sm (12Sm)), and
(p-Tol)NN ... [(p-CH3CgH4)N(CH5)C],CH combined (or not) to Mg"Bu, or
"BuLi gave highly syndiotactic (rr 82%) or highly isotactic (mm 96%)
PMMAs, depending on the ancillary ligand, the alkylating agent and the
polarity of the reaction medium (Barbier-Baudry et al., 2006) (Table 5).
While an electron-withdrawing ligand like Cp™™ (rr 82%) or the use of
THF (rrca. 74%) seemed to favor syndiotacticity, "BuLi rather provided iso-
tactic PMMA (mmca.89%) in apolar solvent. However, regardless of the
nature of the ancillary ligand and the operating conditions, the control of
the polymerization was not always satisfactory with these initiating systems,
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most likely as a result of propagation faster than initiation, often providing
bi/multi-modal SEC traces.

The aryloxide rare-earth  bisborohydride complexes, [(ArO)R
(BH4)2(THF)5] (R...Er (19Er), Yb (19Yb)), of Yuan and coworkers were
found moderately active in the polymerization of MMA at 30 to 40 C,
and most active at 0 C (Yuan et al., 2006a) (Table 5). Rising the temperature
from 0 to 25 C significantly decreased the yield of PMMA obtained from the
erbium and ytterbium compounds from 58-60% down to 14-13%, respec-
tively. Mainly syndiotactic (rrca.60%) PMMA was formed regardless of the
initiator and reaction conditions. However, the polymerization was not con-
trolled in terms of molar mass values (Mw=Mn not reported).

The same group also reported the neutral monoguanidinate rare-earth
bisborohydride complexes, [{(TMS),NC(NCy),}R(BH4)(THF),] (R...Er
(21Er), Yb (21Yb)), as active (Er>Yb) in the polymerization of MMA
(Yuan et al., 2006b) (Table 5). The homoleptic guanidinate parent compounds
were inert toward MMA thus highlighting the required presence of the BH,4
group. The complexes were more active at 0 C due to their deactivation at
higher temperature. However, the polymerization was not controlled in
terms of molar mass and dispersity values (Mw=Mn ca: 2:45). No tacticity
data were given.

The bis(b-diketiminate) ytterbium borohydride complex [{(2,6-iPr,CgH3)
NC(Me)CHC(Me)N(CgHs)},YbBH,4] (36YDb) reported by Shen was found to
polymerize MMA (Shen et al., 2012). The highest activity (quantitative
monomer conversion) was reached within 2h in toluene at 0 C at
[MMA]o/[36YDb], of 1000, affording syndiotactic PMMA (ca.80%) with
molar mass up to Mn...72,100gmol !, and 1.45<Py <1.81 suggesting a
poor control.

As later reported by Trifonov and coworkers, the corresponding anionic
N,No-diisopropyI-N“-bis(trimethylsiIyI) guanidinate rare-earth borohydride
complexes, [{(TMS),NC(N'Pr),}>R(BH,4),Li(THF),] (R...Nd (23Nd), Sm
(23Sm)), and [{(TMS),NC(NCy),},R(BHy4),Li(THF),] (R...Nd (22Nd), Sm
(22Sm), Yb (22YDb)) did allow the polymerization of MMA in toluene with
a different level of control according to the metal (Skvortsov et al., 2007b,
c) (Table 5). The PMMA thus formed was characterized by NMR analysis
as heterotactic with a slight predominance of isotactic (23Nd, 22Nd, 22Sm,
22Yb) or syndiotactic triads (23Sm). The catalytic activity which remained
moderate, decreased within the series according to Sm>Nd=>Yb. However,
the polymerization was generally uncontrolled in terms of molar mass (assum-
ing two BH, initiating groups per metal center) and dispersity values, with
the exception of 22Sm.

The group of Cui used the linked half-sandwich bisborohydride complexes
[(CsMe,dCeH4-0-NMes)R(BH,)2] (R...Sc (11Sc), Sm  (11Sm)) which
showed high isoselectivity at 20 C (mm 80%) when the polymerization of
MMA was carried out in benzene, and alternatively syndio-enriched PMMA



Handbook on the Physics and Chemistry of Rare Earths

(rr 74%) was formed in THF at 20 C (Jian et al., 2010). The related two
component initiating systems [(CsMe,dCgH4-0-NMe,)R(BH,),] (R...Sc
(11Sc), Sm (11Sm))/Mg"Bu,,"BuL.i also favored the formation of syndiotactic
PMMA (rrupto 80% at 40 C) in THF. Activation with an alkylating agent
generally improved the activity regardless of the metal center. An extremely
high activity for the synthesis of syndio-enriched PMMA (rr 75%) was
claimed (TOF ... 1200 molyma molsc h 1) from 11Sc/"BuLi at 20 C.

Investigations of the ability of bis(phosphinimino)methanide rare-earth metal
borohydrides, [{CH(PPho,NTMS),}Y(BHy4),] (20Y), [{CH(PPh,NTMS),}
La(BH,)2(THF)] (20La), and [{CH(PPh,NTMS),}Lu(BH,4)2] (20Lu) to poly-
merize MMA, have been reported both experimentally and computationally by
Guillaume et al. (2011) (Table 5). Both the lanthanum and lutetium complexes
polymerized MMA to some extent (yield<<11%) at 23 C whereas the yttrium
derivative was hardly active, whichever the operating conditions (solvent, reac-
tion time). The overall control was quite poor providing PMMA insoluble in
THF (i.e., suggesting the formation of polymers with high molar mass). Rather
atactic PMMA was obtained from 20La and 20Y, whereas 20Lu afforded
slightly syndio-enriched PMMA (rr up to 61%). Similarly, the analogous (phos-
phinimino)methanide chloro complexes combined with the amido ligand, [{CH
(PPh,NTMS),}R{(Ph,P),N}CI] (R...Y, La), were not very efficient, although
more active in presence of an alkylating co-catalyst, and afforded atactic PMMA
(Gamer et al., 2005). DFT insights highlighted the beneficial influence of the
phosphiniminomethanide ligand, in particular its significant steric, electronic,
and energetic contributions to the polymerization process in trapping the
liberated BH3 group (Guillaume et al., 2011). Also, in the case of yttrium, steric
considerations, in addition to energetically comparable barriers for the first and
second MMA insertions, support the experimentally observed difficulty to poly-
merize MMA (Section 4; vide infra).

3.4.2. Concluding Remarks on the Polymerization of MMA
Initiated by Rare-Earth Borohydride Complexes

All rare-earth borohydride initiators, whether in the presence of an alkylating
agent or not and regardless of the solvent, were (in comparison to the ROP of
cyclic esters, vide supra) generally poorly active in the polymerization of
MMA (non-optimized TOF values generally 120 molypma MOl are-earth h 1)
with one exception claimed ( 11,120 molyma molse h %, Jian et al., 2010).
Higher reaction temperatures appeared to lower the yield of PMMA in agree-
ment with thermally-activated chain termination steps. Although good data
were sparingly obtained (duplicate experiments were not always reported)
especially with complexes in which the metal center bears (a) polydentate
ancillary ligand(s) (metallocene or non-metallocene type), the control in terms
of molar mass (again assuming one growing PMMA chain per each BH,4

group) and dispersity values was, in general, not good. The experimental
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Mn values most often largely exceeded the expected ones, and Mw=Mn
were typically in the 1.2-2.7 range, with some PMMA even featuring bi- or
multi-modal SEC traces. Both highly syndio- (rr up to 82%) and iso-enriched
(mm up to 96%) PMMAs were obtained depending on the initiating system
(Barbier-Baudry et al., 2006) (Table 5). To date, a rare-earth borohydride
initiating system well established as nicely active and productive in the poly-
merization of MMA, thus still remains to be unveiled.

3.5. Copolymers of Polar Monomers (Cyclic Esters, g-Benzyl-L-
Glutamate N-Carboxyanhydrides, Methyl Methacrylate)

The “living” character of the ROP of polar monomers promoted by rare-earth
borohydride complexes being established within most of these homopolymer-
ization studies, prompted copolymerization processes to be considered.

3.5.1. Copolymers of Cyclic Esters (Including Carbonates)
3.5.1.1. Copolymers of e-Caprolactone and Lactides

Compound [{(O,NNPY)Nd(m-BH4)(THF)}.] (26Nd) reported by Bonnet,
Mountford, and coworkers enabled the preparation of a CL/LLA (23/77
mol%/mol%) block copolymer (Mn...14,400gmol 1, Mw=Mn ... 1:85),
provided the CL was added first in a controlled amount ( 62 equiv)
(Scheme 37; Bonnet et al., 2005a) (Tables 1 and 2). Both the sequential copo-
lymerization by addition of LLA first, and the random ca.1:1 CL/LLA mix-
ture copolymerization, only gave PLLA. The copolymerization of CL with

SCHEME 37 Synthesis of PCL-b-PLA from the sequential copolymerization of CL/rac-LA or
LLA initiated by[(O,NNPY)Nd(m-BH,)(THF)]..
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SCHEME 38 Synthesis of PTMC-b/co-PCL from the sequential/simultaneous copolymerization
of TMC/CL initiated by [Sm(BH,)3(THF)3] (1Sm).

rac-LA as the second monomer gave a mixture of the expected block copoly-
mer PCL-b-PLA along with PLA. No further characterization was reported.

3.5.1.2. Copolymers of e-Caprolactone and Trimethylene Carbonate

The sequential copolymerization of TMC and CL, as reported by
Guillaume and coworkers, afforded block copolymers PTMC-b-PCL
(Mn 11,200gmol !, Mw=Mn ca: 1:45), featuring different end-capping func-
tions depending on the order of monomer addition (Scheme 38; Palard et al.,
2007) (Tables 1 and 4). High TMC ( 98%) and CL ( 92%) conversion were
obtained using 1Sm as initiator whichever the order of monomer addition.
Depending on the different ROP mechanisms of a carbonate or a lactone pro-
moted by a rare-earth borohydride complex, which generate either a hydroxyl
and a formate terminal functions on a polycarbonate or two hydroxyl end-
groups on a polylactone (vide supra), a-hydroxy,o-formatetelechelic or a,o-
dihydroxytelechelic PTMC-b-PCL were generated upon introduction of TMC
or CL first, respectively, as evidenced by *H NMR analyses (Scheme 38).
The copolymers composition in both the carbonate or ester segments
(40-60% in either block) faithfully reflected the initial feed. Interestingly,
NMR analysis also showed signals corresponding to adjacent TMC and CL
units. No decarboxylation (ether segments) was observed from *H NMR spec-
tra. Correspondingly, DSC thermograms of these PTMC-b-PCL exhibited two
Tgs ( 60 C, 16 C) corresponding to each block (CL and TMC, respec-
tively), along with a Tm (64 C) arising from the PCL segment.

Also, the same authors reported that TMC/CL random copolymers,
poly(trimethylene carbonate)-co-poly(e-caprolactone), PTMC-co-PCL
(Mnca:8700gmol 1, Mw=Mn ... 1:48), can be successfully prepared in high
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yields from [Sm(BH,4)3(THF)s] (1Sm) at ambient temperature in THF or
DCM, upon simultaneous addition of TMC and CL (Palard et al., 2007)
(Tables 1 and 4). Given the established difference in reactivity between a car-
bonate and a lactone, careful analysis of the copolymer chain-ends by NMR
showing both a formate and a hydroxyl end-groups, revealed that a carbonate
unit is inserted first into the SmMAHBH; bond (Scheme 38). The quasi-
quantitative conversion of the monomers, ca.96%, in TMC versus only
ca.81% in CL also showed that TMC reacted faster whichever the feed ratio
([TMC]o/[CL]o, ... 28/80 to 80/20). This reactivity ratio is reversed in compari-
son to the corresponding homopolymerization behaviors in which CL homo-
polymerized faster than TMC. DSC analysis of the copolymers revealed a
Tg ( 35 C) intermediate between those of each homopolymer, and a Tm
(48 C) lower than that of PCL, thereby supporting its random nature.

3.5.1.3. Copolymers of d-Valerolactone and e-Caprolactone
or Lactides

The effectiveness of [La(BH4)3(THF)3] (1La) in the ROP of CL, VL, and LLA
prompted copolymerization studies of these monomers (Nakayama et al., 2007,
2009) (Tables 1 and 2). The random copolymerization of VL and LLA resulted
in little incorporation of VL (<6%) in PLLA (Mn 11,900gmol 1,
Mw=Mn ... 1:3) as observed with the CL/LLA couple which leveled off at 8%
of CL incorporated in the growing PLLA chain (Mn 8300gmol 1,
Mw=Mn ... 1:53). Sequential copolymerization of VL and then LLA resulted
in too slow polymerization of LLA. Random copolymerization of CL and VL
using 1La, proceeded at a rate slower than in the respective homopolymeriza-
tion leading (up to 50% vyield) to copolymers (Mn 13,300gmol !,
Mw=Mn ... 1:5) with slightly lower CL contents than VL contents. All these
copolymers have not been further characterized (Nakayama et al., 2009).

3.5.2. Copolymers of e-Caprolactone and g-Benzyl-.-Glutamate
N-Carboxyanhydride or Methyl Methacrylate

As mentioned above, a,o-dihydroxytelechelic polyesters are highly valuable
polymers. Indeed, they can act as macroinitiators toward the synthesis of var-
ious copolymers (Guillaume, 2013). First, the AOH terminated polymer can
be used as a macro-alcohol allowing the preparation of polyester—polyester
or polyester—polycarbonate block copolymers (Guerin et al., 2013; Guillaume,
2013; Helou et al., 2009). Alternatively, upon chemical modification of the
terminal OH group(s) of a polyester, formed from the ROP of a cyclic ester
promoted by a rare-earth borohydride complex, into an amino- or a bromo-
function, one can further initiate the polymerization of a second co-monomer
requiring a distinct polymerization mechanism. As detailed thereafter, the
combination of two mechanistically distinct polymerization techniques such
as the ROP of a cyclic ester, the ROP of an a-amino acid NCA, the radical
polymerization of a methacrylate, represents a two-step alternative to the
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unsuccessful (direct) copolymerization of such monomers. It is noteworthy
that whereas PTMC diols can be used toward the synthesis of polyurethanes,
via reaction with a diisocyanate (Loh et al., 2012), the chemical modification
of the hydroxyl end-capping groups of an a,o-dihydroxytelechelic PTMC
(Ajellal et al., 2010a; Guillaume, 2013; Guillaume and Carpentier, 2012;
Helou et al., 2009) into cyclic carbonate units, allowed the synthesis, upon
polycondensation with a diamine, of the highly valuable non-isocyanate
poly(urethane)s, known as NIPUs (Guillaume, 2013; Helou et al., 2011).

Following this strategy, analogous diblock and triblock polyester—
polypeptide copolymers of PCL and PBLG have thus been synthesized by
Guillaume and coworkers from the ROP of e-caprolactone followed by the
ROP of g-benzyl-L-glutamate (BLG, Scheme 39; Schappacher et al., 2006)
(Tables 1 and 3). In this approach the corresponding mono- or dihydroxy
end-functionalized PCL were first chemically modified into the analogous
mono- or diamino end-capped analogous polyesters, which were subsequently
used as macroinitiators for the ROP of the BLG monomer.

Note that block and random copolypeptides of BLG and ALA or
e-carboxbenzoxy-L-lysine (BLL), PBLG-b-PALA, and PBLG-b/co-PBLL have

(1) Condensation with
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(2) Deprotection
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SCHEME 39 Synthesis of PCL-b-PBLG and PBLG-b-PCL-b-PBLG upon ROP of BLG using
mono- or di-amino end-capped PCL macroinitiators.
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been prepared from 1Y within a few days (Peng et al., 2012b) (Table 3). *H
NMR analyses showed that all PBLG chains initiated the ALA/BLL NCA poly-
merization and that the calculated molar ratio of monomers was close to the
feed ratio. The control of the molar mass (MnineoVs Mnggc < 39,000gmol 1)
was not always good while Mw=Mn remained below 1.30.

Also, rare-earth borohydride complexes generally appeared as poorly
active in the homopolymerization of MMA. Similarly, they basically failed
to copolymerize MMA with CL or TMC as co-monomer, as reported with
the trisborohydrides [Nd (BH4)3(THF)3] (INd) (Barros et al., 2008b) or with
the phosphiniminomethanide borohydride complex [{CH(PPh,NTMS),}Lu
(BH4)2] (20Lu) (Guillaume et al., 2011), respectively. These results also
revealed that polyester—polyacrylate copolymers could not be prepared, under
the reported operating conditions, from the sequential copolymerization of a
lactone or a carbonate with a methacrylate by using these rare-earth borohy-
dride initiators. Such copolymers have, however, been successfully synthe-
sized by Guillaume and coworkers from a combined ROP/radical
polymerization approach (Scheme 40) (Tables 1 and 5). The synthetic route

(0]
Br o
H 0._ OH )KKBf Br
{ow o 6 T OMO\%O% Radical
o EtzN Br oin o polymerization
Me

HO-PCL-OH Br-PCL-Br CuBr " o
PNDETA Me0”

St o veo,_

mi2 o" % g m/2

PMMA-b-PCL-b-PMMA

(0] Br)H(Bf O (o]
H 0 gy — MO% Radical
OR
{o%n 5 OR Ets;N BT%O STn s polymerization
o] o)
m :g:
HO-PCL-OR Br-PCL-OR CuBr o

PMDETA MeO

80 C MMA

° OMe 0 o
Br O\M)k
m o)

PCL-b-PMMA

SCHEME 40 Synthesis of PCL-b-PMMA and PMMA-b-PCL-b-PMMA upon radical polymeri-
zation of MMA using mono- or di-bromo end-capped PCL macroinitiators.
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consisted in using bromo-functionalized PCLs—prepared from the mono- or
dihydroxyfunctionalized PCLs upon esterification by 2-bromoisobutyryl
bromide—as macroinitiators for the polymerization of MMA (Scheme 40,
Schappacher et al., 2007). This approach allowed the preparation of both
analogous diblock PCL-b-PMMA and triblock PMMA-b-PCL-b-PMMA
copolymers, as opposed to the previous MMA/CL sequential copolymeriza-
tion route developed by Yasuda and coworkers from [(Cp*),Sm(Me)(THF)]
which only gave the diblock copolymers (Yamashita et al., 1996).

Interestingly, the synthesis of PCL-b-PBLG and PBLG-b-PCL-
b-PBLG (Schappacher et al., 2006), as well as of PCL-b-PMMA and
PMMA-b-PCL-b-PMMA (Schappacher et al., 2007), using the appropriate
macroinitiator derived from a,o-dihydroxytelechelic PCL as instigated by
Guillaume and coworkers, remains the only pathway established so far toward
the preparation of such analogous diblock and triblock polyester/polypeptide
and polyester/polyacrylate copolymers.

4. COMPUTATIONAL STUDIES: DFT INPUT INTO THE
MECHANISM OF THE POLYMERIZATION OF POLAR
MONOMERS

Since the so-called DFT revolution, theoretical methods have been exten-
sively used to determine the profile of reactions involving transition metals.
However, much less has been reported on the theoretical investigations of
the mechanism of polymerization of polar monomers. The first in silico report
by Guillaume, Maron, and coworkers in 2008 addressed the polymerization of
methylmethacrylate catalyzed by the rare-earth borohydride complexes [Eu
(BH4)3] and [(Cp).Eu(BH,4)] (Barros et al., 2008b). Since then, several
computational investigations have been undertaken dealing with other mono-
mers and alike metallic borohydride complexes, indicating that each catalytic
system is different. However, the number of studies remained rather limited
and mainly involves e-caprolactone (Table 6).

4.1. ROP of «-Caprolactone and Lactide

The first theoretical investigations on the ROP of CL reported by Guillaume,
Mountford, and Maron involved the comparison of the metallocene [(Cp),Eu
(BH,)] and the post-metallocene diamide—diamine [(N,NNY)Eu(BH,)] cata-
Iytic systems (Barros et al., 2008a). These models were selected to mimic
the experimental behavior of the related derivatives, namely of [(Cp*),Sm
(BH,)(THF)] (5Sm) (Palard et al., 2004) and [{(N,NN"™)Sm(BH,)},]
(24Sm) (Bonnet et al., 2005b), respectively (Table 6). Only the first CL inser-
tion was considered in order to explain the experimentally observed formation
of a,o-dihydroxytelechelic PCL (Guillaume et al., 2003, 2007; Palard et al.,
2004, 2005, 2006). The reaction with [(Cp)-Eu(BH,4)] or [(N.NN)Eu(BH.)]



TABLE 6Relevant Data on the DFT Mechanistic Investigations of
the Polymerization of Polar Monomers Promoted by Rare-Earth
Borohydride Complexes

Rare-earth

borohydride

complex Monomer Most significant features
Divalent complex

[Sm(BH,4)2(THF)2] CL No oxidation of the metal center

(2Sm, Scheme 2)

(Iftner et al., 2011)

during the ROP
Formation of a,o-
dihydroxytelechelic PCL

Trivalent complex

[MeY(BH,)(THF)s]
[BPh,]
(14Y, Scheme 8)

CL
(Susperregui et al., 2011)

Methyl and BH, ligands are
active in the ROP process
(telomerization is possible)
Formation of a,o-
dihydroxytelechelic PCL

[{CH(PPhoNTMS),}Y

(BH.)2]
(20Y, Scheme 11)

CL
(Jenter et al., 2010)

Highly efficient catalyst because
of the low coordination strength
of BH; toY

Formation of a,o-
dihydroxytelechelic PCL

[Eu(BH,)3] CL Two consecutive B-H activations
(1EUY (Barros et al., 2008a) Formation of a,o-
dihydroxytelechelic PCL
[(Cp)2Eu(BH,)] CL Similar features as for [Eu(BH,)s]
(Barros et al., 2008a)
[(O2NYSm(BH,) rac-LA Possible formation of either a,o-
(THF)] (Dyer et al., 2010) dihydroxytelechelic or ketone-

L..OMe (27Sm),
NMe, (28Sm), py
(29Sm) (Scheme 13)

terminated PLA

[(02N"")Sm(BH.,)

(THF)]

(30Sm, Scheme 13)

[{CH(PPhoNTMS)}Y  TMC Formation of a,o-dihydroxy
(BH4)2] (Guillaume et al., 2012) telechelic or a-hydroxy,o-
(20Y, Scheme 11) formatetelechelic PTMC
[{CH(PPhNTMS),}JR - MMA PMMA formation is possible
(BH4),] (Guillaume et al., 2011) because of the efficient trapping
(R...Y, La; 20V, of BH3 by the nitrogen of the

20La, Scheme 11)

ligand yielding to the enolate
formation. This trapping does not
affect the subsequent insertion to
form a keto-enolate complex

%

Continued
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\
TABLE 6 Relevant Data on the DFT Mechanistic Investigations of
the Polymerization of Polar Monomers Promoted by Rare-Earth
Borohydride Complexes—Cont'd
Rare-earth
borohydride
complex Monomer Most significant features
[Eu(BHy)3] MMA No PMMA formation because of
(1EWH (Barros et al., 20080 the lack of formation of the
enolate
Critical importance of the BH3
trapping
[(Cp)Eu(BH,)] MMA Similar features as for [Eu(Bk)s]
(Barros et al., 2008 but even less efficient
Supported complex
[(@SsiO) MMA Isotactic PMMA formation due to
Nd(BH4)2(THF) 5] (Del Rosa et al., 2019 the trapping of BH; by the surface
(38Nd) allowing formation of the enolate
[(@SiO)La(BH)] CL Enhanced reactivity due to the
(39La) (Del Rosa et al., 2011a,))  presence of the silica surface
Possibility of trapping of BH; by
the surface
Formation of a,0-
dihydroxytelechelic PHB

was shown to occur in two steps corresponding to two successive B—H activa-
tions (Fig. 3. The first step involves the nucleophilic attack of one of the
hydrides of the B ligand on the ketonic carbon of the CL, which is con-
comitant with the trapping of Bklby the exocyclic oxygen of the coordinated
CL. Interestingly, the borohydride never decoordinates the metal center dur-
ing this step. The second step consisting in the ring-opening of the CL is
induced by the hydrogen transfer from the trappedsBiithe ketonic carbon

(the same as in the first step). The ketone is then reduced affording, after
hydrolysis,a,o -dihydroxytelechelic PCL, in agreement with the experimental
findings (Scheme 25 For this system, the ring-opening step was found to be
an equilibrium thereby providing a better control of the polymerization pro-
cess. The calculated free-energy profile for the reaction of CL with the metal-
locene [(Cp)Eu(BH,)], depicting these first and second steps and depicting
the optimized structures of the various intermediates as determined from
DFT calculations, is illustrated oRig. 3. It exemplifies the typical reaction
profile commonly obtained for the ROP of lactones promoted by a rare-earth
catalyst. In comparison to the ring-opening/initiation reaction computed from
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FIGURE 3 Calculated free-energy profile for the reaction of CL with [(Cp),Eu(BH,4)], 37Eu,
depicting the structure of the intermediates as determined by DFT.

the related [(Cp),Eu(H)] (Yamashita et al., 1996), it is more easily thermody-
namically controlled with the borohydride derivative because no quasi-
equilibrium is involved. In both hydride and borohydride cases, it was
evidenced that the ring-opening proceeds through the oxygen-acyl bond
cleavage, as observed experimentally. Note that this hydride catalyst was
indeed found from this DFT study to afford an alkoxy-aldehyde initiating
species, [(Cp).Eu{O(CH,)sC(O)H}], which would ultimately lead, via
[(Cp*)2SMO(CH,)sOSM(Cp*),], to a,0-dihydroxytelechelic PCL.
Subsequently, Mountford, Maron, and coworkers reported the first
DFT study of rac-lactide polymerization using the bisphenolate derivatives
[(O,N™NMEEY(BH,)] (0,NNMe2 | 0,NNMe2 with the 'Bu groups removed)
as model of [(O,N"M®2)Sm(BH,)(THF)] (27Sm) (Dyer et al., 2010) (Table 6).
Again, the aim being the investigation of the nature of the polymer chain-end
(controlled by the first insertion), the calculations were restricted to the first
insertion. Both the reaction profiles leading to either a,o-dihydroxytelechelic
PCL or a-hydroxy,o-aldehyde-terminated PCL were computed and compared.
Each of these two reaction mechanism profiles was slightly different from the
one reported for CL by Mountford, Guillaume, Maron, and coworkers (Barros
et al., 2008a), as it involved three steps instead of two. Indeed, the first step
involves the attack of the borohydride ligand that is decoordinated from the
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metal center, onto the ketonic carbon. This leads to an intermediate in which
the formed BH5 still interacts with the hydride and from which the trapping by
the exocyclic oxygen of CL can thus occur. The formation of the two types of
end-functionalized poly(lactide) from the latter species was predicted as being
kinetically possible, yet with an obvious thermodynamic preference for the
formation of a,o-dihydroxytelechelic PCL. This results from the low kinetic
stability of BH3, that has to be efficiently trapped to allow the formation of
the aldehyde-terminated PCL (for instance by a THF molecule). These inves-
tigations thus highlighted the significant influence of both the ligand and the
monomer onto the overall reaction mechanism.

Further instigations developed by Okuda and Maron dealt with the ROP of
CL catalyzed by the simple trivalent cation, [MeY (BH4)(THF)s][BPh,] (14Y)
(Susperregui et al., 2011) (Table 6). As mentioned above in the computed
ROP of LA catalyzed by [(O,N"M*AEu(BH,)] (Dyer et al., 2010),
the reaction involves three steps. In the yttrium promoted ROP, only
a,o-dihydroxytelechelic PCL was predicted but the propagation can take
place from either the borohydride or the methyl groups. Moreover, trans effect
was also found quite important, as changing the trans ligand led to either an
increase or a decrease of the overall energetic barrier.

Recently, theoretical studies were extended by Visseaux, Maron, and
coworkers to a homoleptic borohydride of divalent samarium (Iftner et al.,
2011). This was computationally challenging because the classical reactivity
of the borohydride had to be compared with the mechanism involving the oxi-
dation of the lanthanide center (from 1l to Ill). The computed reaction
mechanism of the ROP of CL promoted by [Sm(BH,)>(THF),] (2Sm)
was shown not to involve any oxidation of the metal center, in excellent
correlation with the experimental observations, and to lead to an a,o-
dihydroxytelechelic PCL. Moreover, the mechanism involves only two steps,
as in the DFT study of the ROP of CL by the trivalent derivatives (Barros
et al., 2008a).

Finally, Roesky, Guillaume, Maron, and coworkers computationally
instigated the ROP of CL catalyzed by a bis(phosphinimino)methanide
borohydride complex, [{CH(PMe,;NSiH3),}Y(BH,4),], which mimicked the
complex used experimentally, [{CH(PPh,NTMS),}Y (BH,),] (20Y) (Jenter
et al., 2010) (Table 6). The originality of this organometallic catalyst lies
in the two potential initiating BH, sites. Also, the first B-H activation of
BH; is achieved in two distinct unprecedented steps in contrast to the
unique step involved with monoborohydride complexes (Fig. 4). This first
B-H activation involves the nucleophilic attack of one hydride on the car-
bon atom of the ketone with decoordination of BH, from yttrium, followed
by the trapping of BH3 by the oxygen atom of the ketone. This specificity
arises from the two BH,; groups along with the positive influence of
greater electron-donating ability of the bis(phosphinimino)methanide
ligand. The second B-H activation was classical for a rare-earth
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FIGURE 4 Calculated free-energy profile for the reaction of CL with [{CH(PMe,NSiH3),}Y
(BH,4),], depicting the structure of the intermediates as determined by DFT.

borohydride catalyst. The three-step initiation mechanism found is similar
to the one determined for the ROP of LA by [(O,N"™NM®)Eu(BH,)] (Dyer
et al., 2010), and also promotes the formation of HO-PCL-OH with an
overall kinetically facile and thermodynamically favorable reaction. Inter-
estingly, [{CH(PMe,NSiH3),}Y (BH,),] is predicted to date, to be the most
efficient catalyst investigated theoretically (lowest activation barrier of all
investigated complexes). This is attributed to the fact that this organometal-
lic complex is less sterically crowded than the metallocene complex
[(Cp).Eu(BH,4)] (Barros et al., 2008a).

The effect of the ancillary ligand in rare-earth borohydride catalyzed poly-
merization was lately studied on silica-grafted homoleptic species, as reported
by Maron and coworkers (Del Rosa et al., 2011a,b) (Table 6). The effect of
grafting a borohydride complex onto a silica surface has been carefully con-
sidered in terms of the coordination mode and the effect of the coligand on
the energetic parameters. The reaction mechanism is similar to the one
reported for the ROP of lactide (Dyer et al., 2010; Susperregui et al., 2011).
The formation of the CL adduct is predicted to be highly favorable and
strongly exergonic because the grafting of the lanthanide complex onto the
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surface increased its Lewis acidity. Interestingly, despite the presence of sur-
face oxygen, BH3 is more efficiently trapped by the exocyclic oxygen of CL
than by the surface. Thus, the formation of a,o-dihydroxytelechelic PCL is
more likely than the formation of aldehyde-terminated PCL. On the other
hand, the nature of the grafting mode (mono-grafted or bi-grafted) is found
to hardly affect the reactivity. This is an important outcome since the grafting
mode of the complexes is very often not known experimentally. Thus, the
catalysis of grafted complexes could be viewed as the combination of differ-
ent simultaneously “operating” catalysts. Moreover, the grafted complexes
were found among the most efficient catalysts compared to the other alike
molecular catalysts reported in the literature (low activation barrier). The
effect of the coligand was minor, mainly because the grafting mode imposes
a cis conformation for the two ligands, reinforcing the importance of the trans
effect proposed by Susperregui et al. (2011).

4.2. ROP of Trimethylene Carbonate

As already mentioned, while theoretical DFT investigations on the ROP
mechanism remained rather limited to CL, a very recent study by Guillaume,
Maron, Roesky, and coworkers addressed the reactivity of the bis(phosphini-
mino)methanide rare-earth complexes 20V, 20La, 20Lu in the ROP of TMC
(Guillaume et al., 2012) (Tables 4 and 6). This work was similarly restricted
to the first insertion in order to predict the nature of the chain-end of the poly-
mer. Two kinetically and thermodynamically favorable pathways are accessi-
ble and gave two distinct end-functionalized PTMCs. Indeed, the carbonyl
reduction could occur, or not, leading to either the “classical” a,o-dihydroxy-
or to the a-hydroxy,o-formate telechelic PTMC, respectively. Although
both profiles are very close in energy, the formation of the latter is predicted
to be the most favorable (Fig. 5). Interestingly, the formation of this chain-
end implies the trapping of the formed BHs; molecule, as it cannot be used
to reduce the carbonyl of the TMC. The reaction mechanism involves first
the intermediate trapping of the BH; by the intracyclic oxygen of TMC
rather than by the exocyclic one. Thus, a 1,2-shift of BH3 occurs leading to
the BH; trapping by the exocyclic oxygen of TMC (needed for the formation
of the a,o-dihydroxytelechelic PTMC). From this intermediate, either the
reduction of the carbonyl can be achieved or an easy ring-opening
process takes place with subsequent trapping of BH; by the nitrogen of the
bis(phosphinimino)methanide ligand. The former leads to the formation of
the a,o-dihydroxytelechelic PTMC and the latter to an a-hydroxy, o-formate
telechelic PTMC. Moreover, this study demonstrated the importance of the
ancillary ligand in this reaction process, while the calculations did not high-
light any significant differences among all three complexes 20Y, 20La,
or 20Lu. This in-depth computational study remains, to date, the only one
dealing with the ROP of a carbonate (Table 6).
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FIGURE 5 Calculated free-energy profile for the reaction of TMC with [{CH(PPh,NTMS),}Y
(BH,),], 20Y, depicting the structure of the intermediates as determined by DFT.

4.3. Polymerization of Methyl Methacrylate

Unlike the ROP of TMC, the polymerization of MMA has been slightly more
theoretically investigated (Table 6). As stated above, the very first in silico
study on polymerization promoted by rare-earth complexes was carried out
by Maron, Guillaume, and coworkers on MMA (Barros et al., 2008b). This
study was limited to the first insertion, using [(Cp),Eu(BH,)] and [Eu(BH,)s]
as model catalysts for [(Cp*),Sm(BH,)(THF)] (5Sm) and [Sm(BH,)3(THF)]
(1Sm), respectively. In particular, the formation of the enolate complex, initi-
ally proposed by Yasuda and coworkers as the key intermediate in the case of
the corresponding rare-earth hydride catalysts ([{(Cp*),Sm(H)},]; Yasuda
and Tamai, 2002), is found highly endergonic, mainly because of the already
discussed BH; trapping. The only stable complex is a borate-type one where
the BH; is trapped by the oxygen of the enolate, somewhat similar to the
intermediate reported in the ROP of lactones. Insertion from this complex is
difficult, rationalizing the experimental low efficiency of both catalysts in
MMA polymerization. It was however calculated that the energetic profile
for [Eu(BH.)3] (1Eu") is more favorable than that of the corresponding orga-
nolanthanide catalyst. Moreover, all other investigated reactions, involving
hydroboration or carboxylate formation, are discriminated either for kinetic
(carboxylate) or thermodynamic reasons. Once again, the crucial importance
of the BHj trapping was demonstrated in these DFT investigations.

This was further demonstrated by Guillaume et al. (2011) using the bis
(phosphinimino)methanide borohydride complexes 20La and 20Lu already
examined computationally in the ROP of CL (Jenter et al., 2010) and TMC
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FIGURE 6 Calculated free-energy profile for the reaction of MMA with [{CH(PPh,NTMS),}Y
(BHy)2], 20Y, depicting the structure of the intermediates as determined by DFT.

(Guillaume et al., 2012) (Tables 4 and 6). Interestingly, unlike all other
reports, both the first and the second insertions were taken into consideration
(Fig. 6). Noteworthy, the formation of the enolate complex is determined
exergonic, because the trapping of the BHj is ensured by the nitrogen of the
bis(phosphinimino)methanide ligand, as similarly observed in the ROP of
TMC (Guillaume et al., 2012). The trapping of the BH; molecule by the
ligand is seen not to affect the activity of the complex, since the second inser-
tion of the MMA molecule is found to be even more kinetically favorable than
the first one. The activity of this complex in MMA polymerization was in
agreement with the experimental observations.

Another demonstration of the importance of the BH5 trapping was lately
unveiled by Gauvin, Maron, Thomas, and coworkers in the polymerization
of MMA from neodymium borohydride catalyst 1Nd grafted on a silica sur-
face ([(@SiO)Nd(BH4)2(THF),5]; Del Rosa et al., 2012). The three first
insertions are theoretically investigated in order to explain the propensity of
the catalyst to experimentally form isotactic rather than the usual syndiotactic
PMMA (Barros et al., 2008b). For the first MMA insertion, the BH5 trapping
by the surface oxygen leads to an exergonic enolate formation, allowing poly-
merization. The experimental preference for isotacticity was thus theoretically
supported; it was explained by the number of oxygen-rare-earth stabilizing
interactions —since the PMMA is acting as a chelating ligand- that are maxi-
mized in an isotactic enchainment. Noteworthy, this is, to date, the only theo-
retical investigation involving a rare-earth borohydride catalyst dealing with
the tacticity of the resulting PMMA (Table 6).
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4.4. Theoretical Investigations: An Essential Tool
for Polymerization Catalysis

Theoretical methods are nowadays, mainly due to the efficiency of the new com-
puters and the so-called DFT revolution, able to tackle problems as complicated
as catalytic reactions such as polymerizations as well as stereoselectivity (in par-
ticular, the tacticity of polymers). Thus, in silico methods recently became an
important and essential tool in polymerization catalysis. Indeed, understanding
the key factors that govern the polymerization is crucial to design the best catalyst
for a given polymerization, and DFT methods can provide accurate reaction path-
ways in agreement with experimental findings. For instance, in the specific case
of borohydride catalysts, it was unambiguously theoretically demonstrated that
the key issue, in order to be able to target well-defined polymers, is the trapping
of the formed BH3; molecule. If the BH; moiety is trapped by the carbonyl group,
then only a,o-dihydroxytelechelic polymers are obtained in the case of cyclic
monomers, while a poor activity is obtained with MMA.. On the other hand, if
the BH3; molecule can be efficiently trapped either by the solvent, the ancillary
ligand or the surface, then one can access a greater diversity of polymers and sub-
sequently, of polymer properties. In the same way, theoretical methods are able to
accurately account for the tacticity of the polymer and the steric and electronic
effects that control the selectivity. In that sense, theoretical investigations, when
carried out in close combination with experimental studies, can be considered as
an essential tool to understand and foresee the polymerization mechanism.

5. CONCLUSIONS AND OUTLOOKS

In the frame of this chapter, we have evidenced that rare-earth borohydride
complexes constitute an attractive valuable class of catalysts for the polymer-
ization of polar monomers. Throughout their evaluation in the ROP of cyclic
esters such as lactones, lactides, carbonates, and even of a-amino acid NCAs,
such complexes have often revealed unexpected and unique behaviors,
as established experimentally. Computational DFT studies have further sup-
ported these findings while rationalizing the postulated polymerization
mechanisms. Moreover, calculations have enabled to better understand the
origin of the chain-ends of the observed a,o-functionalized polymers, often
unveiling unanticipated key intermediates. Whereas the intrinsic nature and
reductive potential of the BH, active function proved an essential factor in
understanding the overall mechanism, other key parameters have been identi-
fied. Initial efforts to design and synthesize original discrete rare-earth orga-
nometallic post-metallocene borohydride derivatives have thus been deeply
rewarding. Future research in the design of tuned and well-defined rare-earth
borohydride, especially regarding their surrounding ancillary ligand(s), but
also considering their oxido-reduction potential, thus remains highly
promising. In particular, stereoselectivity issues of ROP involving chiral
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lactones still remain a largely unexplored domain. Similarly, the efficiency of
chiral rare-earth complexes in selectively controlling polymerizations remains
an open field of research. Factors governing the stereoselectivity of the poly-
merization of polar monomers still remain to be better understood so as to
enable access to better controlled polymerization processes and in turn to
more original polymers. The access to well-defined copolymers of controlled
chemical structure from rare-earth borohydride catalysts has been demon-
strated as feasible; yet it is hardly exploited and much remains to be studied
especially regarding simultaneous copolymerization. Such fundamental exper-
imental (synthetic organometallic and polymer chemistries) and theoretical
investigations are thus a prerequisite for developing controlled polymerization
processes and subsequently for allowing access to tailored functional (co)
polymer materials.
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS

ALA L-alanine N-carboxyanhydride

Ap*H (2,6-diisopropyl-phenyl)-[6-(2,4,6-triisopropyl-
phenyl)-pyridin-2-yl]-amine

Ar (CeH,'Bus-2,4,6)

Benz benzene

rac-BL racemic-b-butyrolactone, (S,S/R,R)-b-butyrolactone

BLL e-carboxbenzoxy-L-lysine N-carboxyanhydride

BLG g-benzyl L-glutamate N-carboxyanhydride

CL e-caprolactone

CcoT Z8-cyclooctatetraenyl (Z8-CgHg)

Cp Z5-cyclopentadienyl (Z°-CsHs) _

cp't tetra-iso-propylcyclopentadienyl (CsH'Pry)

cp™ 1,2,4-triphenylcyclopentadienyl (CsH,Phs-1,2,4)

Cp* Z°-pentamethylcyclopentadienyl (Z°-CsMes)

Cp*F" tetramethyl-n-propylcyclopentadienyl (CsMe,"Pr)

Cy cyclohexyl (CeHai) _

DAB? ((2,6-CsH3'Pry)NC(Me) ] C(Me)N(2,6-CgH5'Pry))?

DCM dichloromethane (CH,CI,)



DFT
Bwm
DME
DSC
FTIR

HO-polymer-OH

p-LA

LLA

rac-LA
MALDI-ToF

Mes

mm %
MMA
Mn

mr %
MS

Mw
Mw/Mn
NCA

nd
N,NN°
NZNNMes
NZNNTMS
O,N"-

(O2N,)*
(02N,)?
PBLG

PCL
PCL-b-PTMC
PCL-co-PTMC
PDL

PHB

PLA

PLLA

Pm

PMMA

Pr

PTMC

py
ROP
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density functional theory

dispersity (molar mass distribution; Mw/Mn)
1,2-dimethoxyethane (MeO(CH,),OMe)

differential scanning calorimetry

Fourier transform infrared spectroscopy
a,0-hydroxytelechelic polymer

p-lactide, (R,R)-lactide

L-lactide, (S,S)-lactide

racemic-lactide, (p,L)-lactide, (R,R/S,S)-lactide
matrix-assisted laser desorption/ionization- time-of-
flight

mesityl (CsH,Me3-2,4,6)

isotactic triad content

methyl methacrylate

number average molar mass

atactic triad content

mass spectrometry

weight average molar mass

dispersity (By; molar mass distribution)
N-carboxyanhydride

not determined

(2-CsH4N)CH,N(CH,-CH,NMe),
(2-C5H4N)CH,N(CHLCH,N(CHoMez-2,4,6)),
(2-C5H4N)CH,N(CH,CH,N(SiMes)),
RCH,N(CH,-2-0-3,5-C¢H,'Bu,), where R ... CH,OMe,
CH,NMe,, (2-CsH4N), or Et for L...OMe, NMe;,, py,
or "Pr, respectively
{CH,N(Me)CH,-3,5-Me,'Bu-C¢H,0},
CsH4NCH,Nd{CH,-3,5-Me,'Bu-CgH,0},
poly(g-benzyl L-glutamate N-carboxyanhydride)
poly(e-caprolactone)
poly(e-caprolactone)-b-poly(trimethylene carbonate)
poly(e-caprolactone)-co-poly(trimethylene carbonate)
o-pentadecalactone

poly(3-hydroxybutyrate)

poly(lactic acid), poly(lactide)

poly(L-lactic acid), poly(L-lactide)

probability of meso linkages between monomer units
poly(methyl methacrylate)

probability of racemic linkages between monomer
units

poly(trimethylene carbonate)

pyridine (CsHsN)

ring-opening polymerization
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rr % syndiotactic triad content

RT room temperature

SEC size exclusion chromatography

@sio silica grafted

Sn(Oct), stannous(2-ethylhexanoate)
tetrahydrosalen [(2-OHd C¢H,'Bu,-3,5)CH,N(CH3)CH,]»
Tg glass transition temperature

THF tetrahydrofuran

Tm melting temperature

T™MC trimethylene carbonate (3-dioxan-2-one)
TMS trimethylsilyl (SiMej3)

TOF turn over frequency, activity

p-Tol para-tolyl (p-CH3 ] CsH.)

(p-To)NN [(p-CH3CsH4)N(CH3)C].CH

Tp'BuMe tris(2-t-butyl-4-methyl)pyrazolylborate
VL d-valerolactone
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1. INTRODUCTION

Molten salts discussed in this chapter have been classified into high-temperature
ionic liquids in the narrow sense until room-temperature ionic liquids appeared as
relatively bulky but ionic organic solvents. As time goes by, definitions of both
liquids tend to overlap with each other. Nowadays, the term of molten salts is
usually used to express melts of inorganic compounds composed of cations
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and anions. Inthis chapter, the concept of liquid asone of the three states of mat-
ter is first defined and the following points are discussed: the general theory of
liquids, structural features and properties of molten salts, and methodology of
structural analyses. The present state of the art of works on structures and proper-
ties of rare-earth molten salts is outlined.

Apart from gaseous phase, particles such as molecules or ions are located
very closely to each other and thus strong forces act between them in solid
and liquid states. As atoms in solids are arranged properly in lines, their phys-
icochemical properties are calculated with relative ease. In contrast, particles
in liquids are mobile and get easily into contact; thus interparticle interactions
are very difficult to model, which consequently delayed progress in the solid-
state physics of liquids. A legitimate theory of liquid appeared in the 1930s by
taking advantage of the analysis of atomic arrangement in liquids by X-ray
diffraction (XRD).

The main differences between solids and liquids are that solids have short-
range ordering as well as long-range ordering but liquids possess only the
latter ordering; furthermore, liquids retain mobility but keep their density
constant thanks to the cohesion among the constituent particles. Accordingly,
molten salts happen to have the same features.

2. MOLTEN SALTS AS LIQUIDS

In order to make the concept of liquid clear, phase diagrams describing the
relationship among pressure, volume, and temperature are briefly referred
to. Figure 1 shows the states of pure matter at a given temperature and pres-
sure (Nakamura, 1993). Three phases such as gas phase (G), liquid phase (L),
and solid phase (S) coexist at the triple point T,. The critical temperature and
the glass transition temperature are designated by T and T, respectively. The
dotted line in Fig. 1 refers to supercooling. At atmospheric pressure, three dif-
ferent states of matter can occur, depending on the temperature. For further
classification of liquids, the origins of interactions among constituent particles
should be considered.

The liquids can be roughly divided into three types on the basis of inter-
molecular forces acting between particles. Type 1 corresponds to molecular
liquids which can further be divided into four different categories: simple
liquids (such as argon), nonpolar molecular liquids (n-hexane), polar molecu-
lar liquids (acetone), and hydrogen-bonded molecular liquids (water). Type
2 encompasses ionic liquids or molten salts such as sodium chloride melt,
for instance. Liquid metals constitute type 3.

The averaged physical properties of type 1, 2, and 3 liquids near their
melting points under ambient pressure are listed in Table 1, in which the
values between parentheses correspond to those for crystals. The differences
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FIGURE 1 Phase diagram of pure matter. Reproduced with permission from Nakamura (1993),
© 1993 Ceramic Society of Japan.

\

TABLE 1 Averaged Physical Properties of Liquids near the Melting Points
Under Ambient Pressure (Nakamura, 1993)

Molecular Liquid
Physical property liquid metal lonic melt
Ratio of fusion energy to 10% 5% 5%
cohesive energy
Volume change on melting 10-15% 2-5% 15 20%
Nr of nearest neighbors 10(12)* 10(12)* 4 5(6)
Packing fraction 0.45(0.74)* 0.45(0.74)* 0.35(0.52)*
#For crystals.
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in cohesive energy and density between liquids and crystals are not so large.
The packing fraction in closest-packed crystals is estimated at about 3/4
and that in liquids to about 1/2; this disparity is a fundamental factor
leading to fluidity for liquids. The attractive force between molecules
in molecular liquids is well expressed by a Van der Waals potential which
varies as the inverse sixth power of the intermolecular distance r. A vibrating
potential with an oscillatory form is known to be applicable to liquid
metals (Egelstaff, 1967), while an electrostatic Coulombic potential is
an important factor determining the structure and properties of ionic melts
(molten salts).

3. DEFINITIONS OF MOLTEN SALTS

Salts are produced by the chemical reaction of acids and alkalis. Molten salts
are understood to be liquefied by heating. It has been long pointed out that the
oscillating amplitude between constituent ions reaches more than 10% of
interionic distance near the melting point of an ionic crystal before fusion at
the critical point (Lindemann, 1910). In principle, molten salts cover alkali
halides and oxysalts such as nitrates and sulfates. Definition is often expanded
to silicates, borates, and organic salts. As expected from the periodic table,
candidate cations are more than 80 and counterpart anions over 30. Accord-
ingly, the combinations of potential salts can reach over 2000. If binary and
ternary systems are considered, this number is, in fact, quasi infinite.

Constituents consist of cations and anions being regarded as extremely
concentrated solutions or solutes without solvents at elevated temperatures.
In molten salts, long-ranged coulombic interactions predominantly determine
the structure and properties of molten salts.

4. TYPICAL STRUCTURES OF MOLTEN SALTS
4.1. Methodology for Obtaining Structural Information

Physicochemical properties of molten salts closely ressemble those of liquid
structures composed of mobile cations and anions at high temperatures. It is
thus of much importance to determine structural information for understand-
ing their systematic properties.

XRD and neutron diffraction (ND) have usually been employed to analyze
the structure of molten salts. In order to comprehend the liquid structure quan-
titatively, a radial distribution function, D(r) (RDF) and a correlation function,
G(r) (Fig. 2) of a given constituent ionic pair have to be estimated from dif-
fraction data (lwadate et al., 2005). The coordination numbers of individual
atomic pairs may be estimated from Fig. 2 by deconvolution of D(r) into
respective peaks and by integration of each contribution over an interatomic
distance r. The downward parabola of D(r) or the solid straight line of r 'D
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FIGURE 2 Distribition (Top) and Coorelation (bottom) functions for molten lead dichlorie.
Reproduced with permission from Iwadate et al. (2005), © 2005 Elsevier.

(r) describes the average number density of the medium. The line G(r)...1 in
Fig. 2 corresponds to the average number density distribution of atoms. The
G(r) function becomes attenuated with increasing r and reaches a value close
to unity, which reflects that the atomic arrangement is getting less ordered.

4.2. Definition of Radial Distribution Function

In order to understand RDFs, some of their definitions are explained briefly
here. The results of structural analyses are affected by not only the experimental
techniques but also the definitions and calculation procedures of RDFs used.

4.2.1. Definition 1

The pair number density function r(r) is related to coherent-scattered X-ray

intensity 1°°(Q) in electron units as described by Egs. (1) (4) (Waseda,
1980a):


Figure 2
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where Q...4p siny/l, I is the wavelength of incident X-ray, 2y the scattered
angle, ¢; and f; the atomic fraction and scattering factor of atom i, respec-
tively, and ro the mean number density. rj(r) represents the number density
function of atom j around atom i, the separation of which is defined as r. In
conventional XRD experiments, the averaged density ryj(r) is obtained as
r(r). On the basis of Eq. (1), the structure factor of amorphous material, some-
times called the interference function, is defined by the following equation:
h i
aQ .. 1°"Q 2 hfi® =hfi? 5

Accordingly, Fourier transformation of a(Q) as explicitated in Eq. (6)
gives the RDF

1
Aprr r rg ..rGr ... 2r=p Qia Q 1sin Qr dQ 6
0

Further expansion of Eq. (6) produces the partial structure factor a;(Q) as
well as the partial pair distribution function (pdf) g;j(r) (Waseda, 1980a).

a1
aj Q .1 4priry g r  1sin Qr Qr ‘dr 7
0

1
dprirggijr 1 ..rGjr .. 2rsp Q@& Q 1sinQrdQ 8
0

where gji(r) ... rij(r)/(cjro).

4.2.2. Definition 2

The pair function method developed by Mozzi and Warren is frequently used
to analyze the structure of metal oxide melts and glasses as follows (Mozzi
and Warren, 1969):
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where Io,(Q)/N is the scattered X-ray intensity per unit composition, S the
summation over all atoms in unit composition, f, the averaged scattering fac-
tor defined by Eq. (10), re the mean electron number density, and Z; the
atomic number.

The total RDF for the given i—j pairs with coordination numbers N;; at dis-
tances rj; calculated according to the pair function method is expressed in the
following form:

xx QmaX 2
RDFy .. Nij=rij fifi fo “exp a?Q? sin Qry sin Qr dQ
0

12

4.2.3. Definition 3

Direct Fourier transformation of the scattered intensity leads to the pdf or
RDF only for the systems composed of monoatomic liquids. In contrast, the
distribution functions are not obtainable with a rigorous scientific definition,
but approximated ones can be estimated for liquids consisting of polyatomic
molecules.

As for monoatomic liquids, the structural contributions in the scattered
intensity, i(Q)...lon(Q) f(Q)? are normalized by the square of the atomic
scattering factor, being relevant to a unit pair, f(Q)?, as shown in Eq. (13).

h i
iQ .. lggn fTQ2=fQ? 13

The RDF is then expressed by the following form:
a1
dpr’rr ..4prir,  2r=p Qi Q sin Qr dQ 14
0

Thus, the two-body density function is evaluated, from which the pair
correlation function is obtained by using r(r) ... rog(r) with rq...N/V. In con-
nection with this relation, Narten et al. (1967) have carried out the following
Fourier transformation for the diffraction data of polyatomic molecules by
defining the modification function M(Q)...llej(Q)2 (Levy et al., 1966;
Narten et al., 1967),
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Qumax
dprdrr  ry .. 2r=p QiQMQexp BQ?sinQrdQ 15
0
where Qnmax refers to the maximum value in the measured range of Q. The func-
tion exp(  BQ?) is introduced to reduce the termination effect in Fourier transfor-
mation and the parameter B is usually set to satisfy the equation exp( BQZay) ...
0.1. Ohtaki (1982) has proposed the relationship Sf;(0)°/Sf;(Q)? ... SZ?/Sf;(Q)” as
a modification function, where Z; is the electron number of atom j.
Furthermore, Narten (1972) has adapted the applicability of liquid struc-
tural models to real systems by defining the interference function i(Q) in a
reciprocal lattice space, see Eq. (16), where the atomic correlations in the r
range longer than a given distance r',, are assumed to be distributed at mean
atomic number density:

) x XX ) _
iQ .. Niexp  siQ” fifisin Qrix = Qrik
il k
X 0 A2 0 0
exp S apQ° fafphdpry QrianCos Qrap
a.lb.1
# .
sin Qrlyy, =Q%  f2 16

4.2.4. Definition 4

Let m and n be the atoms at the origin of the coordinate axes and at a
given point, respectively. In polyatomic liquids, the RDF cannot be directly
calculated through Fourier transformation of the XRD intensity function since
both f,(Q) and f,(Q) are functions of Q. But if estimated values of the effective
scattered electron number of each atom, K,,,, K, are introduced, an approximate
solution of RDF is obtainable (Ohno et al., 1994; Warren et al., 1936).

h ><n oi. Xn o
iQ.I"Q N f,Q> N f,Q°? 17

If Eq. (17) can be derived from diffraction experiments, the following
form of RDF, namely, D(r), is finally determined:

X 2 X 2r Qmax
Dr ..4pr? Kn I K 2=

Q i Qsin Qr dQ 18
P o

In practice, it is very important that appropriate substitution of the
atomic scattering factors f;(Q) in the above equations by the scattering
lengths b; is valid for ND analyses, where attention should paid to the fact that
bis are independent of Q, that is constant. The absolute values b;s for all
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elements in the periodic table are almost of the same order of magnitude. This
trend is quite different for f;(Q)s. For more details, the reader is referred to
the literature cited later. In practice, structural parameters such as
interatomic distance r, coordination number (CN), and mean square displacement
(v r?i) for a particular atomic pair are to be evaluated from these functions.

Spectroscopic measurements have also been used for the same goal, in
particular, for elucidating the short-range structure, that is, for identifying
the chemical species in molten salts. It is noteworthy that both techniques
are powerful and complementary tools.

Principles and calculation procedures of XRD are well described in several
reviews (Furukawa, 1962; Gingrich, 1943; Karnicky and Pings, 1976; Kruh,
1962; Levy et al., 1966; Pings, 1968; Waseda and Ohtani, 1971a; Waseda
and Ohtani, 1971b).

As for neutral diffraction data, literature provides us with fundamental and
useful information (Adya, 2002; Adya, 2003; Enderby and Biggin, 1983). The
above analytical procedures correspond to those carried out in real space. But
for the analyses in reciprocal lattice space, the works of Narten et al. (Narten,
1972; Narten and Levy, 1969; Narten et al., 1967) based on the Debye scatter-
ing equation as well as the algorithm proposed by Busing and Levy (1962) are
of great advantage and service.

4.2,5. Estimation of Nearest-Neighbor Coordination Number
from RDF

The coordination number of nearest neighbor n; provides important informa-
tion on the structure of liquids. There are four methods commonly used for
estimating n; (Pings, 1968; Mikolaj and Pings, 1968), which are labeled
A D in Fig. 3. These methods result in progressively higher numerical values
in the order, " <n®<n$<n?.

Method A—Symmetrical turn-in of D(r)/r
This method involves symmetrizing the first peak in the D(r)/r func-
tion around a radius of symmetry.
Method B—Symmetrical turn-in of D(r)
This is based on the assumption that the coordination shells are symmet-
ric about a radius which corresponds to the maximum in the D(r) function.
Method C—Decomposition of D(r) into shells
The distance ryay, giving the first maximum in D(r), is taken as the
mean radius of the first shell. Any particle at a distance less than ryax
is counted as belonging to the first shell. As depicted in Fig. 3, a smooth
extrapolation of the leading edge of the second shell followed by sub-
traction gives the outward portion of the first shell.
Method D—Integration to the first minimum in D(r)
n, is determined by integrating D(r) up to a distance corresponding to
the first minimum after the first peak.
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FIGURE 3 Calculation methods of the coordination number. Reproduced with permission from
Ohno et al. (1994), © 1994 Trans Tech Pub.

Method A was proposed by Coulson and Rushbrooke (1939) under
the assumption that D(r)/r is, for each coordination shell, symmetrical around
its mean radius for any Einstein model of a liquid. Since the radius of symme-
try in D(r)/r is less than rpmax, this method will generally gives the smallest
value of n;. Although method B is perhaps one of the most common schemes
in use, the D(r) function is not really symmetric about the first peak. This fact
is especially noticeable in the measurements made on high-density liquids
near their melting points. As for method C, it is usually difficult to define
the position of the second peak and to extrapolate the coordination number.
This method tends to bear larger uncertainty than the other three methods.
It is the advantage of method D, however, that the distance characteristic to
the first minimum in D(r) may be precisely determined and gives a plain
value of ny. It is therefore essential that the method used to evaluate n;
and r, be precisely described in scientific reports. Moreover, it is indispens-
able to compare the observed values of n; and r with those
calculated by computer simulation (Sangster and Dixon, 1976; Woodcock
and Singer, 1971).
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4.2.6. Stability of Nearest-Neighbor Coordination Shell
and Penetration Effect of Second Coordination Shell

As described in detail by Enderby and Biggin (1983), the partial structure
factorsS ,S_,and S _ are related to the pair correlation functions g,u(r)s by
Sap Q .1 % Oab I 1 rsin Qrdr 19
whereaand b referto and corresponding to a cation and an anion, respec-
tively, and r to the total density of ions. It is nowadays widely accepted that the
most significant structural information about molten salts is contained in S;,(Q).
The pair correlation function, S;,(Q), gives reach over a measure of the probabil-
ity of finding a b-type particle at a distance r from an a-type particle placed at the
origin. In other words, let us place an a-type particle at the origin and ask what is
the average number of b-type particles which occupy a spherical shell of radius r
and thickness dr at the same time. The number is given by:

dn; ... 4prpgap 1 ridr 20

where ry,...Ny/V and Ny, is the number of b species contained in the sample of
volume V. A hypothetical g(r) function for a simple liquid which contains a sin-
gle chemical species is sketched in Fig. 4. Since the chance of finding two parti-
cles separated by a distance less than ry is negligible, r; becomes a measure for
the closest distance of approach of two particles in the system. On the other hand,
r giving the maximum g(r) in the first coordination shell allows us to define the
most probable separation of two atoms, and r, provides the range over which
near-neighbor interactions are likely to be important. The definition of g(r) given
in Eq. (20) implies that the value of integral 4pr orz g r rdr is the average num-
ber of near neighbors for one particle chosen to be at the origin. This number is
often called the coordination number, n, although defined in several ways as indi-
cated in the preceding section, which combined with the value of r allows us to
build up a chemically plausible picture of the short-range order. The ratio h'/h is
an important measure of the stability of the first coordination shell. If a distinct

g
—

10—~

>

| peemammm—

f

FIGURE 4 Hypothetical radial distribution function g(r) for a simple liquid containing a single
chemical species. Reproduced with permission from Enderby and Biggin (1983), © 1983 Elsevier.
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and long-lived local geometry exists, h'/h tends to be small. For simple liquids in
which there are no special chemical effects, h'/h is typically equal to about 1/4. If
gab(r) functions are known with sufficient accuracy over a wide range of temper-
ature T, pressure P, and concentration X, the thermodynamic properties relating
to mixtures can, in principle, be deduced.

Enderby and Biggin (1983) have concluded that for systems in which the
cation is small (e.g., Li , Na , Mg? , Zn? , and Mn? ), calculation of the
near-neighbor coordination number from g(r) is satisfactory. The fundamental
reason for this is the absence of significant penetration of similar ions into
the first shell. This means that r  deduced from the total diffraction
pattern should also be reliable, as emphasized by Ohno and Furukawa (1981).
For large cations, in contrast, substantial penetration of the first shell by like
ions results in an asymmetric first peak in g(r). It is also important to realize
that integrating up to the first minima in g(r) or rg(r) is unreliable since spuri-
ous peaks frequently occur in this region of the r-space. This results from the
Fourier transformation of the S-space data. It therefore becomes difficult to
locate the position of the minimum with confidence. Typical examples are
depicted in Fig. 5, which clearly evidence the marked tendency for interpenetra-
tion of the first and second coordination shells for the larger cations.

The authors propose that another concept should be introduced to take the
stability of the nearest coordination shell into account. When some penetration
of the second coordination shell into the first coordination shell takes place, for
example, in molten SrCl,, this results in an overestimation of the number of
chloride ions in the first coordination shell. As a consequence, the evaluation
of the nearest-neighbor coordination number should rely on the integration of
g(r)org (r) up tothe cross pointofg (r)andg (r), or up to the first point
where g  (r) approaches unity from the origin. In any case, it is highly impor-
tant to describe precisely in scientific reports which definition is employed for
evaluating the nearest-neighbor coordination number.

5.2
3 4.2

g 2 Zn Cl, CacCl, SrCl, Ba Cl,
1

01234 012345 012345 0123456
r(A)

FIGURE 5 Increased penetration of the second into the first coordination sphere: solid line,
g (r); dotted line, g (r). Reproduced with permission from Enderby and Biggin (1983), ©
1983 Elsevier.
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4.3. Alkali Halide-Type Molten Salts Composed
of Monoatomic lons

The excess radial distribution of molten LiCl is shown in Fig. 6 (Marcus,
1977). The large peak at r...0.385 nm corresponds to the contributions of
pairs of same ions, mainly due to adjacent CI Cl pairs, while those from
Li Li pairsare very small. At less than the above distance, there is a small
peak in the XRD pattern. Simultaneously, a trough appears at around
0.245 nm since the scattering length of ‘Li for thermal neutron is negative
(Sears, 1992). This peak is derived from the scattering of nearest-neighbor
pairs, that is Li  Cl pairs, by taking into account the Coulomb forces acting
in the melt. The other peaks are observed at r...0.70 nm and 1.02 nm, perhaps
being due to the CI CI like ion pair. Over r...1.0 nm, the assignments of
the peaks are difficult and less reliable. Similar results have already been
reported for the other alkali halide melts as listed in Table 2.

It is found from Table 2 that the nearest-neighbor coordination numbers of
melts are always smaller than those of corresponding solids, for example,
CN...6 for NaCl-type solids and CN...8 for CsCl-type solids. Due to the
decrease in nearest-neighbor coordination number, nearest-neighbor inter-
atomic distances in melts are reduced by as much as 5% on average in com-
parison with those in solids. The second-neighbor coordination numbers in
liquids are usually smaller than those in solids, namely, 12. The second-
neighbor interatomic distances increase by about 2% on average although
there exist some exceptions. It is noteworthy that the peaks in RDFs are wide
and the peak positions are no more than the mean values of individual distri-
butions. As for the structures of molten alkali halides in the solid state and the
liquid state just above their melting points, the following semi-empirical but
guantitative equation is known to be applicable to real systems (Furukawa,
1961; Furukawa and Ohno, 1973),

4pr2(g(n-1)

r(A)

FIGURE 6 Excess radial distribution function of molten LiCl at 900 C. Reproduced with
permission from Marcus (1977), © 1977 John Wiley & Sons.


Figure 6

TABLE 2 Radial Distribution Analyses of Molten Alkali Halides by XRD, ND, and Computer Simulations (Ohno et al., 1994)*

r DV/
Melt r$(m) ni ri@mm) ni ni(al (ﬁm) ny  rh(nm) V?nng%) Method References ri (nm)® Method References

Lil 0.312 6 0.285 56 3.9 0.441 12 0.445 20 XRD 1 0.26 MC 10
0.273 MD 11

LiBr 0.285 6 0.268 52 4.0 0.403 12 0.412 22.4 XRD 1
LiCl 0.266 6 0.255 4.1 4.2 0.376 12 0.39 26.2 XRD 2 0.240 MC 12
0.247 4.0 3.9 0.385 XRD 1 0.200 MD 13
0.245 35 37 0.38 ND 1 0.221 MD 14
0.240 40 35 0.386 XRD 3 0.203 MD 15
0.237 - ND 4 0.23 MC 10
LiF 0.210 6 0.200 3.7 4.0 0.297 12 0.30 29.4 XRD 5 0.175 MD 16

0.2013 6 0.185 31 - 0.302 XRD 6
Nal 0.239 0.315 40 4.1 0.474 12 0.480 18.6 XRD 1 0.301 MD 17
0.30 MD 18
NaCl 0.295 0.288 47 45 0.416 12 0.42 25.0 XRD 2 0.265 MD 19
0.277 3.7 4.0 0.415 XRD 7 0.27 MD/MC 20
0.26 MD 11
0.265 MD 21

KBr 0.341 6 0.318 35 4.2 0.465 17 XRD 8




NaF 0250 6 0230 41 41 0330 12 035 27.4 XRD 5
KCl 0327 6 0320 52 47 0461 12 0.4 17.3 XRD 2 0.296 MC 22
0310 3.7 43 0.40-0.50 XRD 1 0.29 MC 23
0310 35 43 ND 1 0.295 MD 9
0305 36 44 XRD 9
0301 - ND 4
CsCl 0357 6 0353 46 52 0.427 6 0.45-0.53 105 ND 1
(0.505) (12)
0342 - ND
KF 0280 6 0265 49 43 0.396 12  0.36-0.42 17.2 XRD 5 0.235-0.250 MC 24

1: Levy et al. (1960); 2: Zarzycki (1958); 3: Ohno et al. (1978a); 4: Miyamato et al. (1994); 5: Zarzycki (1957); 6: Vaslow and Narten (1973); 7: Ohno and Furukawa (1981); 8: Ohno and
Furukawa (1983); 9: Takagi et al. (1979); 10: Lewis et al. (1975); 11: Michielsen et al. (1975); 12: Krogh-Moe et al. (1969); 13: Woodcock (1971); 14: Okada et al. (1980); 15: Takagi et al.
(1975); 16: Sangster and Dixon (1976); 17: Dixon and Sangster (1976a); 18: Dixon and Sangster (1975); 19: Lantelme et al. (1974); 20: Lewis and Singer (1975); 21: Dixon and Sangster
(1976b); 22: Woodcock and Singer (1971); 23: Romano and McDonald (1973); 24: Adams and McDonald (1974).

#Key: r,, nearest-neighbor interatomic distance; n,, nearest-neighbor coordination number; cal, value calculated by Eq. (1); r,, second-neighbor interatomic distance; n,, second-neighbor
coordination number; s, solid state; I, liquid state; V,,, molar volume; DV, V'm—VZq; MD, molecular dynamics simulation; MC, Monte Carlo simulation.

PComputer simulated.

J
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\
TABLE 3 Coordination Numbers of Monovalent and Divalent Metal
Chloride Melts at Respective Melting Points (Enderby and Biggin, 1983;
Janz et al., 1968)
Cationic n, calc. from n, estimated
Melt radius (A) Eqg. (1) fromg (r) T (K)
ZnCl, 0.74 35 4.3 548
NaCl 0.95 4.0 3.9 1073
CaCl, 0.99 5.8 5.3 1055
SrCl, 1.12 6.5 51 1148
KCI 1.33 4.1 4.1 1043
BaCl, 1.35 7.5 6.4 1235
RbCI 1.47 3.8 35 988
-
ve=vlops=rl 2 onleng 21
m~—Vm- 1711 17

The applicability of Eq. (21) to several melts is demonstrated in Table 3
(Enderby and Biggin, 1983), where g  (r) refers to the partial pdf of dissimi-
lar ion pairs. It is found that even for monovalent or divalent metal chloride
melts, there is good or fairly good correspondence between observed and cal-
culated coordination humbers of these ion pairs.

Equation (21) represents the melting phenomenon of ionic crystal and
describes the volume change on melting from the viewpoints of changes
in nearest-neighbor distance and coordination number. It is found from
Tables 2 and 3 that melting of matter can be interpreted as follows: (1) the
interatomic distance and the coordination number of a given nearest-neighbor
pair in molten state become shorter and decrease, respectively, in comparison
with those in solid state and (2) the second-neighbor interatomic distance in
melt needs to be longer than that in solid so as to realize the thermal expan-
sion on melting.

4.4. Cation-Polyatomic Anion Type Molten Salts

Another category of simple molten salts consists in salts built from metal
cations and polyatomic anions such as nitrates, nitrites, carbonates, sulfates,
and so on. The atomic arrangements of cations around a particular polyatomic
anion in these melts are usually investigated by XRD, ND, XAFS, MD,
Raman, and their combinations. Polyatomic anions such as NO; , CO3? ,
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TABLE 4 Interatomic Distances of N-O and O-O Pairs in NO3 lons
(Suzuki and Fukushima, 1977; Waseda, 1980b)

N-O (A) 0-0 (A)
System Liquid Solid Liquid Solid
LINO3 1.26 1.24 2.09, 2.21 2.15
NaNO3 1.25 1.22 2.17 2.11
KNO3; 1.26 1.20, 1.22 2.17 2.09, 2.10
RbNO3; 1.25 2.17
CsNO3 1.26 1.22 2.18 2.12
AgNO3 1.27 2.10, 2.22
TINO3 1.25 1.23 2.14,2.18 2.13
Ca(NOs), 1.25 1.22 2.10, 2.20 2.12
Ba(NOx), 1.24 1.24 2.09, 2.22 2.14

and SO42 are rigid so that they suffer less structural changes and keep their
internal structures even in molten salts at elevated temperatures as listed in
Table 4 (Suzuki and Fukushima, 1977; Waseda, 1980b), provided that the po-
lyatomic anions modify their internal structures with little distortion by inter-
actions with coexisting cations.

4.5. Association in Molten Salts

It is well known that associated chemical species or network structures are
formed in melts such as BeCl,, ZnCl,, SiO,, and GeO,. As a typical example,
structural parameters of molten ZnCl, are listed in Table 5 (Enderby and
Biggin, 1983). The coordination state in molten ZnCl, is not changed very
much compared with that in solid, reflecting that molten ZnCl, possesses a
large density comparable with its solid and a little thermal expansion appears
to be detected on melting. There exist ZnCl,> complex ions with stable first
coordination shell and their clustered species in the melt, which provide high
viscosity and low conductivity.

Similar effects are expected to appear in molten salts composed of multi-
valent cations and halide anions. Description according to Eq. (21) is, how-
ever, difficult since there are not enough experimental data. Structural
comprehension by invoking Eq. (21) is attempted as earlier. The structural
parameters of the principal molten salt systems are listed in Tables 6 9. In
particular, the short-range structures of molten lanthanide trihalides are dis-
cussed in detail later.
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TABLE 5 Interionic Distances and Coordination Numbers n in Solid and
Molten ZnCl, as Determined by X-Ray Diffraction, Unless Otherwise Stated
(Enderby and Biggin, 1983)

Zn-Zn CI-ClI Zn-Cl
Form of
ZnCl, Distance A Coord. n Distance A Coord. n Distance A Coord. n
a solid 3.82 4 3.82 8 2.34 4
b solid 3.77 4 3.78 12 2.31 4
g solid 3.70 4 3.70 8 2.27 4
d solid - 4 3.71 12 2.27 5.07
Liquid, 603K - - - - 2.35 42
(EXAFS)
Liquid, 596 K 3.66% 42 3.85% 12* 2.29% 42
(X-ray)

Liquid, 600K 3.8 0.1 4.7 0.8 3.71 0.02 86 05 229 0.02 43 03

#Values of the input parameters used in a nearest-neighbor model to give the best fit to the total
X-ray pattern.

%
TABLE 6 Interatomic Distances (D in nm) and Coordination Number (CN)
of Molten Cupper Monohalides (Shirakawa et al., 1991)
Salt D(Cu-X) (CN)®>  D(Cu-Cu) (CN) D(X=X) (CN)?
cucl 0.234 (2.76) 0.321 (8.69) 0.382 (9.33)
CuBr 0.248 (3.03) 0.334 (5.14) 0.405 (10.06) 0.469 (15.99)
cul 0.264 (3.36) 0.356 (4.61) 0.437 (6.41) 0.485 (14.97)
2X...Cl, Br, I.

5. CRYSTAL STRUCTURES OF RARE-EARTH HALIDES

Crystal structures of rare-earth trihalides at ambient temperature and pressure
can be divided into seven classes on the basis of the elementary combinations
of rare earths and halogens. Evolution of the crystal structures is due to the
change in the ratio of ionic radii, r(X )/r(Ln® ), where the ionic radii with
sixfold coordination proposed by Shannon are generally employed (Shannon,
1976). Crystal types, lattice constants, and densities of rare-earth trichlorides
and tribromides are summarized by Murase (1999a, 1999b) in Tables 10
and 11, respectively. As described in the previous section, very few papers
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TABLE 7 Nearest-Neighbor Ag-Ag Interatomic Distances (D in nm)
and Coordination Numbers (CN) of Molten Silver Monohalides
(Inui et al., 1991)

Salt D(Ag-Ag) CN

AgCI 0.262 3.7

AgBr 0.272 3.9

Agl 0.290 4.6
o

/

TABLE 8 Interatomic Distances (D in nm) and Coordination Numbers (CN)

of Molten Metal Dihalides (Iwadate, 2011)

Salt Atomic pair D (nm) CN References

MgCl, Mg-ClI 0.221 4 Takagi and Tomita (1993)
CI-CI 0.353 n.a.
Mg-Mg 0.433 n.a.

MgCl, Mg-Cl 0.242 4.3 Biggin et al. (1984)
Cl-Cl 0.356 12
Mg-Mg 0.38 5

CaCl, Ca—Cl 0.272 5.5 Iwamoto et al. (1982)
Cl-Cl 0.355 7.4

CaCl, Ca—Cl 0.278 5.4 Biggin and Enderby (1981)
Cl-Cl 0.373 7.8
Ca—Ca 0.360 4.2

MnCl, Mn-Cl 0.251 4 Ohno et al. (1978b)
Cl-Cl 0.410 10
Mn-Mn 0.500 8

NiCl, Ni-ClI 0.236 4.7 Newport et al. (1985)
CI-CI 0.380 13.8
Ni—Ni 0.400 6.0

NiBr, Ni-Br 0.247 4.7 Wood and Howe (1988)
Br-Br 0.397 14.0
Ni—Ni 0.370 5.3

/

Continued
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TABLE 8 Interatomic Distances (D in nm) and Coordination Numbers (CN)

of Molten Metal Dihalides (Iwadate, 2011)—Cont'd

Salt Atomic pair D (nm) CN References

Nil, Ni-I 0.260 4.2 Wood et al. (1988)
1 0.410 131
Ni-Ni 0.460 5.3

ZnCl, Zn-Cl 0.229 4.3 Biggin and Enderby (1981)
Cl-Cl 0.371 8.6
Zn-Zn 0.380 4.7

ZnCl, Zn-Cl 0.230 3.6 Iwadate et al. (2001a)
CI-Cl 0.370 9.0
Zn-Zn 0.432 4.0

ZnCl, Zn—Cl 0.221 3.9 Fukushima et al. (2005)
CI-Cl 0.355 n.a.
Zn-Zn 0.427 3.8

ZnBr, Zn-Br 0.240 3.4 Iwadate et al. (2001a)
Br-Br 0.390 6.3
Zn-Zn 0.458 3.6

ZnBr, Zn-Br 0.239 3.9 Iwadate et al. (2001b)
Br-Br 0.385 6.2
Zn-Zn 0.450 3.9

ZnBr, Zn-Br 0.243 3.9 Fukushima et al. (2005)
Br-Br 0.387 n.a.
Zn-Zn 0.469 3.8

ZnBr, Zn-Br 0.241 3.9 Allen et al. (1991)

Znly Zn-l 0.260 4.2 Allen et al. (1991)

SrCl? Sr-ClI 0.29 6.7 Biggin and Enderby (1981)
CI-Cl 0.38 10.2
Sr=Sr 0.49 11.3

BaCl, Ba—Cl 0.310 7.7 Biggin and Enderby (1981)
CI-Cl 0.386 7
Ba-Ba 0.49 14
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TABLE 8 Interatomic Distances (D in nm) and Coordination Numbers (CN)
of Molten Metal Dihalides (Iwadate, 2011)—Cont'd

\

Salt Atomic pair D (nm) CN References

CoCl, Co-Cl 0.239 3.90 Takagi and Nakamura (1985)
CI-CI 0.380 10.88
Co-Co 0.488 3.60
Co-ClI 0.556 10.90

PbCl, Pb-Cl 0.280 4.0 Okamoto et al. (2005)
Pb-CI 0.320 2.5
Cl-Cl 0.366 9.6
Pb—Pb 0.483 10.5
Pb—CI 0.610 225
Pb—CI 0.284 4.0 Iwadate et al. (2005)
Pb-Cl 0.340 1.9
Cl-Cl 0.369 6.1
Pb-Pb 0.445 9.0
Pb-CI 0.576 151

PbBr, Pb-Br 0.286 1.9 Iwadate et al. (2005)
Pb-Br 0.315 1.9
Br-Br 0.364 6.8
Pb-Pb 0.442 8.8
Pb—Br 0.597 18.6

BeF, Be-F 0.159 4.0 Vaslow and Narten (1973)
F-F 0.254 6.0

BeF, Be-F 0.158 4.0 Umesaki et al. (1991)
F-F 0.258 4.0
Be-Be 0.306 6.0

aSimulated.
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TABLE 9 Interatomic Distances (D in nm) and Coordination Numbers (CN)
of Molten Metal Halides of Trivalent Cations (lwadate, 2011)
Salt Atomic pair D (nm) CN References
LIAICI, Al-Cl 0.215 4 Takahashi et al. (1985a)
CI-CI (intra) 0.350 3
CI-ClI (inter) 0.350 3
AICl;  AICl, 0.675 4
NaAICl, Al-Cl 0.213 4 Takahashi et al. (1985b)
CI-Cl 0.348 3
Na-Cl 0.280 1
Na—Cl 0.473 2
Na-Cl 0.610 1
Na-Al 0.420 1
NaAICl4~NaAICl, 0.698 8
AICl; Al-Cl 0.211 4.0 Badyal et al. (1994)
AlBr3 Al-Br 0.229 4.0 Saboungi et al. (1993)
Br-Br 0.387 7.1
Al-Al 0.313 1.8
FeCls Fe-Cl 0.223 3.8 Badyal et al. (1997)
GaBr3 Ga-Br 0.234 4.0 Saboungi et al. (1993)
Br-Br 0.391 8.6
Ga-Ga 0.320 1.9
Gals Ga-l 0.254 3.75 Saboungi et al. (1993)
I 0.435 111
Ga-Ga 0.328 15
ScClz Sc-Cl 0.248 4.8 Wasse and Salmon (1999a)
Scls Sc-l 0.276 4.7 Wasse and Salmon (1999a)
InCl3 In—Cl 0.235 5-6 Price et al. (1993)
LaCls La-Cl 0.283 5.7 Mochinaga et al. (1991)
CI-Cl 0.401 8.3
La-La 0.525 45
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TABLE 9 Interatomic Distances (D in nm) and Coordination Numbers (CN)\

of Molten Metal Halides of Trivalent Cations (lwadate, 2011)—Contd

Salt Atomic pair D (nm) CN References

LaCl5? La—Cl 0.269 6 Okamoto and Ogawa (1999b)
CI-CI 0.37 n.a.
La-La n.a. n.a.

LaCl3? La-Cl 0.281 6 Okamoto and Ogawa (1999a)
CI-Cl 0.380 8
La-La 0.500 5

LaBrs*© La—-Br 0.295 6 Okamoto and Ogawa (1999a)
Br-Br 0.375 8
La-La 0.510 5

CeCl; Ce-Cl 0.284 5.6 Iwadate et al. (1992)
CI-CI 0.405 11.3 Mochinaga et al. (1993a)
Ce-Ce 0.521 6.5

PrCl3* Pr—ClI 0.282 5.7 Mochinaga et al. (1991)
CI-CI 0.414 11.0
Pr—Pr 0.514 4.8

NdCl;* Nd-Cl 0.277 5.7 Igarashi et al. (1990)
CI-CI 0.404 11.3
Nd-Nd 0.508 4.8

GdCl; Gd-Cl 0.272 5.5 Mochinaga et al. (1991)
CI-CI 0.388 10.9 Matsuoka et al. (1993)
Gd-Gd 0.500 5.0

SmCl3 Sm-Cl 0.277 5.7 Mochinaga et al. (1991)
CI-CI 0.398 9.0
Sm-Sm 0.506 4.8

TbCl3 Tb-CI 0.272 6.3 Wasse and Salmon (1999b)
CI-CI 0.358 8.1
Tb-Tb n.a. n.a.

DyClg° Dy-ClI 0.269 5.7 Mochinaga et al. (1991)
CI-CI 0.382 8.9 Mochinaga et al. (1993b)
Dy-Dy 0.490 45

/

Continued
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TABLE 9 Interatomic Distances (D in nm) and Coordination Numbers (CN)\
of Molten Metal Halides of Trivalent Cations (lwadate, 2011)—Contd
Salt Atomic pair D (nm) CN References
HoCl3 Ho-ClI 0.276 6.4 Wasse and Salmon (1999b)
CI-CI 0.359 8.1
Ho-Ho n.a. n.a.
ErCl3 Er-ClI 0.263 5.8 Iwadate et al. (1994)
CI-CI 0.375 8-9
Er—Er 0.405 1-2
ErCl3 Er-ClI 0.274 5.6 Wasse and Salmon (1999b)
CI-Cl 0.358 8.9
Er-Er n.a. n.a.
YCl3 Y-CI 0.271 5.9 Saboungi et al. (1991)
CI-CI 0.364 8.2
Y-Y n.a. n.a.
YCl3 Y-CI 0.269 5.9 Okamoto et al. (1996)
CI-CI 0.359 n.a.
Y=Y n.a. n.a.
YCl3 Y-CI 0.272 5.7 Wasse and Salmon (1999b)
CI-Cl 0.355 7.8
Y=Y n.a. n.a.
ucCl;3? U-CI 0.284 6 Okamoto et al. (1998)
CI-Cl 0.402 8
uU-u 0.520 5
U-ClI 0.580 8
8For LaCls, PrCls, NdCls, UCl3, and LaBrs pure melts, each nearest-neighbor coordination number
of RE has been reported to be about 6. See Okamoto et al. (1999).
PThe nearest-neighbor coordination number of Dy has been calculated to be about 6 by MD
simulation. See Takagi et al. (1999).
°For LaBrs, CeBrs, DyBrs, and YBr3 pure melts, nearest-neighbor coordination numbers of RE have
been simulated at 7.1, 7.4, 6.2, and 6.2, respectively. See Hutchinson et al. (2000).

/

have yet reported structural investigations of molten rare-earth fluorides and mol-
ten rare-earth iodides by diffraction techniques and thus the corresponding crystal-
lographic data are not discussed here. Four types of crystal structures are known for
rare-earth trichlorides. The crystals of LaCl; to GdCl; have hexagonal UCls-type
structure, and those of YClI; and DyCl; to LUCl; possess monoclinic AlCI5-type
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TABLE 10 Crystal Structures of Rare-Earth Trichlorides (Murase, 1999a)
Lattice constant
LnCl;  Crystal type  a (A) bA c@A) Angle ()  d (g/cm®)?
ScCls Bils 6.979° a..544" 239
6.397°¢ 17.82° 2.39
YCl3 AlCI3 6.920 11.94 6.44 b..111.0 2.61
LaCl3 UClI3 7.483 4.364 3.85
CeCly UCls 7.454 4312 3.94
PrCls UCl; 7.423 4.272 4.03
NdClz UCl3 7.400 4.240 4.14
PmCl; UCl3 7.397 4211 4.23
SmCl3 UCl3 7.380 4.169 4.33
EuCly UCl 7.375 4.134 4.41
GdCl3 UClI3 7.363 4.105 4.54
ThCl3 PuBrs 3.860 11.71 8.48 4.60
TbCl,®  (Hexagonal?)  6.425 11.771 4.60
DyCl3 AICl3 6.91 11.97 6.4 b..111.2 3.59
HoCls AICl; 6.85 11.85 6.39 b..110.8 3.69
ErCl3 AICl3 6.80 11.79 6.39 b..110.7 3.77
TmCl3 AICl3 6.75 11.73 6.39 b..110.6 3.83
YbCl3 AICl3 6.73 11.65 6.38 b..110.4 3.94
LuCls AICl3 6.72 11.60 6.39 b..110.4 3.98
2values calculated from lattice constants.
PDefined as rhombohedral.
°Defined as hexagonal.
dOver 520 C.

/

structure at room temperature. Only TbClj; crystallizes in an orthorhombic PuBr3-
type structure, and it transforms into an hexagonal high-temperature phase above
520 C. The crystal structure of ScCls is of hexagonal Bils-type.

As the ionic radius of Cl is larger than that of F , the coordination num-
ber of Cl around a rare-earth ion is not as large as that of F . The coordina-
tion numbers of Cl s are estimated at 9 for UCl3, 8 for PuBr3, and 6 for AICl;
crystals. The atomic arrangements (configurations) of UCls-, PuBrs-, and
AICls-type unit cells are shown in Fig. 7, respectively, which were drawn
by VESTA 3 (Momma and lzumi, 2011).
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TABLE 11 Crystal Structures of Rare-Earth Tribromides (Murase 1999b)

Lattice constant

LnBr;  Crystal type a(A) b (A) ¢ (A) Anglea() d (g/cm3)?

ScBrg Bils 7.352° 53.83" 3.91
6.665° 18.838°

YBr; Bils 7.575° 55.67° 3.95
7.072° 19.150°

LaBrs UCls 7.971 4522 5.07

CeBr;  UCI; 7.952 4.444 5.18

PrBrs UCls 7.939 4.389 5.28

NdBr;  PuBrs 4115  12.659 9.158 5.35

PmBr;  PuBrs 4.08 12.650 9.12 5.45

SmBrs  PuBrg 4042  12.706 9.124 5.59

EuBr;  PuBrg 4015  12.638 9.099 5.63

GdBrs  Bilg 7.633° 56.40° 457
7.216° 19.189°

TbBr;  Bilg 7.608° 56.13" 4.66
7.159° 19.163°

DyBr;  Bils 7.592° 55.83" 4.78
7.107° 19.161°

HoBr3  Bils 7.576° 55.67° 4.86
7.072° 19.150¢

ErBr3 Bils 7.568° 55.47° 4.93
7.045° 19.148°

TmBr;  Bilg 7.540° 55.36" 5.02
7.005° 19.092°

YbBr;  Bilg 7.540° 55.17° 5.11
6.973° 19.086°

LuBrs Bils 7.527° 55.00° 5.17
6.950° 19.109¢

#Values calculated from lattice constants.
PDefined as rhombohedral.
°Defined as hexagonal.
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FIGURE 7 Atomic arrangements in UCls-, PuBr3-, and AICls-type unit cells. Redrawn from
VESTA 3 (Momma and lzumi, 2011), © 2011 International Union of Crystallography.

As given in Table 11, crystal structures of rare-earth tribromides at ambi-
ent temperature and pressure are classified into three types. The crystals of
LaBr3 to PrBrs are of UCls-type; those of NdBr3; to EuBr3 have a PuBrs-type
structure; and finally, ScBrs, YBrs, and GdBr; to LuBr; possess Bils-type
structure. No structural phase change has been observed for rare-earth
tribromides except for ScBrs.

6. DENSITY OF RARE-EARTH HALIDES IN SOLID
AND MOLTEN STATES

Density is one of the most significant thermophysical properties characteriz-
ing matters and materials, and thus, acquisition of accurate data is required


Figure 7
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as the most important parameter for not only industrial designing but also the-
oretical examinations on structures of molten salts, derivation of other ther-
modynamic properties, and correlation of various thermophysical properties.
A fairly large number of density data are available for molten salts, but there
are plenty of problems to be solved with respect to data reliability and ranges
of temperature and pressure.

In general, the density r is approximated as a linear function of tempera-
ture as described in Eq. (22). This is a rule of thumb with no theoretical basis.
The molar volume V,, is calculated from the density data according to
Eq. (23), and the coefficient of expansion b is derived by using Eq. (24).

r..a bT 22
M
Vi o 23
1 @V b
...v @_T p .F 24

where M is the molar mass, T the temperature, a and b the least-squares fitted
constants.

The molar volumes of rare-earth halides in solid and molten states are esti-
mated from their respective density data, leading to the volume changes upon
melting. This property is very fundamental and plays a crucial role in
understanding the structure of molten salts, as is described in details in
subsequent sections. The principles pertaining to density measurement of
molten salts are quite simple and an instrumental prototype is sketched in
Fig. 8 (Janz et al., 1972).

Two techniques of density measurement, such as the Archimedes method
and the dilatometric method, have been employed at elevated temperatures.
The former makes use of the principle that the upthrust experienced by a body
wholly or partially immersed in a fluid is equal to the weight of fluid dis-
placed. In studies of molten salts, a plummet of platinum or gold palladium
alloy suspended from a balance pan by a thin platinum wire has frequently
been utilized. A typical apparatus of this kind is shown, complete with fur-
nace, in Fig. 8. The Archimedes method has the advantage of applicability
to temperatures higher than 1270 K and to more corrosive melts. The adhe-
sion of melt to and the condensation of vapor on the suspending wire are
potential difficulties which must be closely watched (Bell and Flengas,
1964; Bloom et al., 1953; Edwards et al., 1952; Neithamer and Peake,
1961; Peake and Bothwell, 1954; Spooner and Wetmore, 1951).

Dilatometers made of glassy materials have been used below 820 K (Pyrex)
or 1020 K (silica); an apparatus of this type is also illustrated in Fig. 8. An alter-
native is the approach by Husband (Husband, 1958) and by the groups of
Frame and Gebhardt (Frame et al., 1959; Gebhardt and Becker, 1943) who



Structures and Properties of Rare-Earth Molten Salts 115

FIGURE 8 Experimental techniques for the measurement of density. (a) Archimedes apparatus: A,
density plummet; B, thermocouple; C, inlet for controlled atmospheres. (b) Density plummet design:
(The tip is designed to known dimensions for surface tension measurements using the detachment
technique.) (c) Dilatometer and loading tube: A, loading tube filled with salt and sealed; B and
C, constrictions for vacuum seals; F, fritted disk; G, graduated dilatometer stem. (d) Dilatometer
and support assembly: G, dilatometer stem; L, locking pins in aluminum block; M, aluminum block
(two sections); S, support rods (hollow); TC, thermocouple well. Reproduced with permission from
Janz et al. (1972), © 1972 American Institute of Physics.

used the manometric technique in which one measures the pressure of an inert
gas required to bring about a known difference in height between two
columns of the liquid. A difficulty encountered in dilatometry is the maintenance
of constant temperature over a relatively great length of the furnace core. Both
this problem and that of corrosion become more serious at higher temperatures.

For molten pure rare-earth halides, a limited number of data are available
(Janz et al., 1968; Janz et al., 1975), since there are many problems with
respect to their reliability due to hygroscopy of rare-earth chlorides and their
reactions with water content to produce oxychlorides at elevated temperatures
as well as the maintenance of constant temperature in the long furnace. The
volume change on melting is subsequently easily evaluated from the above
molar volumes of solid and melt. This change is expected to reflect the melt
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structure very well, as described in Table 1 as well as Eq. (21) for alkali
halides. The empirical density equations of molten rare-earth trihalides are
tabulated in Table 12, from which the densities at 1100 K are estimated for
comparison by interpolation or extrapolation. At first approximation and
except for fluorides, the r values increase with increasing atomic weights of
constituent ions, as a first approximation. The irregularity of molten fluorides

TABLE 12 Recommended Density Equations for Molten Rare-Earth Halides
(rand Tare in gcm 2 and K, respectively)
r.a bt Temperature r(1100 K)

Salt a b 10° range (gcm 3) References

LaF; 5.793 0.682 1750-2450 5.793 Kirshenbaum et al.
(1960)

CeF3 6.253 0.936 1700-2200 5.223 Kirshenbaum et al.
(1960)

ScClj r..1.67 1213K n.a. Klemm (1926)

r..1.63 1273 K n.a.

YCls 3.007 0.50 998-1118 2.457 Klemm (1926)

LaCls 4.0895 0.7774 1146-1246 3.2344 Yaffe and van
Artsdalen (1956)

CeCls  4.248 0.920 1123-1223 3.236 Mellors and
Senderoff (1960)

PrCls 4.0120 0.74165 1120-1250 3.196 Cho et al. (1972)

NdCl;  4.2642 0.93014 1090-1270 3.2410 Cho et al. (1972)

GdCl;  4.1491 0.67139  940-1280 3.4106 Cho et al. (1972)

DyCl;  4.2668 0.6821 980-1260 3.5165 Cho et al. (1972)

LaBrs 5.0351 0.096 1069-1185 4.9295 Yaffe and van
Artsdalen (1956)

NdBr;  4.9750 0.7779 968-1133 4.119 Yaffe and van
Artsdalen (1956)

Lals 5.4581 1.1109 1124-1182 4.2361 Kutscher and
Schneider (1974)

Ndl; 5.4069 1.0701 1111-1193 4.2298 Kutscher and
Schneider (1974)

Gdl; 5.2097 0.9086 1254-1306 4.2102 Kutscher and
Schneider (1974)
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might be due to good packing of ions, complex ions, and/or clusters in the
melts, reflecting the very high melting points.

In many practical cases, molten salts are utilized under the form of multi-
component mixed melts. When the densities of pure melts are known, those of
their mixtures can be evaluated on the assumption that the additivity rule is
applicable to the molar volume. The density of a mixed melt r,, is formulated
as follows,

P P
oM M 25
XiVi Xi%'

where x; refers to the mole fraction, V; is the molar volume, and M; the molar
mass of the ith pure melt, respectively.

As for the densities of molten mixtures of rare-earth trihalides with
alkali halides, there have been plenty of data collected up to now; they are
listed in Tables 13 21 under the form of a linear function of temperature,
Mn..a bT.

For a mixed melt having interionic interactions similar to those in pure
melts, the additivity rule holds well enough to estimate the density or the
molar volume of the mixture. Unfortunately, such ideal mixtures are rarely
found in real systems. This might be due to transformations occurring in the
melt upon mixing, for instance, the formation of complex species. In many
cases, complex formation occurs easily in mixed melts composed of multiva-
lent cations and halide anions as central ions and ligands, respectively
(Nakamura, 1983). One has so far been inclined to consider whether observa-
tion of deviations between the measured molar volumes of the mixture
melts and the additivity rule offers or not a useful criterion for unraveling

TABLE 13 Density of Molten LiCl-LaCl; System Versus Composition
and Temperature (Kim et al., 1987)

LaCl; (mol%) rm (gcm 9) T range (K)
12.0 2.476-5.311 10 *T 840-1211
24.0 2.917-6.324 10 “*T 1008-1217
355 3.251-6.987 10 “T 993-1217
56.0 3.671-7.798 10 “*T 1109-1215
61.0 3.727-7.713 10 *T 1031-1218
81.5 3.953-7.850 10 “T 1088-1215
86.0 4.011-8.091 10 *T 1102-1218
100.0 4.154-8.326 10 *T 1146-1218

o /
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TABLE 14 Density of Molten NaCl-LaCl; System Versus Composition A
and Temperature (Kim et al., 1987)
LaCls (mol%) rm(gcm 3) T range (K)
115 2.599-6.579 10 “T 1028-1221
24.5 2.944-6.926 10 “T 890-1196
36.5 3.226-7.373 10 *T 1059-1221
49.5 3.450-7.497 10 “T 1091-1221
62.0 3.658-7.734 10 “T 1119-1221
76.0 3.857-7.947 10 “T 1089-1221
87.0 3.995-8.125 10 “T 1109-1221
/
TABLE 15 Density of Molten KCI-LaCl; System Versus Composition
and Temperature (Kim et al., 1987)
LaCl; (mol%) rm(gcm 3) T range (K)
115 2.418-6.057 10 “T 978-1204
24.5 2.711-6.461 10 “T 909-1213
38.0 2.941-6.394 10 “T 970-1216
50.5 3.306-7.622 10 “T 1115-1202
63.5 3.563-7.908 10 “T 1139-1203
76.0 3.783-8.129 10 “T 1141-1210
88.0 3.966-8.159 10 “T 1110-1218
/

the existence of complex ions as well as for estimating their stabilities. The
final decision concerning the formation of complicated species such as com-
plex ions, clustered ions, molecules, and so on in the melts should be made
according to direct observations of near-neighbor structures, namely, diffrac-
tion works and Raman spectroscopic measurements as will be described later.

7. STRUCTURES OF RARE-EARTH HALIDE MELTS

Physical and chemical properties of rare-earth compounds have usually been
thought to be similar, since there are very small differences in ionic radii.
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TABLE 16 Density of Molten CsCl-LaCl; System Versus Composition
and Temperature (Kim et al., 1987)

LaClz (mol%) rm(gecm 3) T range (K)
12.0 3.708-9.726 10 “T 908-1213
25.0 3.714-9.377 10 *T 1072-1219
40.0 3.753-9.064 10 “T 1015-1217
51.5 3.849-9.198 10 *T 875-1208
64.0 3.918-8.911 10 “T 1148-1215
77.5 4.053-9.107 10 “T 1090-1112
90.5 4.127-8.826 10 *T 1113-1217
o

TABLE 17 Density of Molten NaCl-CeCl; System Versus Composition N
and Temperature (Sato and Yamamura, 1992)
CeClz (mol%) rm(gcm ) T range (K)
12.0 2.564-6.047 10 *T 1023-1134
24.5 2.945-6.826 10 *T 910-1137
37.0 3.276-7.625 10 *T 986-1138
50.0 3.508-7.764 10 *T 989-1143
61.5 3.715-8.067 10 *T 1010-1131
73.0 3.875-8.237 10 *T 1019-1136
85.0 3.972-8.001 10 *T 1042-1135
100.0 4.012-7.183 10 *T 1046-1145
/

As mentioned in Sections 5 and 6, some differences which could not be dis-
regarded are really found even in the crystal structures of rare-earth halides
and in their densities in solid and molten states. Accordingly, local or short-
range structures of rare-earth halides have to be clarified in the first place.
Up to now, numerous works have been published which report the structure
of aqueous solutions containing rare-earth ions, but the number of works on
the melt structures is quite limited to halides. As for the techniques to inves-
tigate the local structure of melt, potential tools can be divided broadly into
three categories. The first is comprised of diffraction methods such as XRD
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TABLE 18 Density of Molten NaCI-NdCl; System Versus Composition

and Temperature (Janz, 1988)

NdCl; (mol%) rm(gcm 3 T range (K)
12.5 2.522-5.37 10 *T 1131-1284

26.2 3.032-6.92 10 *T 1093-1283

39.3 3.351-7.20 10 *T 1016-1283

55.3 3.703-7.83 10 “T 1023-1282

68.5 3.930-857 10 *T 1005-1281

85.0 4.120-8.43 10 *T 1021-1273

-
~

TABLE 19 Density of Molten NaCl-SmCI; System Versus Composition

and Temperature (Sato and Yamamura, 1992)

SmCl; (mol%) rm(gcm 9) T range (K)
115 2.597-6.227 10 “*T 1002-1147
23.0 2.959-6.790 10 “T 915-1148
34.5 3.273-7.379 10 “T 915-1157
51.5 3.639-7.929 10 “*T 919-1155
58.5 3.773-8.062 10 “T 905-1152
73.0 3.983-8.188 10 “T 935-1146
90.5 4.154-7.854 10 *T 917-1155

100.0 4.205-7.472 10 *T 925-1146

/

and ND, the second is Raman spectroscopy, and the third gathers X-ray
absorption fine structure (XAFS) and computer-aided calculations. Hereafter,
the structures of rare-earth halide melts obtained by the three categories of
methods are described in due order.

7.1. Structures from Diffraction Experiments

Structural analyses have been continuously carried out since the 1960s so as
to comprehend physicochemical properties of molten salts. At the beginning,
laboratory-scale X-ray diffractometers and less stable neutron source-detector
systems were, however, compelled to be used at the sacrifice of data accuracy.
Since electronics, mechanical devices, and the detector systems have gradually
and continuously been developed, this has resulted in substantial improvements



Structures and Properties of Rare-Earth Molten Salts 121

TABLE 20 Density of Molten LiF-YF3; System Versus Composition
and Temperature (Janz, 1988)
YF3 (Mol%) rm(gcm 3) T range (K)
0.0 2.074-3.321 10 “*T 1140-1340
19.0 3.254-5.595 10 T 980-1340
30.0 3.695-6.672 10 T 1080-1340
40.0 3.902-6.154 10 T 1080-1340
50.0 4.287-7.216 10 *T 1120-1340
60.0 4.174-5.065 10 “*T 1220-1340
/
TABLE 21 Density of Molten LiF-LaF; System Versus Composition
and Temperature (Janz, 1988)
LaFs (mol%) rm(@em 3) T range (K)
5.0 2.491-3.648 10 “T 1140-1350
10.0 2.799-3.118 10 “T 1180-1350
15.0 3.500-6.658 10 “T 1110-1350
20.0 3.737-6.486 10 “T 1130-1350
25.0 3.799-5.507 10 “T 1130-1350
\_ /

in the apparatuses. Examples of new and performing setups are the high-energy
monochromatic X-ray beam line with a diffractometer at SPring-8 (synchrotron
radiation facility Super Photon ring-8 GeV ) and the pulsed neutron sources
with high-precision detectors at KEK (High Energy Accelerator Research Orga-
nization) or J-Parc (Japan Proton Accelerator Research Complex) in Japan.
Therefore, accurate measurements of the melt structures are now within
feasibility. Similar apparatuses are also operating at ESRF and ILL (Institut
Laue Langevin) in France, APS (advanced photon source) and SNS (spallation
neutron source) in the United States, ISIS (centre for research at the Rutherford
Appleton Laboratory; pulsed neutron and muon source) in the United Kingdom,
and in several other countries.

Pioneering works on the structures of molten rare-earth chlorides have
been done by Saboungi et al. (1991) and Mochinaga et al. (1991) in the early
1990s. The former researchers have reported a ND study of the liquid struc-
ture of YCl; and combined the structural data with macroscopic melting
and transport data to compare the behavior of this molten salt with those of
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SrCh, ZnCl, and AICk as prototypes of different melting mechanisms for
ionic materials. DyG, HoCl;, and ErCh melts have very similar structure

to YCl3, thus confirming the earlier suggestion of a similarity of structural
behavior for these systems in the liquid phase. A novel melting mechanism
for trivalent metal chlorides, leading to a loose disordered network of edge-
sharing octahedral units in the liquid phase, has been thereby established.
The various melting behaviors were related to bonding character with the help
of Pettifor's phenomenological chemical scake(tifor, 198§. These findings
were in good agreement with Papatheodorou’s suggestion obtained from an
extensive Raman scattering study of ¥@hat the structure of the melt may

be a network of distorted chlorine-sharing octahed?apatheodorou, 19Y.7

In the first place, this suggestion emerged from a comparison of the Raman
spectra of pure liquid and solid Y&has well as from a series of measurements
on mixtures of YC} and alkali chlorides, in which Raman modes of ¥CI
octahedra were observed in stoichiometric mixed crystals at room temperature
and monitored first up to and across melting and then as a function of the
YCl5 content in the liquid mixture up to the pureY{helt.

In the latter reportiflochinaga et al., 1991the structures of a series of La(Cl
CeCk, PrCk, NdCl;, GdCk, DyC1s, and SmG] pure melts were systematically
studied with a laboratory-scale X-ray diffractometer. In these rare-earth chloride
melts, the existence of six chloride ions as the nearest neighbors surrounding a
rare-earth cation was deduced from the interatomic distance rat{CefCl)/r
(R—CI); interatomic distances as well as the coordination numbers of the rare-
earth ions are listed iffable 9 Interpretation of Raman spectra also showed in
the same report that the chloride ions and the rare-earth cations form octahedral
complex anions RGP  (R¥%La, Ce, Pr, Nd, Gd, Dy, and Sm). Taking account
of the low equivalent electrical conductivities and the separation between the
nearest cations B—R*® in the results of X-ray analysis of these melts, the exis-
tence of dimers or more polymeric complex anions may be alleged. As an exam-
ple, parameters obtained from XRD data of pure Dy@lelt are shown in
Figs. 9—11The calculation procedure is the same as described before. The three
nearest-neighbor ion pairs®R-Cl , R®*-R*®, and Cl -Cl were assumed to
follow a Gaussian distribution with a mean square displacemiepfram the
peak positions;;, and the quantities;;, r, andb; could be obtained by least-
squares fitting of Debye equation for the reduced intensity fun@&ia(g).

We also briefly describe results obtained by other experimental techni-
gues. The Raman spectra of pure molten ¥y @yCl;, GdCk, PrCk, and
LaCls are illustrated inFig. 12 The normal modes of vibration of octahedral
XY ¢-type chemical species are schematically presentédgnl3 where only
the vibrational modesg,, n,, andns are Raman activeNakamoto, 1978 The
typical Raman peaks on the Rayleigh wings for the respective melts are
observed in the wavenumber range of about 140 to 300'c@orresponding
to the stretching vibration modey,, of octahedral XY species. The weak
bending modes are barely detectable at lower wavenumbers.
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FIGURE 9 Radial distribution function D(r) for DyCl; melt. Reproduced with permission from
Mochinaga et al. (1991), © 1991 Trans Tech Pub.

FIGURE 10 Correlation function C(r) for DyCl; melt. Reproduced with permission from
Mochinaga et al. (1991), © 1991 Trans Tech Pub.
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FIGURE 11 Reduced intensity function S i(S) for DyCl; melt. Reproduced with permission
from Mochinaga et al. (1991), © 1991 Trans Tech Pub.
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FIGURE 12 Raman spectra of several rare-earth chloride melts. Reproduced with permission
from Mochinaga et al. (1991), © 1991 Trans Tech Pub.
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FIGURE 13 Normal modes of vibrations of octahedral XYg-type chemical species. Reproduced
with permission from Nakamoto (1978), © 1978 John Wiley & Sons.

Conventional molecular dynamics simulation was also carried out to
investigate the local structure of molten DyCl;, using the simple Born
Mayer Huggins-type potentials in which parameters were determined so as
to reproduce the interference function S i(S) of the melt. The octahedral coor-
dination of the cations was ascertained from the angular distribution of —Cl
Dy® CI , in which strong correlations were obtained at about y...90 and
180 as given in Fig. 14. The distances between the nearest-neighbor cations,
r(R® R?), in Table 9 are commonly less than twice the distance of r(R®
Cl ). Under the assumption that the octahedral species are linked through at
least one or two Cl ions, that is corner- or edge-sharing, with each other,
the above facts are consistent with this geometry and the —R® CI R®
angles listed in Table 22 indicate bent, not linear, configurations of the octa-
hedra. These data are in line with the possibility that clusters consisting of
dimeric or more polymeric complex anions RClg® exist in pure RCl; melts.
The most probable model is illustrated in Fig. 15.

As a consequence, the formation of clusters determines the physicochemi-
cal properties of molten rare-earth halides. As a typical example, the electrical
conduction of molten chlorides is briefly discussed. The molar conductivities,
formerly called equivalent electrical conductivities, of KCI, NaCl, CaCl,,
ZnCl,, and RCI; melts so far measured are shown in Fig. 16 (Janz et al.,
1968). The molar conductivities of RCl3 melts are much smaller than that
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FIGURE 14  Angular distribution of the CI  Dy® CI angle simulated by molecular dynamics.
Reproduced with permission from Mochinaga et al. (1991), © 1991 Trans Tech Pub.

TABLE 22 Average Angles R® —Cl —-R® estimated from XRD data
(Mochinaga et al., 1991)
RCl; melt —R® —cl -R® ()
LaCls 135
CeCl, 130
PICls 128
NdCly 133
GdCly 134
DyCl, 131
SmCl, 132
. %

of the CaCl, melt in which similar octahedral complex anions CaClg* exist.
ZnCl, has a highly developed network structure in the molten state, and thus,
its electrical conductivity is known to be very low. The electrical conductiv-
ities of RCl; melts are in the middle range between those of low-conductive
ZnCl; and high-conductive KCI and NaCl melts.
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FIGURE 15 Most probable model for dimeric ions R,Cl;;> . Black circles: R; empty circles: CI.
Reproduced with permission from Mochinaga et al. (1991), © 1991 Trans Tech Pub.
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FIGURE 16 Molar conductivities of several molten salts. Reproduced with permission from
Mochinaga et al. (1991), © 1991 Trans Tech Pub.

After confirmation from Raman scattering experiments on molten CeCl;
that octahedral CeClg® exists, a somewhat detailed discussion has been made
on the medium range structure of this melt (Iwadate et al., 1992). The density
of molten CeCl; dilatometrically measured at 1143 K amounts to
3.193 g cm 3, corresponding to a molar volume of 77.19 cm® mol *. Assum-
ing that the Ce® ions are homogeneously distributed in the melt, the mean
interionic Ce®> Ce® distance is calculated to be 5.04 A. But the most
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TABLE 23 Coordination Numbers n;, Interionic Distances r;,, and
Root-Mean Square Displacements h ry2i/2 for Molten CeCl,
(lwadate et al., 1992)

i k Nik i (A) h ralit’? (A)
ce® cl 5.6 2.84 0.249
cl cl 11.3 4.05 0.573
ce® ce® 6.5 5.21 0.660

FIGURE 17 Reduced intensity function S i(S) for molten CeCls. Reproduced with permission
from Iwadate et al. (1992), © 1992 Chiba University.

probable interionic distance for Ce® Ce® pairs reported in Table 23 is
5.21 A, that is about 3.4% larger. This fact indicates that there is some special
interaction between CeClg® complex ions.

When two discrete CeClg® ions approach each other as closely as possible,
the shortest Ce®>  Ce® distance is estimated to 6.04 A by considering the steric
hindrance of Cl ions and the equality of intraionic and interionic CI ClI
distances, both of which are undistinguishable in the modeling of the S i(S)
function (see Fig. 17). Therefore, the real medium range melt structure is prob-
ably not composed of discrete CeClg® octahedra.

Another model was therefore considered, named edge-sharing model and
in which two octahedra share two Cl ions and form, for example,
Ce,Cly* dinuclear decahalides. From short-range XRD analysis and Raman
spectra, the CI Ce® CI angles and the Ce®> Cl and CI Cl distances
were calculated to be 90 , 2.84 A, and 4.05 A, respectively. The Ce* Ce®
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distance should be, thus, close to 4.0bAit the observed value is 5.21 idi-
cating that the edge-sharing model is also not a good approximation for the
CeCk melt.

In the third, corner-sharing model, two octahedra share onei@l and
form a CeCly;® ion. When the C&—Cl —Ce® configuration is linear, the
interionic CEP—Ce® distance is the same as the sum of the respective ionic
radii, 5.64 A according toShannon (1976)This value is indeed greater than
5.21 A but if the CEP—Cl —C€e® angle is set to 133.1 the corner-sharing
model becomes valid as shownFig. 15 In the same manner, trimer, tetramer,
and larger polymeric ions, denoted Gy, 1 ZPIP “may exist in the melt.

As can be seen from the general form of the polymer, a linear configuration

does not satisfy the Cegétoichiometry and values of the Cl/Ce ratio approach

5 when linear polymerization occurs. Therefore, clustering of octahedra as pre-
dicted by the corner-sharing model and the existence of polymeric ions seem to
be needed in order to reduce the Cl/Ce ratio down to the stoichiometric ratio 3
and to reconcile the structural model with the whole set of experimental data.

Additionally, this type of ionic bond has been thought to be not necessarily

rigid, that is, to break and form again in a kinetic process. It may be concluded

from the above discussion and in view of other physicochemical data that
polymeric ions and their clustering exist in the Cg@ielt.

Tosi et al. have published a series of excellent papers tifledering in
Metal Halide Melts(Tosi et al., 1998 Melting and Liquid Structure of Poly-
valent Metal Halides(Tosi, 19943, Structure of Covalent Liquidg§Tosi,
19941, andThe Molten State of Trivalent Metal Halides and Oxides: Recent
Progress(Akdeniz et al., 1998 In particular, the ordering of trihalide melts
and the network formation are mentioned in these reviews. As stated before,
several research groups interested in molten salts have carried out determina-
tions of liquid structures for several trivalent metal halides based on measure-
ments of total X-ray and ND patterns. They focus on two main themes: (i) the
trend from cation-dominated Coulomb ordering to loose network structures
across the series of sixfold-coordinated rare-earth chlorides, including YCI
and (ii) the competition between network formation and stabilization of
molecular-type liquid structures with strong intermolecular correlations, as
in associated molecular liquids. The overall structural evolution as the
trivalent metal ion is changed is governed by the increasing weight of cova-
lency versus ionicity. The macroscopic properties reported for trichlorides
reflect melting mechanisms that are consistent with the observed liquid
structures. Progressive network formation in the melt from La€IYCls is
signaled by decreasing values b§, DV/V, ands, whereDS is the entropy
change,DV/V, gives the relative difference between the voluiveof the
liquid at T,,, and that of the solid at room temperature, anis the electric
conductivity.

Regarding network formation, the following conclusion has been drawn on
the basis of liquid structure data available from XRD for La@eCk, PrCk,
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NdCls, SmCl;, GdCls, and DyCl; (Mochinaga et al., 1991) as well as from
ND for molten NdCl; (Saboungi et al., 1990). These compounds have the
UCl; structure in their high-temperature crystal phase, except for DyCls,
which transforms into the AICI; structure before melting. The UClI5 structure
is hexagonal, with each metal cation (M) surrounded by six chlorides on the
corners of a trigonal prism and further coordinated by three coplanar chlorides
at somewhat larger distance (Wyckoff, 1964). The structure can be built by
stacking into a chain MCl3 units shaped as trigonal pyramids with M at the
apices and the three chlorides in the base of each pyramid being equally
shared between two M to form the trigonal prism around each M, and then
packing these chains so as to give three coplanar interchain M CI bonds for
each M. Evidently, a molecular-type crystal structure results if each M is
brought closer to one of the two triplets of chlorides forming each prism.
The AICI3 structure can also be built from MCI; pyramidal units, arranged
in layers so as to yield a slightly distorted cubic close packing of chlorides
inside which planes of octahedral sites are alternately either occupied by M
or empty (Templeton and Carter, 1954). Each layer of the AICI; structure
can almost be viewed as a hexagonal planar lattice of M sandwiched between
two triangular lattices of chlorides having the phase relationship of adjacent
(111) planes in the face-centered cubic lattice, as shown in Fig. 18. In this fig-
ure, the lower cluster shows the octahedral coordination of the metal ion in the
crystal, which is basically preserved in molten YCls. The upper cluster shows
an Al,C1g unit, which, through the displacement of the two metal ions as indi-
cated by arrows, yields an Al,C1g molecule on melting of AIClIs.

FIGURE 18 Schematic illustration of a layer in the AICls, crystal structure and of melting in
YCl; and AICI;. The black spheres represent a plane of trivalent metal ions, and the gray and
white spheres represent planes of chlorines above and below the plane of metal ions, respectively.
Reproduced with permission from Price et al. (1992), © 1992 Electrochemical Society.
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All rare-earth trichlorides listed above have similar structural characteris-
tics in the melt. The first-neighbor coordination number of the metal ions is
5.6-5.7 and the R-Cl bond length lies in the range 2.69-2.8Tkhe
second-neighbor bond lengths arR—R)¥44.9-5.2 A and r(CI-Cl)¥43.8—

4.1 A, indicating a Coulomb ordering primarily determined by the repulsion
between the polyvalent cations, as discussed earlier for moltery.SY€t

the ionic conductivity in the melt decreases steadily through the series of
compounds from LaGlto DyCls;, and Raman-scattering data show that a
high-frequency spectral shoulder in LaCises to become a very well-defined
peak in DyCk (Mochinaga et al., 1991 This suggests that the essentially six-
fold coordination of the metal ions becomes progressively more stable
through the series, leading to a liquid structure that resembles a loose network
of distorted Cl-sharing octahedra. The ND pattern of molten NdBbws a
relatively weak and broad structure in the region of the first sharp diffraction
peak, FSDP Saboungi et al., 1990

DyCl; and YCk are structurally isomorphous before melting and melt
with similarly low values ofDS and DV/V,. In a ND experiment on molten
YCl3 (Saboungi et al., 1991the Faber—Ziman structure factor exhibited a
well-defined FSDP atk%:0.95A !, giving unambiguous evidence of
intermediate-range order. The average coordination number of the metal ions
is 5.9, which confirms the Raman-scattering findifgapatheodorou, 19 éf
rather long-lived octahedral coordination of the metal ions, though in detalil
the octahedra in the liquid are somewhat expanded and distorted. The octahe-
dral network must be relatively loose on a time scale longer than the period of
the breathing mode of the octahedromat260 cm *, to be compatible with
the value of the ionic conductivity of molten YE{Akdeniz and Tosi, 1992;
Janz et al., 19638 The second-neighbor C1-C1 coordination is approximately
8.2, somewhat lower than the value of 9 for intralayer CI-CI correlations in
the crystal.

The structural trend represented by increasing connectivity of highly coor-
dinated local structures from Lagto YClIs can be reproduced within a purely
ionic model {Tatlipinar et al., 1992 This model relates the appearance and
growth of intermediate-range order in a 3:1 liquid to the decrease in the radius
Rw of the metal ion.Figure 19shows the evolution of the theoretical partial
structure factors from LaGlthrough YCk and AICk at constant density. As
Rw decreases, Coulomb ordering becomes stronger, as indicated by the align-
ment of peaks in the R—R and CI-CI structure factors with the valley in the
R—CI structure factor. At the same time, the main peak associated with cation
ordering in LaC} evolves into the FSDP in AlGl When the fluid with
Rv¥40.82 A is allowed to expand to densities appropriate to real Al&t
standard pressure, the model suggests stabilization of dimeric bound states.

As mentioned above, the main features of the local structures adopted by
molten rare-earth halides have been elucidated during the 1990s by Tosi and
coworkers Akdeniz et al., 1998; Tosi, 1994a; Tosi, 1994b; Tosi et al., 3993
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FIGURE 19 Partial structure factors as functions of scaled wave vector in liquid MCl; at fixed
density, for three values of the metal ion radius Ry, corresponding to La® , Y2 , and A1® (from

top to bottom). (Dotted lines) Scici(k), (dashed lines) Spm(k), (solid lines) Syc(k). Reproduced
with permission from Tatlipinar et al. (1992), © 1992 IOP Pub.

In the diffraction studies, the CN of the first M CI correlation has been con-
sistently evaluated to be about 6 for the pure melts, except for molten
ScCls, for instance, by Wasse and Salmon (1998), Okamoto and Ogawa
(1999a, 1999b), and Okamoto et al. (1999). However, another structural inter-
pretation has been proposed on the basis of ND and molecular dynamics
(MD) data. Wasse and Salmon (1999c) reported from systematic ND studies
of molten rare-earth trichlorides that the CN of the first M CI correlation is
not always equal to 6; for example, that of molten LaCls is 8.2. Hutchinson
et al. (1999, 2001) have obtained MD simulation results of some rare-earth
trichloride melts by using a PIM, which reproduces well the ND results
obtained by Wasse and Salmon. The CN was estimated to be 7.9 for molten
LaCls. These ND and MD works concluded that the CN changes with cation
size in the pure melts. The results of simulation works will be described
afterwards.

We now introduce and discuss typical structures of molten rare-earth triha-
lides analyzed by ND. The structure of molten lanthanum and cerium triha-
lides using the method of isomorphic substitution in ND has been carried
out by Wasse and Salmon (1999d). The total structure factors of molten
RX3, where R denotes La or Ce and X denotes CI, Br, or I, have been
measured by using ND. Difference function methods were then applied on
assuming that the LaX; and CeXs3 melts are isomorphic for a given halide
ion. The results which follow from this assumption show that the FSDP in
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the measured total structure factors arises from cation correlations and its shift
to lower scattering vector values with increasing anion size is consistent with
an enhanced separation in real space of cation-centered polyhedra. Upon melt-
ing, the RX; salts exhibit a decrease in the coordination number of both the
cations and anions. In the liquid state, the R X coordination environment is
asymmetric with R CI, R Br, and R | nearest-neighbor distances of 2.93(2)
A, 3.01(2)A, 3.18(2) A, respectively, and R CI, R Br, and R | coordination
numbers of 8.2(2), 7.4(2), 6.7(2), respectively. The CI CI, Br Br, and | |
nearest-neighbor distances are 3.58(3) A, 3.76(3) A, 4.13(2) A, respectively,
and there is a significant penetration of the X X partial pdf into the first
peak of the M X partial pdf for all three anions. The CI CI, Br Br, and | |
coordination numbers are 9.2(2), 8.7(2), and 8.2(2), respectively, if the R R
coordination number is set to two.

The structure of molten ScCl; and Scl; has also been studied with the
same experimental techniques (Wasse and Salmon, 1999a). The structure of
the salts ScXs, where X denotes CI or I, was investigated by using ND. On
heating ScCls, a phase transition from the FeCls-type crystal structure to pos-
sibly the YCls-type crystal structure is observed, whereas Sclz remains in its
room-temperature FeCls-type crystal structure up to the melting point. On
melting, there is a reduction in the Sc X coordination number from 6 to 4.8
(2) for ScCl;z and from 6 to 4.7(2) for Scl; and the Sc Cl and Sc | nearest-
neighbor distances in the liquid are 2.48(2) A and 2.76(2) A, respectively.
The measured total structure factors of molten ScCl; and Scl; each have a
prominent FSDP at a scattering vector value of 0.75(5) A *. The results are
discussed in the context of those available for several other trivalent metal
halide systems which also melt from the closely related YCls-type and
FeCls-type crystal structures.

In the same way, the structure of molten trivalent metal chlorides such as
ThCl5, YCIs, HoCl3, and ErCl; has been investigated and the total structure
factors measured. (Wasse and Salmon, 1999b). All four salts melt with a vol-
ume change of 65% from structures comprising RClg® octahedra to form
liquids which show intermediate-range ionic ordering as manifested by a
FSDP at about 1 A * which moves to smaller scattering vector values with
decreasing cation size. In the liquid, R CI distances are comparable with
the sum of the ionic radii and the results are consistent with the existence of
distorted RClg® octahedral units.

Furthermore, ND measurements were performed to determine the structure
of molten trivalent rare-earth bromides such as DyBrs, YBrs, HoBrs, and
ErBrs (Wasse et al., 2000). Upon heating DyBrs, YBr3, and HoBr3, a phase
transition from the FeCls-type crystal structure to possibly the Y Cls-type crys-
tal structure is observed. The liquids were studied at the total structure factor
level, and difference function methods were also applied to DyBr; and YBr3
by assuming isomorphous structures. The melts are found to comprise dis-
torted RBrg® octahedra with R Br distances comparable to the sum of the
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ionic radii, and there is evidence for a substantial number of edge-sharing
configurations. The octahedra pack to give intermediate-range ionic ordering
as manifested by the appearance of a FSDP at 0.79(2) 0.87(2)A * which is
associated with cation correlations.

The structural information obtained by the research group of Wasse and
Salmon includes molecular dynamics simulations in order to give a detailed
description of molten rare-earth halides. Selected examples are described here.
For instance, the structure of molten DyCl; and DyNasClg has been simulated
with polarizable- and rigid-ion models (PIM and RIM) (Takagi et al., 1999). In
these simulations, the Born Mayer Huggins potential was employed with the
same potential parameters for both models. In the PIM, the polarization of the
chloride ions was taken into account. Although the partial RDFs between Dy
and Cl, and between CI and CI are very similar for the two models, the RDF
between Dy and Dy is quite different. The RDF between Dy and Dy experimen-
tally determined by the isotope substitution method is well reproduced by PIM
simulations. The strong Coulomb interaction between Dy® cations is screened
by the polarization of Cl ions, and the interaction distance between Dy*® cations
becomes smaller than that given by the RIM. MD simulations for DyNasClg were
made similarly. The PIM also reproduces the experimental total structure factor
very well. It is concluded that strong Coulomb interaction between Dy® cations
is screened by the polarization of Cl ions. On the other hand, MD simulation of
DyNasClg with the PIM shows that the most prominent peak of gpy py(r) isata
much larger separation. It would appear that the polarization effects promote the
break-up of the network and the formation of discrete DyClg® molecular units.

Short- and intermediate-range orders in molten metal tribromides have
been studied in terms of a molecular dynamics simulation (Hutchinson
et al., 2000). Calculations were performed on four molten metal tribromides,
RBr; with R...La, Ce, Y, and Dy. The many-body (polarizable-ion) simula-
tion potentials were constructed from metal trichloride potentials using physi-
cally transparent scaling arguments to account for the change in anion size
and polarizability. Comparison was made with neutron scattering results by
constructing the total structure factors from the simulated partial functions.
In addition, difference functions, which exploit the proposed isomorphous
nature of the (Dy, Y) and (La, Ce) pairs, were constructed and compared with
experimental data. The authors proposed that the structures of the trihalide
melts fall into three distinct structure classes, depending on the ratio of cation
and anion radii and independent of the specific cation and anion involved. For
a large radius ratio, a (7 8)-coordinate cation is found and the relative
arrangements of the coordination polyhedra around neighboring cations show
no particular pattern; the polyhedra seem simply to pack together. The sys-
tems which form these liquids exhibit the nine-coordinate UCIs structure in
the solid phase. For a wide range of intermediate radius ratios, a family of
structures based upon more-or-less six-coordinate cations arises. These
approximately octahedral units exhibit a marked tendency to edge-share so
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FIGURE 20 A molecular graphics snapshot of the edge-sharing units in a single YBr; config-
uration highlighting the chain-like nature of the inherent structure. Reproduced with permission
from Hutchinson et al. (2000), © 2000 I0OP Pub.

as to form extended and cross-linked chains, as demonstrated in Fig. 20. This
structural motif seems quite stable against variations in the actual mean coor-
dination number from about 6.5 to 5.5. Most systems within this class exhibit
the six-coordinate YCl5 (or Bils) crystal structure, but some systems melt into
it from higher-coordinate crystal structures, like the (8 1)-coordinate PuBr;
structure. For still smaller radius ratios, quasi-molecular fluids based on
four-coordinate cations are found, as in AlCls.

Efforts similar to those described above have been made with the goal of
obtaining a unified description of MC1; systems with a simulation model
including polarization (Hutchinson et al., 2001). Calculations were performed
to substantially improve the agreement with experiments for LaCls, ThC1s,
YC1;, and AICI3, and simulation results were presented for the first time
for ScCl;, which was shown to exhibit a fascinating cross-linked network
structure. Table 24 lists values for the average numbers of coordinated anions
around cations for each of the simulations with the optimum potentials.

Coordination numbers are obtained by integrating the cation-anion pdfs
up to the position of the first minimum and are compared with the results from
ND studies. Surprisingly, good agreement is found, considering the different
shapes of the first peaks, their pdfs, and the ND patterns. Furthermore, in
the ND data, the first peak (due to M CI correlations) and the second (due
to Cl CI correlations) of the neutron RDF overlap rather strongly, but their
analysis (based simply on the simulated MCI partial distribution functions
and partial structure factors) supports the neutron values.
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TABLE 24 Temperatures and Densities Used in the Simulations of the
MC1; Liquids Along with Simulated and Experimental Cation—-Anion
Coordination Numbers (Hutchinson et al., 2001)

System Temperature (K) Density (gcm 3) CN (sim.) CN (exp.)

LaC1; 1178 3.174 7.9 8.2
CeCl; 1108 3.234 - -

ThC1; 900 3.580 7.2 7.5
YCl; 1033 2.492 6.6 6.2
ScCls 1253 1.643 5.6 5.2
AIC1; 600 1.277 4.0 4.0

The results for the coordination numbers of the larger cation systems, which
show values of about 8, are controversial. Raman studies of these systems sug-
gest octahedral coordination, even in the pure melt. Also, older X-ray studies
were interpreted in terms of octahedral coordination (Mochinaga et al., 1991).
A full resolution of this controversy will probably await the separation of partial
pdfs using isotopic substitution methods. To date, such studies have been made
only for the intermediate-size cation Dy® (Takagi et al., 1999), which, accord-
ing to all studies, is basically octahedrally coordinated (Dy® is very similar to
Y2 |, both experimentally and in our simulation models). Ongoing efforts are
being made to reconcile results from ND, X-ray, and EXAFS studies with com-
puter simulations, which hopefully will lead to a consensus.

For intermediate-size cations, ranging from about Y* (or Dy® ) to Sc® ,
the chloride melts are predominantly octahedrally coordinated, with average
coordination numbers slightly higher than for the larger members and lower
for the smaller. The coordination polyhedra are linked together into a net-
work, with a considerable degree of edge-sharing. A snapshot of the instanta-
neous structure of the ScC1; melt is shown in Fig. 21.

Only a slice of the simulated cell is shown so that there are a number of
ions which are disconnected from their actual neighbors. Nevertheless, the
picture shows five- and six-coordinate Sc® linked together with a very high
degree of edge-sharing to form a cross-linked network. The structure features
a number of voids, and intervoid correlations are responsible for the promi-
nent, low k prepeak in the structure factor (Wilson and Madden, 1998).

7.2. Structural Approaches from Raman Spectroscopy

A series of pioneering studies on high-temperature Raman spectroscopy of
molten rare-earth halides were commenced in the 1970s in order to prove
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FIGURE 21 Molecular graphics snapshot of the liquid ScC1; showing the edge-linked chain
structural motif. The large circles represent the Cl anions and the smaller circles the Sc®
cations. Reproduced with permission from Hutchinson et al. (2001), © 2001 Taylor & Francis.

and establish the presence of associated species in binary charge-
unsymmetrical fused-salt system as well as to characterize them from a struc-
tural viewpoint, since the thermodynamics of LaC1; AC1 (A...Li, Na, K, Rb,
or Cs) melts by calorimetric and electromotive-force methods implied the
presence of complex species (Papatheodorou and  stvold, 1974). Early works
dealt with LaCl; KC1 melts (Maroni et al.,, 1974) and Cs,NalLaClsg,
CssLaClg, and KsLaClg in molten and solid states (Papatheodorou, 1975);
efforts were made to surmount technical problems such as the unwanted fluo-
rescence and the residual background extending almost to 2000 cm * which
created difficulties in the determination of a reliable baseline, and to establish
experimental and computational procedures. The above systematic studies
were expanded into high-temperature Raman investigations of molten salts
by Papatheodorou (Papatheodorou, 1977). The Raman spectra of molten
YCl; ACI (A...Cs, K, Li) mixtures have been reported for different composi-
tions and temperatures up to 890 C in a paper entitled Raman Spectroscopic
Studies of Yttrium (I1I) Chloride-Alkali Metal Chloride Melts and of
Cs,NaYClg and YClI; Solid Compounds. The Raman spectra of polycrystalline
Cs,NaYClg and YCI3; were also measured from 25 C to temperatures above
melting. Factor-group analysis of crystalline Cs,NaYClg was used to identify
the three Raman active modes (n,, n,, ns) of octahedral YClg® . For liquid
mixtures rich in alkali halide, the predominant features of the spectra are char-
acterized by a polarized and a depolarized band with frequencies close to the
n, and n, frequencies of octahedral YClg® , which thus indicates the existence
of such a species in the melt. In melts containing more than 25% YCls, a new
polarized band D appears which shifts continuously and rapidly to higher
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energies with increasing YCl; concentration. The frequency shift is attributed
to a continuous distortion mechanism of the YClg® octahedra by the neigh-
boring yttrium ions. This shift and a comparison of the liquid and solid Raman
spectra of yttrium chloride suggest the existence of lattice-type modes in these
melts. Typical spectra and a structural model are depicted in Figs. 22 and 23,
respectively.

This methodology has been applied to the Scl; Csl system to determine its
phase diagram and to establish the existence of two solid compounds, CszSclg
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FIGURE 22 Raman spectra of molten KCI YCI; mixture at 800 C versus increasing concentra-
tion of YCl;. Reproduced with permission from Papatheodorou (1977), © 1977 American
Institute of Physics.
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FIGURE 23 Structural skeletons for crystalline and liquid YC1;. Reproduced with permission
from Papatheodorou (1977), © 1977 American Institute of Physics.

and Cs3Sc,lg (Metallinou et al., 1991). The data are discussed in terms of the
possible species formed in the melt mixtures. It is suggested that two predom-
inant ionic species are in equilibrium in the melt, Sclg® . Scly 21 . The
Raman frequencies attributed to the ionic species are as follows: for Sclg® |
vi..119 1cm Y v,..67 2cm ' (vs..80cm Y);  for  Scls ,
vi..129 1cm ' v,..37 3cm ! vs..54 3cm . A third dinuclear Sc
species is also present in vapors at high Scls concentrations.

Further attempts have been made to extend Raman spectroscopy to a vari-
ety of rare-earth compounds in different states. Raman spectra of liquids and
glasses in the RC1; AIC1; (R...Nd, Gd) systems were measured by Murase
et al. (1994). The existence of stable glass-forming liquid mixtures in the
RC1; AIC1; (R...Nd, Gd) binary systems is established. Based on Raman
spectroscopic measurements, a structural model is proposed for these glasses
where the main participating units are AIC1, and, partially, A1,C1l; . The
coordination of the lanthanide is ninefold for neodymium and eightfold for
gadolinium.

Vibrational modes and structure of rare-earth halide/alkali halide binary
melts have been discussed in a series of papers for YBrz ABr (A...Li, K,
Cs) and YF3 KF (Dracopoulos et al., 1997), for LnF; KF (Ln...La, Ce, Nd,
Sm, Dy, Yb) (Dracopoulos et al., 1998), and for LnBrz KBr (Ln...La, Nd, Gd)
and NdCIl; ACI (A...Li, Na, K, Cs) (Photiadis et al., 1998). It was found
from the Raman spectra of YBr3 ABr (A...Li, K, Cs) and YF3; KF melts that
the octahedral YXg3 anions (X...F, Br) are the predominant species in mixtures
rich in alkali halide, and the trends of the Y X3 KX spectra in going from bromide
to chloride and fluoride melts suggest that pure molten YF; is likely to possess a
loose network structure of edge-bridged distorted octahedra as in the case of
molten YCl; and YBrs.
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FIGURE 24 Composition dependence of the reduced isotropic (solid line) and anisotropic
(dotted line) Raman spectra of the molten LnF; KF (Ln...Y, Ce, La) at 1000 C. Reproduced
with permission from Dracopoulos et al. (1998), © 1998 Royal Society of Chemistry.

As for LnF; KF (Ln...La, Ce, Nd, Sm, Dy, Yb) melts, the data indicate
that at mole fractions x(LnF3)%0.25 the LnF¢® octahedra are the predomi-
nant species, and at mole fractions x(LnF3)>0.25 one polarized and two
depolarized bands (designated as P and D in Fig. 24) appear in the spectra
which are interpreted as corresponding to distorted LnFs® octahedra bound
by common fluorides (edge-sharing). The anisotropic scattering intensity
increases, relative to the isotropic intensity, with increases in both the size
and mole fraction of the lanthanide cation. This unusual effect is attributed
to dipole-induced-dipole interactions between cations in the melt and its vari-
ation from system to system is related to the size and polarizability of the
Ln® cation and its relative shielding by the F  anions.

From Raman spectra of LnBr; KBr (Ln...La, Nd, Gd) and NdCl; ACI
(A...Li, Na, K, Cs) melts, the following phenomena and interpretations were
obtained. In molten mixtures rich in alkali halide with lanthanide halide mole
fractions less than 0.25, the predominant species are the octahedral LnXg®
anions giving rise to two main bands P; (polarized) and D, (depolarized)
which are assigned to the v, and vs modes, respectively. In molten mixtures
rich in LnXs, the spectra are characterized by the P, and D, bands plus two
new bands D, (depolarized) and P, (polarized). The P, band shifts continu-
ously to higher frequencies with increasing LnXs content. These four bands
are attributed to the D5 distortions of the LnXg® octahedra bound by edges.
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The room temperature Raman spectra of the LnX5 solid compounds are char-
acterized by bands due to the vibrational modes of the different crystalline
structures: hexagonal for LaBrs and NdCls, orthorhombic for NdBrsz;, and
rhombohedral for GdBr; having the Ln® coordination number 9, 8, and 6,
respectively. With increasing temperature, the spectra of the GdBr; solid
become dominated by six Raman bands which are assigned to the vibrational
modes of a triple layer of ions consisting of distorted octahedra GdBrg®
(CN...6) which share edges with neighboring octahedra. Upon melting, the
molar volume of GdBr; does not change much and the spectra are characterized
by the above-mentioned P,, P,, D4, and D, bands and can be correlated to the
triple layer modes of the solid. The high-temperature spectra of hexagonal
LaBr3, NdCls, and orthorhombic NdBr; show that the structure and CN remain
the same up to melting. However, upon melting, the compact orthorhombic
(CN...8) and hexagonal (CN ... 9) forms increase drastically their molar volume
and give spectra similar to those of molten GdBr;, YBrs, and YCl; where
the Ln® is in a sixfold coordination. It appears that the structures of all the
LnX3z melts are similar and independent of the structure of the solids; fast
exchange of ions leads to short lifetimes for the octahedra and weak intralayer
interactions. Accordingly, schematic diagrams of phase transitions of rare-earth
trihalides upon melting are proposed as can be seen in Fig. 25.

The next Raman studies on molten rare-earth halides have turned to the
scandium(l11) systems which feature the smallest ionic radius in the rare-earth
series and high melting points. Zissi and Papatheodorou (1999) have measured

FIGURE 25 Schematic structures of solid and molten rare-earth trihalides; solid A: monoclinic
or rhombohedral; solid B: orthorhombic; solid C: hexagonal. Reproduced with permission from
Photiadis et al. (1998), © 1998 Royal Society of Chemistry.
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Raman spectra of Cs,NaScClg, Cs3ScClg, Cs3Sc,Clg, and ScCl; compounds
from 258 C to temperatures above their melting points. The vibrational modes
of the discrete species ScClg® and Sc,Clg® in the solids are transferred upon
melting into the liquid and reflect an equilibrium involving ScCl, , that is,
2Sc,Clg® . ScClg®  3ScCly . The spectra of solid ScCl; are dominated
by the vibrational modes of a triple layer of ions consisting of edge-sharing
ScClg®  octahedra.

The aforenamed researchers have discovered an interesting phenomenon in
the spectra of molten ScCls CsCl mixtures in the range of 600 900 C
(Zissi and Papatheodorou, 2002). The intensity changes of the H and P,
bands with composition (see Fig. 26) imply that an equilibrium:
ScCl;* . ScClg®  Cl , is established and that the structure of melts dilute
in ScCl5 is dominated by six- and seven-coordinated scandium species. Figure 27
also indicates that the seven-coordinated species predominates in the melt struc-
ture at lower temperatures while the six-coordinated species is favored at higher
temperatures.

FIGURE 26 Composition dependence of the Raman spectra of xScCly; (1 x) CsClI
(0<x<0.25) molten mixtures at a few degrees above the binary liquidus temperature. Repro-
duced with permission from Zissi and Papatheodorou (2002), © 2002 Royal Society of Chemistry.
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FIGURE 27 Evolution of the Raman spectra with temperature for molten 0.065ScCl;
0.935CsCI mixture. Reproduced with permission from Zissi and Papatheodorou (2002), © 2002
Royal Society of Chemistry.

These studies have been expanded in order to unravel the composition-
and temperature-induced changes on the structure of molten ScCl; CsCl
mixtures (Zissi and Papatheodorou, 2004) in comparison with the results of
molecular dynamics simulations, using a polarizable ion model (PIM)
reported by Madden et al. (2004). The following conclusions concerning the
structure of molten ScCl; CsCIl mixtures were reached:

(i) Contrary to other trivalent systems, the composition of solutions dilute in ScCls
is dominated by two species in equilibrium: ScCl;* . ScClg®  ClI . The
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octahedral ScGF species overcome the sevemerdinated species at high
temperatures and at composition abov20 mol% ScGl.

(i) At ScCk mole fractions between 25 and 50 mol%, an equilibrium
is established where a dimer of the “octahedral” species bridged by a
face dissociates into a “tetrahedral” and an “octahedral” species:
2SgClg® . 3ScCl p ScCk® .

(iii) A loose network structure of bridged “octahedra” appears to form in
melts rich in ScG. Two main bands are seen in the isotropic Raman
spectra at these compositions; thedhd B bands whose position and
relative intensities behave in a manner analogous to that found for other
lanthanide halide systems. The origin of thelland is assigned to a dis-
tortion of the bridged octahedra, in accordance with ¢hgolarizable
mechanism scheme proposed by computer simulation studies. Both
schemes require that the IR actife, mode of the octahedra becomes
Raman active and that its intensity and frequency increase with increas-
ing ScCk content.

(iv) A cluster model is proposed for pure molten S¢@®Each cluster is com-
posed of a central fragment of a limited network of bridged “octahedra”
(i.e., an YCk-like network structure) and is terminated on the “surface”
with chlorides bridged to tetrahedrally coordinated scandium having also
(nonbridged) terminal chlorides. The cluster model implies (a) an aver-
age scandium coordination number less than six and (b) a partial
molecular-like character and an electronic conductivity arising from
self-ionization. Furthermore, the model is in accordance with the Raman
spectra, the coordination number, and network structure proposed by
the computer simulations and with some physicochemical properties of
this melt.

Two years later, vibrational modes and structure of the kaC$Cl melts
have been reported Bissi et al. (2006) Detailed Raman spectroscopic mea-
surements of the LagtCsCl melt mixtures at different temperatures and
compositions show a spectral behavior “isomorphous” to that observed for a
large number of LnX-AX systems with small or large rare-earth cations.
“Isolated” octahedral LaGP ions are definitely formed in CsCl-rich melts,
which with increasing LaGl mole fraction share chlorides forming a loose
network of coordination polyhedra in Lagtich melts. The systematics of
the “isomorphous” spectra in all these binary mixtures suggest that the coor-
dination of L& is more likely to be octahedral at all compositions.

In order to confirm conclusions drawn from Raman spectra, the electronic
absorption spectra of the ff hypersensitive transitions Higs °lg) and
Nd(*Gs, “g;) have been measured in molten LiCI-KCI eutectic and in
LaCl;—KCl molten mixtures by Chrissanthopoulos and Papatheodorou
(2006) The ligand-field components of the above transitions in octahedral
symmetry have been identified, and the molar absorptivity changes with
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temperature and composition have been measured. The spectra are discussed
in terms of the coordination geometries of the probe cations Ho® and
Nd® . The Boltzmann thermal factor appears to be partially responsible for
the variation of the hot band intensities. The data suggest that the predomi-
nant factors affecting the oscillator strength of the Ho® and Nd*® hypersen-
sitive transitions is the degree of octahedral distortions in conjunction with the
overall charge asymmetry around the LnClg® anions (Ln..Ho, Nd). It
appears that no drastic changes occur in the coordination of the probe cations

40
A {34}
30 Ho®*:TbCl 4

20 liquid 610 C

10

40 B
{37} {40} Ho3*:a- ThCl,

30 .
solid 520 C

20

10

molar absorptivity (L mol-1 cm-1)

200
c (180}
Ho®":b- TbCl,
150 {140}
solid 460 C

100

50

21,600 21,750 22,000 22,250 22,500

Wavenumber (cm™1)

FIGURE 28 Electronic absorption spectra of Ho® in the region of the °Gs I transition: (A) in
liquid ThCls; (B and C) in the two allotropic crystalline a- and b-forms of ThCls, respectively. Repro-
duced with permission from Chrissanthopoulos and Papatheodorou (2008), © 2008 Elsevier.
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in going from dilute solutions in LaCls to pure LaCl; melts; this suggests that
the coordination of La® is more likely to be sixfold in the host melt. Further
evidence for sixfold coordination is given by the Judd Ofelt parameters of
Nd® in both molten NdCl; and La(Nd)Cls. All these data are considered as
a further and strong indication that the coordination of La® in all LaCly
KCI melt compositions and in pure molten LaCls is predominantly sixfold.
Using the same technique, absorption spectra of the hypersensitive transi-
tion Ho(®Gg °lg) have been measured in different chloride coordination
environments (Chrissanthopoulos and Papatheodorou, 2008). Drastic changes
of the molar absorptivity of the Ho® probe have been observed during the
a ¥ b solid phase transition of ThCls during which the coordination is altered
from six- to eightfold, as depicted in Fig. 28. In contrast, rather smooth and
continuous changes occur upon melting of Y(Ho)Cl; and Tb(Ho)Cls. The data
indicate that the distorted octahedral coordination of Ho® in these solids is
preserved in the liquid. Furthermore, it was established that the molar absorp-
tivity of the Ho® probe remains practically invariant in liquid rare-earth
chlorides RCl5 with either large (e.g., La) or small (e.g., Y) cations. For the
same group of chlorides, the Raman spectra were found to be rather isomor-
phous, implying that the vibrational modes in these liquids arise from similar
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FIGURE 29 Systematics of absorption (top) and Raman (bottom) spectra in the rare-earth chlo-
ride series. Upper set of figures: Molar absorptivity of the Ho® hypersensitive transition
5Gs  °lg in molten RCl;. Lower set of figures: reduced Raman spectra of molten RCI;. Repro-
duced with permission from Chrissanthopoulos and Papatheodorou (2008), © 2008 Elsevier.
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coordination geometries. These findings in conjunction with an almost identi-
cal molar volume for all RCI5 liquids suggest similar liquid structures which
are dominated by coordination polyhedra having the R® cation in distorted
octahedral geometries, as can be seen in Fig. 29 where the definitions of
reduced Raman spectra are given in the literature (Dracopoulos et al.,
1997). The present method is quite useful in understanding the reliability of
high-temperature Raman spectroscopy of molten salts.

7.3. Approaches from Other Techniques

When a variety of physicochemical properties of solids are correlated with
crystal structures, it is necessary to identify specific crystal directions, because
many properties are directional. As for isotropic liquids, it is of no need to
consider such a situation. Instead, much attention must be paid to ionic spe-
cies, complexation, and clustering in the molten salts. In physics and chemis-
try of molten salts with multivalent cations and univalent anions, novel
developments are progressing smoothly, typical examples of which are molec-
ular dynamics simulations of structures (Wilson and Madden, 1993) and
Raman spectra (Pavlatou et al., 1997) interpreted on the basis of the
polarizable-ion model.

Liquid structure of lanthanide trichlorides has been studied in some detail
by XRD and/or Raman spectroscopy, for instance, pure CeCl; with hexagonal
UCIs-type crystal structure (Mochinaga et al., 1993a) and ErCl; with mono-
clinic AICIlz-type (lwadate et al., 1994). These results indicate that
the nearest-neighbor chloride coordination number of Ce® ions decrease
from 9 in the crystal to 6 in the melt and that CN for Er® ions remains
unchanged to 6 in both crystal and melt, in any event, allowing for octahedral
geometry around the lanthanide ions. Some difference in bond nature is, how-
ever, predictable from Ce Ce and Er Er distances as well as from volume
increases on melting. Consequently, there appear to exist corner-sharing link-
age of octahedra in molten CeCl; and edge-sharing combination of octahedra
in molten ErCly, in the sense of most probable type of linkage. This finding
may characterize the melting behavior of a series of lanthanide trichloride
crystals (Iwadate et al., 1995). Little is, however, known about the structure
of molten lanthanide trichlorides mixed with alkali chlorides. The short-range
structure of molten SmCl; LiCl, SmCIl; NaCl, and SmCl; KCI systems at
different compositions and temperatures has been preliminarily analyzed by
Raman spectroscopy and XRD (Iwadate et al., 1998). According to these
works, the octahedral SmClg® complex anions are found to exist indeed
not only in the pure melt but also in the mixtures. In particular, peak splitting
in the isotropic Raman component is clearly identified in the reduced Raman
spectra of mixtures, probably, with increasing fraction of distorted SmClg®
species and bridged octahedra. This hypothesis is confirmed for the molten
SmCIl; NaCl system by conventional molecular dynamics simulation in
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relationship with ND experiments on YCl; melt by Saboungi et al. (1991) and
in a report on melting and liquid structure of polyvalent metal halides by Tosi
(1994a). Furthermore, another aim of this work is to investigate the ionic
arrangements in molten SmCl; NaCl system as a prototype of lanthanide
trichlorides/alkali chlorides mixtures.

As demonstrated in Section 4, computer-aided simulations such as the molec-
ular dynamics method and the Monte Carlo method (MC) have made essential
contributions to physics and chemistry of molten salts for more than four dec-
ades. Therefore, the author s research group has applied MD to the structural
analysis of molten SmCl; NaCl system (Iwadate et al., 1999). The MD calcula-
tions were carried out as follows: 800 or 840 particles corresponding to the melt
compositions (SmClz mol%: 100, 75, 50, and 25) were randomly located in a
basic cubic cell, the length of which ranged from 2.908 to 2.967 nm, reflecting
the measured molar volumes of the melt mixtures (Fukushima et al., 1997).

The Born Mayer Huggins-type potential described by Eqg. (26) was
assumed to be applicable to i j pairs of particles, but parameters C;; and Dj;
for dipole dipole and dipole quadrupole interactions, respectively, were dis-
regarded in this work.

ijr o ZiZ,-eZ:r AijbEXp Si §j r=r Cij:r6 Dij:r8 26

Aij w1 Zi=n; Zj:nj 27

where Z; is the electric charge of the ith ion, e the elementary electric charge, r
the interionic separation, A;; the Pauling factor defined by Eq. (27) with n; the
number of electrons in the outer shell, b the repulsive parameter
(0.338 10 '9J), s; the size parameter relative to the ionic radius, r the soft-
ness parameter. The parameters were determined after repeated trial and error
cycles so as to reproduce the reduced XRD intensity function Q i(Q) as closely
as possible. The predictor corrector method (Gear, 1971) was used as an algo-
rithm for the calculation of particle coordinates and the Ewald method for Cou-
lomb forces. A total of 10,000 steps (time step Dt... 2 fs), extending up to 20 ps,
were accumulated at constant temperature according to Nose s method (Nose,
1984). The coincidence of interference functions Q i(Q)s derived from XRD
and MD for SmCl3(25 mol%) NaCIl(75 mol%) melt at 903 K are displayed in
Fig. 30, expressing the validity of the pair potential used.

According to statistical data on particle position and velocity simulated
using the following pair potential parameters Zgn,...3, Zna-.-1, Z¢gi... 1,
Ssm-.-0.120 nm, Spa...0.105 nm, s¢;...0.175 nm, and r...0.025 nm, the pair
correlation function g;j(r) and the running coordination number Nj(r) are
defined by Egs. (28) and (29), respectively.

D, ¢
gij r .. V=N nj r Dr=2;r Dr=2 = 4prDr 28
j
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FIGURE 30 Interference function Q i(Q) for molten SmCl3(25mol%) NaCl(75mol%). Repro-
duced with permission from lwadate et al. (1999), © 1999 Elsevier.
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FIGURE 31 Pair correlation function gsy, ¢(r). Reproduced with permission from Iwadate et al.
(1999), © 1999 Elsevier.
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where Ni and Nj are the numbers of ions i and j, respectively, nji(r Dr/2;
r Dr/2) the number of ions j in the spherical shell of a radius range from
r Dr/2tor Dr/2 with ion i being at the origin, and rj the average number
density of ion j. In estimating coordination numbers, integration was made up
to the second point at which g;;(r) becomes unity, not the first minimum. A
sample of the gj(r)s and N;j(r)s obtained from MD calculations at 953 K is
shown in Figs. 31 and 32, and the first peak positions in g;;(r)s for several pair
correlations are given in Table 25.

As for pure SmCI; melt, the first peak positions in gj(r)s occur at
0.529 nm, 0.275 nm, and 0.359 nm for Sm Sm, Sm Cl, and CI ClI pair corre-
lations, respectively. It is evident from the first two distances that one Sm?®
ion is not in direct contact with the other (no Sm Sm bonding) and that some
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FIGURE 32 Running coordination number Nsg,, ¢i(r). Reproduced with permission from lwadate
et al. (1999), © 1999 Elsevier.

TABLE 25 First Peak Positions in gjj(r)s for the Molten SmCl;-NaCl System
at 953 K (lwadate et al., 1999)
SmCl; (mol%) 100 75 50 25
Ism-sm (NM) 0.529 0.531 0.529 0.535
Fsm-ci (NM) 0.275 0.273 0.275 0.273
feic) (M) 0.359 0.363 0.367 0.379
o %

Cl ions are always inserted between the two Sm* ions. 'lae distance ratio
rei—ci/fsm—c1 amount to 1.305, which is roughly equal to = 2, and, further-
more, the running coordination number N[Sm CI(r)] reaches a plateau in
the range 0.3%r/nm% 0.4, the magnitude of which is about 6. These findings
indicate that six Cl ions are octahedrally coordinated to a Sm*® ion. In con-
junction with Raman spectroscopic data (Iwadate et al., 1998), it was con-
firmed that octahedral complex ions of the type SmClg® exist in the melt.
Regarding SmCl; NaCl mixture melts, gsm_ci(r) and Ngm_ci(r) at SmCl; con-
centrations of 50 and 75 mol% behave similarly as in the case of pure SmCl;
melt. But at 25 mol% composition, the first peak in gsm-ci(r) becomes more
intense, the other peak position shifts to the right, and the plateau in Ngp,_
ci(r) becomes longer, as illustrated in Figs. 31 and 32. In the same way, it
was found from the first peak in gc)_ci(r) that the nearest-neighbor CI CI dis-
tance is lengthened with decreasing SmCl; concentration and therefore that
Ege ratio of the first peak position in gcj_c(r) to that in gsm-ci(r) approaches

2, a value corresponding to octahedral geometry. Other features reveal
that the octahedra are less distorted with decreasing SmCl; concentration
and this trend appears strongly at 25 mol% of SmCls, the concentration of
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which corresponds to the point for which the local composition of
(3Na  SmCIg® ) is identical to the stoichiometry of the mixed melt.

The location of Na ions was determined from Sm Na, Na ClI, and Na
Na correlations. In comparison with the first peak positions in the g;(r) func-
tions of these three distinct correlations, Na CI correlation possesses a sharp
peak at r...0.29 nm, independent of SmCI; concentration. But for Sm Na
and Na Na correlations, only broad peaks appears in the r-range between
0.42 and 0.57 nm as well as between 0.35 and 0.50 nm, respectively. It is
therefore natural that Ns,,_na(F) decreases with increasing SmCl; concentra-
tion; more interestingly, the mode of the first peak in gsm_na(r), statistically
defined, is situated around rgm_na ... 0.5 nm at SmCl; concentrations between
25 and 50 mol%. In contrast, the corresponding value is quite shortened,
0.46 nm, at 75 mol%. This fact is tentatively ascribed to the fact that the lin-
kages between SmClg® units are broken by addition of NaCl and thus that
the Na ions enter into the gap shaped between the newly formed octahedra.

In MD simulation, the coordinates of all particles were calculated at every
step and thus the distribution of the number of coordinated Cl ions around a
Sm® ion could be studied in detail. At this stage, it is of high importance to
determine the range of the first coordination shell. The limiting distance of the
first coordination shell (LDFCS) defining the dimension of the shell is defined
in the following ways; it corresponds to (1) the second point at which ggm-
ci(r) becomes unity, r; and (2) the first minimum in gsm_ci(r) just after the
first peak, r,. The values of LDFCSs are tabulated in Table 26. It should be
stressed that coordinative bond formation between Sm® and Cl depends
on the magnitude of LDFCS.

Under these conditions, the number of CI ions surrounding a given Sm*
ion is counted up to the distance ry or r,. The results are depicted in Figs. 33
and 34, respectively.

In the first case, most of the Sm* ions are found to be coordinated by six
Cl ions at every concentration of SmCls (Fig. 33). On the contrary, if the dis-
tribution of coordination numbers is still centered at six in Fig. 34, a marked
shoulder points to a nonnegligible quantity of ions displaying CN ... 7. If this

TABLE 26 Limiting Distances of First Coordination Shell (LDFCS) in Pair
Correlation Function gsm_ci(r) for Molten SmCls;—-NaCl System (Iwadate
et al., 1999)

SmCl3 (mol%) 100 75 50 25
Temp. (K) 953 953 753 853 953 953
ry (nm) 0.304 0.307 0.311 0.308 0.307 0.305
r (Nm) 0.353 0.351 0.353 0.351 0.355 0.391
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FIGURE 33 Distribution of coordination numbers for Sm CI pair in molten SmCl; NaCl sys-
tem at 953 K: Integration up to the second point at which gsn, ci(r) become unity. Reproduced
with permission from Iwadate et al. (1999), © 1999 Elsevier.
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FIGURE 34 Distribution of coordination numbers for Sm CI pair in molten SmCl; NaCl sys-

tem at 953 K: Integration up to the first minimum in gsp, ci(r). Reproduced with permission from
lwadate et al. (1999), © 1999 Elsevier.

were true (r, was used to test bond formation), it means that every Sm* ion
is combined with another one through ClI bridging ions, leading to not only
large polyatomic anions but also to a network structure. SmCIl; NaCl mixture
melts including pure SmCl; melt are much less viscous than network-forming
ZnCl, melt. Raman data (Iwadate et al., 1998; Matsuoka et al., 1993) and
XRD studies (Mochinaga et al., 1991) reported so far support the hypothesis
of the presence of octahedral species with sixfold coordination, and therefore,
it is rational to define the LDFCS with respect to rq, not r,. As a consequence,
fivefold or sevenfold coordination appear to be virtually impossible.

The following conclusions can be drawn from detailed analyses of the pair
correlation and running coordination functions.

(I) Octahedral complex species of the type SmClg® exist, as deduced from
Raman and XRD data.


Figure 33
Figure 34
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(IN Rational estimates of the important parameter LDFCS point to bond for-
mation between SfR and CI .

Many novel details and suggestions for the structure of molten rare-earth
halides have been gained from advanced simulations different from the conven-
tional ones presented earlig¢tfiftchinson et al., 1999For instance, simulations
using a polarizable, formal charge ionic interaction model are reported for a
range of RX% molten salts. The LaG| TbCl, and YCk systems studied span
a range of cation sizes and the interaction model is a “generic” one, in the sense
that the cation size is the only parameter in the interaction potential which dis-
tinguishes one system from another. The liquid structures predicted from the
simulations are compared with recently obtained ND data. Excellent agreement
is found, except that the first coordination shell seems to be too tightly bound in
the theoretical model. The cation in Ladk found to be seven- to eightfold
coordinate, and the coordination number drops to 6 for the smallest cation con-
sidered (Y) so that the coordination number in these systems does not change
substantially on melting, in contrast to earlier reports. The polarization effects
promote a significant degree of edge-sharing between these coordination poly-
hedra relative to predictions from a simple ionic pair potential model. Asso-
ciated with these changes is a shift to smaller scattering vectors of the
prepeak in the structure factor and an increase in the fluidity.

MD simulations have been performed with another goal of reproducing
not only experimental structural but also vibrational data for ionic rare-earth
chloride melts. Pavlatou et al. have reported simulations of the short-time,
vibrational dynamics of the network-forming ionic melts LaCand its mix-
tures with network-breaking alkali halides. In the mixtures, high-frequency
peaks in the vibrational density of states are describable in terms of the nor-
mal coordinates of the vibrations of transient molecular ion species, like
LaClg® (Pavlatou et al., 1997 Concretely speaking, the densities of states
(DOS) of the CI, La®*, and K ions were obtained for the Lagl4KCl solu-
tion where the DOS spectrum of thé Kcations was characterized by a single
band centered at about 50 ch while the corresponding spectra of the ClI
and L& ions were more “structured.” This structure might be associated with
vibrational motions of the LaG? ions evident from the snapshots (see
Fig. 35. In the same way, the snapshots of the structure of puresLa€lt
indicates that L¥ ions remain predominantly six coordinate in the melt but
that the octahedral units are linked together, building a network. The implica-
tion of this for the vibrational dynamics is that the vibrations of the individual
octahedral units are somewhat coupled.

Interpretation of Raman spectra by computer simulation has been extended
to the complex-forming Sc@lmelt, again using the polarizable-ion interac-
tion model (Madden et al., 2004 Their final conclusions are summarized in
the paper tittedRaman Spectra of lonic Liquids: A Simulation Study of L.aCl
and Its Mixtures with Alkali Chloride¢Glover and Madden, 2004n which
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FIGURE 35 Molecular graphics snapshots of molten LaCl; 4KCI. The large spheres are the
Cl ions, the medium the K , and the smallest the La® . Bonds are drawn between La Cl pairs
at separations of less than 3.3 A. Reproduced with permission from Pavlatou et al. (1997), © 1997
American Institute of Physics.

Raman spectra of Cs,NaLaClg and of LaC1; and its mixtures with NaCl and
CsCl are calculated. These calculations are much more extensive than previ-
ous ones and allow a systematic exploration of the spectra for this all range
of systems. Although there is a systematic overestimation of the vibrational
frequencies, the pattern of the spectra and their evolution with mixture com-
position match experimental results very well. For crystals, a clear link
between the predicted spectral bands and the measured vibrational DOS of
the LaC1g® coordination centers is seen. In the molten mixtures, bands are
seen at similar frequencies, despite the fact that 6-coordination is no longer
predominant according to Madden et al. (2004), except in dilute solutions.
The coordination number of the La® ions increases from 6 in dilute solution
to between 7 and 8 for the pure melt. This increase appears to occur when the
coordination centers begin to cross-link. CsCl appears to be a much better
structure breaker than NaCl so that the coordination units consist of long-
lived, isolated LaC1g® anions for LaCls concentrations below 25%.

In the early 1970s, Sayers et al. (1971) have succeeded in applying
Fourier analysis to their point-scattering theory of XAFS to formally trans-
form experimental data into a radial structure function with determinable
parameters of distance from the absorbing atom, number of atoms, and widths
of coordination shells for the evaporated and crystalline Ge systems. With
the advent of large-scale synchrotron radiation facilities in the late 1990s, this


Figure 35
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technique proved to produce excellent results on the local structure around
rare-earth cations in several states.

The coordination environment around Gd® ions in GdAI5Cl;, glass and
supercooled liquid has been studied using Gd L,,;-edge EXAFS spectroscopy
(Sen et al., 2000). The Gd coordination environment in the glass is found to be
similar to that in the GdAIsCly, crystal with eight ClI nearest neighbors and
four AI® next-nearest neighbors. The Gd ClI distance in the glass is the same
as in the crystal (2.8 A) although the Gd Al distance in the glass ( 3.85 A)
is longer compared to the crystal (3.7 A), indicating a less dense structure
with a larger Gd CI Al bond angle in the glass. The Gd CI distance and coor-
dination number remain unchanged in the supercooled liquid at 60 C as
demonstrated from EXAFS spectra (Fig. 36). However, the absence of any
Gd Al second-neighbor shell in the EXAFS spectra of the liquid indicates
substantial increase in static disorder in the spatial distribution of AICI, tetra-
hedra around Gd in the liquid. Such temperature-dependent structural changes
are probably responsible for the marked fragility of this liquid.

In line with the increasing use of XAFS spectroscopy for elucidating the
nearest-neighbor structure in condensed phases, XAFS spectra of NdCl; and
DyCl3 in both solid and liquid phases have been measured at the Nd and
Dy L, absorption edges on beam line BM29 of the European Synchrotron
Radiation Facility (ESRF) (Matsuura et al., 2001). The Fourier-transformed
radial structure functions ”(r) show that the prominent peaks corresponding
to R Cl (R...Nd, Dy) first shell contributions are shifted to shorter distances
in the liquid melts as compared to those found in the corresponding solids.
A similar behavior has been observed with other diffraction techniques in typ-
ical ionic melts such as NaCl. The temperature dependence of the radial
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FIGURE 36 (Left) k®>-weighted Gd L, -edge EXAFS and (right) the corresponding Fourier-
transformed partial radial distribution function for Gd® ions at 60 C in the GdAICly, super-
cooled liquid. Solid lines represent experimental data and dashed lines correspond to least-squares
fits. Reproduced with permission from Sen et al. (2000), © 2000 10P Pub.
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structure functions clearly point to the change in the M CI distance upon
melting being much larger for NdCl; compared to DyCls.

The local structure and structural changes in molten YCI; LiCl KCI and
YBr; LiBr systems have been investigated by using a high-temperature
extended X-ray absorption fine structure (EXAFS) technique (Okamoto et al.,
2001). Octahedral coordination of halide ions around the Y* ion has been
studied by EXAFS of the Y2 K-absorption edge. The nearest Y2 CI and
Y3 Br distances and the coordination numbers of halide ions around the
Y3 ion do not change by mixing with the alkali halides. Stabilization of the
octahedral [YCIg]® and [YBrg]® anions upon addition of alkali halides was
suggested from the decrease in the Debye Waller factor and the anharmonicity
of the nearest Y2 CI and Y® Br interactions. The bridging structure of the
[YBrg]® octahedra sharing a Br ion in the molten YBr; LiBr system was
studied by EXAFS of the Br K-absorption edge. The number of coordinated
Y2 around the Br ion decreases from 2 in the pure melt to almost unity in
the 30 and 15 mol% YBr; melts. This suggests that the bridging is almost
broken and that stable octahedra exist freely in the LiBr-rich melts. Schematic
diagrams of isolated and bridged species found in the melts are presented in
Fig. 37. Improvements of the sample cell and furnace led to better measurement
accuracy, but the above conclusions were not altered (Okamoto et al., 2002).

As for the local structure of molten LaCls, the nearest-neighbor La CI dis-
tance and coordination number of La® were estimated from the radial distribu-
tion analysis of XRD to be about 0.28 nm and nearly equal to 6, respectively.
On the other hand, according to the La L, absorption-edge XAFS technique,
the number of coordinated Cl around La® was evaluated to be around 7. As
a result, the local structure of molten LaCl; was described as an octahedral-like
coordination scheme where La> is surrounded by six or seven chloride anions.
This implies the presence of octahedral complex ions, [LaClg]® , in agreement
with Raman data reported by other authors. The La La distance was evaluated
at about 0.5 nm from the position of a weak and broad second peak in the corre-
lation function g(r), suggesting that a distorted corner-sharing connection of two
octahedral complex species was predominant in the melt. The difference between
the numbers of nearest-neighbor Cl around La® obtained by X-ray and XAFS
measurements could not be explained in a paper in which a new method for cor-
recting diffraction data was proposed to prevent the coordination number from
being reduced in real space (lwadate et al., 2006).

Rollet et al. (2004) have developed a cell for high-temperature X-ray
absorption measurements in both solid and molten lanthanide fluorides. Two
plates of pyrolitic boron nitride are fixed hermetically together around the
sample in order to avoid any evaporation and interaction with the atmosphere.
EXAFS spectra of molten mixtures of LiF LaF; measured at the La L,
absorption-edge are reported up to 900 "C and show the tightness of this cell
which allows data acquisition during a long time, thereby improving the
signal-to-noise ratio.
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FIGURE 37 Models of local structures for molten rare-earth trihalides. (A) Octahedral coordina-
tion [MXg]® , (B) edge-sharing model, (C) corner-sharing model. Small ball, metal ion M® ;
large ball, halide ion X . Reproduced with permission from Okamoto et al. (2001), © 2001
International Union of Crystallography.

The above work should stimulate future XAFS researches on molten alkali
metal fluoride systems including rare-earth fluorides, in which the numbers
of coordinated fluorides were reported to be in the wide range of 3 to 10
(Matsuura et al., 2009; Numakura et al., 2010; Watanabe et al., 2006). Though
XAFS has become a very powerful tool due to improvements of high-energy
synchrotron radiation facilities, it is of importance to bear in mind that
the accuracy in coordination number is of the order of 10% only, making
precise evaluation of coordination numbers quite difficult.


Figure 37
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8. CONCLUDING REMARKS

The present review has outlined the major structural properties of rare-earth
molten salts as unraveled from several experimental techniques. Some sys-
tematic and common trends have been obtained. However, there is no com-
mon understanding of the structural characteristics of molten rare-earth
halides such as fluorides, bromides, and iodides. Moreover, discrepancies in
structural information about molten rare-earth chlorides still exist, particularly
with respect to coordination numbers, despite more than 20 years of heated
discussions.

The crystal structure of rare-earth trichlorides can be divided broadly into
two categories, one concerning light rare earths (La Gd) and the other the
heavier ones (Y, Dy Lu, but excluding Tb). The crystal structure of light
rare-earth chlorides is of UClz-type in which the metal cation is surrounded
by three chlorides forming a triangle and six chlorides at the corners of a hex-
agonal prism, resulting in a ninefold coordination. The crystal structure of
heavy rare-earth chlorides is, in contrast, of AlICIs-type in which the metal cat-
ion is octahedrally coordinated by six chlorides. Incidentally, TbCls is out of
the above crystal scheme, the structure of which is orthorhombic and of
PuBrs-type. Each Tb possesses eight nearest Cl neighbors at an average dis-
tance of 2.81 A (Forrester et al., 1964).

Akdeniz and Tosi (1992) have declared that there also exist two structure
categories for molten rare-earth trichlorides. During the phase transition from
solid to liquid, the molar volume of a typical light rare-earth chloride
decreases by as much as 20% while that of a heavy rare-earth chloride hardly
changes ca. 0 5% at most. This conclusion has proved valid and was con-
firmed in a subsequent paper (Iwadate et al., 1995), see Table 27. The entropy
change of a light rare-earth chloride on melting is therefore larger than that of
a heavy rare-earth chloride.

As mentioned thus far, the melting behavior has been explained in terms
of structural information obtained from experimental techniques such as
XRD, ND as well as from molecular dynamics simulations. lwadate et al.
(1995) have obtained the nearest-neighbor distances and coordination num-
bers of several ion pairs by model fitting of the XRD structure factors. From
these studies, it has been suggested that each rare-earth cation is coordinated
to six chloride ions in the melt. Further suggested is that the local octahedral
units, [RCIg]® are linked to each other through apexes of octahedra in light
rare-earth chloride melts, while they share edges of octahedra in heavy rare-
earth chloride melts.

Some research groups have proposed a slightly different picture for pure
melts of light rare-earth chlorides (not for mixtures) on the basis of ND data
and MD simulations. For example, Wasse and Salmon (1999d) have reported
from pdfs that integration of the first peak over the range 2.50%r(A) %3.37 to
the first shoulder gives a number of coordinated Cl around La®> equal to 6.7,



TABLE 27 Molar Volume Changes on Melting (Iwadate et al., 1995)

System LaClj CeCl3 PrCl; NdCl; SmCly GdCl; DyCl; HoCl; ErCl; YCl3
Tm (K) 1150 1095 1059 1029 935 875 928 993 1046 987
Vs ((:m3 mol l) 63.90 62.42 61.40 60.47 59.23 58.03 74.38 73.02 72.11 74.83
Vi (cm3 mol l) 76.30 76.06 74.30 73.65 73.73 73.34 74.62 74.00 75.65 75.17
100 Vi, VsV 1t (%) 19.1 21.9 21.0 21.8 245 26.4 0.3 13 4.9 0.5
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while integration to the first minimum at 3.86 A gives 8.2 as the
corresponding coordination number, and the authors think that the latter value
is preferable. But such a large CN requires the presence of many anion anion

contacts in the melt, as pointed out by Hutchinson et al. (1999), which does
not seem to be logical. With the help of MD calculation and the structure fac-
tors reported by Wasse and Salmon (1999d), Madden et al. (2004) have
simulated similar data for the number of coordinated Cl around La® by
integrating the La Cl pdf up to the first minimum. The experimental results
are thought to be quite reliable and the calculation procedures are correct,
within the definitions of CN used. However, we would like to draw the atten-
tion of the readers on the conclusions of Sections 4.2.5 and 4.2.6. The values
of CNs are directly influenced by the definitions adopted for CN, the integra-
tion range, and whether penetration of the coordination shell of Cl CI pairs
into that of La CI pairs occurs or not. The simulated pdfs of molten LaCls
and molten YCl; suggest the importance of the integration range in the eval-
uation of the nearest-neighbor CN (Hutchinson et al., 1999), as illustrated in
Fig. 38. In fact, the first coordination shell of CI CI pairs penetrates deeply

FIGURE 38 Partial pair distribution functions for (A) LaCls. [The inset shows the effect of
including cation polarization on g, ,ci(r).] (B) TbClz and (C) YCI3 with peak positions displayed.
In (C), molecular models are given for YCls, showing several of the Y CI, Y Y, and CI Cl inter-
ionic distances corresponding to the various peaks (bold lines). Reproduced with permission from
Hutchinson et al. (1999), © 1999 American Institute of Physics.
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into that of La—Cl pairs in comparison with the case of molten ¥ @hore-

over, the first coordination shell of La—Cl pairs possesses a long tail extending
up to the first minimum of the pdf, at which the value of the pdf is much
larger than in molten YGl This situation tends to lead to overestimation of
CNs. Therefore, the author thinks that integration of the first coordination
shell of La—ClI pairs up to the point where the first coordination shells of
La—Cl pairs and CI-ClI pairs cross each other is a better procedure. Alterna-
tively, integration can be carried out up to the second point at which

ci(r) becomes unity as described in MD simulations for Sgp8RCI system
(Iwadate et al. (1999) As for higher CNs such as 7 or 8 obtained by extend-
ing the integration range up to the first minimum of the pdf, they can be
explained without invoking the existence of [Lafl or [LaClg]® species.
They arise because the separations among the centffl dations and the

Cl ligands are not necessarily isotropic, as hinted by the long-tail of the first
peak before the first minimum ig_a_c(r). The Raman spectra reported by
Zissi et al. (2006)only feature the vibrational modes of octahedral species,
meaning that [LaG]® exists as a chemical species in pure La@ielt.

The variation in CN during the melting process of LagGtom 9 to 8, is, how-
ever, regarded to be too small in comparison with 20% volume change
(see data irSections 4 and)6 If we consider all the reported data and inter-
pret them according to the above context, we have to admit that some discrete
Cl ions surround the octahedral species [LAE!I locally and induce ligand
exchange with [LaG]® at short intervals as well as some clustering among
octahedra by bridging through one or two chlorides. This is probably the real
situation in the LaG melt. In other words, this means that different authors
see the same data but analyze them with different models and definitions
and, therefore, derive different conclusions.

Consequently, it is concluded from the discussion up to this point that
polyhedral-type complex ions are formed in the molten salt systems
including multivalent cations, which are further linked each other, building
up clusters. The structure of molten ZnGllustrated in Fig. 39 represents
such an example. Two tetrahedral Zg€l complex ions are linked through
a common CI (corner-sharing) and form clusters of higher order, which
causes high viscosity and wide temperature range of supercooling phenomena
for this melt. The Zn—Cl-Zn angle is estimated at about 1#40the melt,
which is larger than the corresponding angle in crystals, 10Be clustering
of complex ions takes more complicated aspects with increasing valence of
the central metal ion such as rare-earth cations, as demonstrated. inQ
The L&® ion is located at the center of the octahedron and surrounded by
six Cl ions. There exist discrete octahedra and corner-shared clusters in
low concentrations of LaG) the abundance of edge-shared clusters may
increase with increasing Lagkoncentration. Such a structural complexity
is responsible for the diversity observed in physicochemical properties of mol-
ten rare-earth compounds.
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FIGURE 39 Tetrahedral complex ions and clustering in molten ZnCl,. Reproduced with per-
mission from Iwadate et al. (2004), © 2004 Elsevier.

FIGURE 40 Conceptual diagram of high-ordered clustering of octahedral units in the LaCl;
mixture melt (LaCl; concentration: low ) high); white balls: La® ; gray balls: Cl . Reproduced
from Photiadis et al. (1998), © 1998 Royal Society of Chemistry and Iwadate et al. (2009),
© 2009 Electrochemical Society of Japan.

In summary, we have tried to comprehend the structures and properties
of rare-earth molten salts by critically discussing the following points. (1)
Definitions of molten salts as liquids; (2) crystal structures of rare-earth
halides; (3) melt structure of rare-earth halides analyzed by diffraction,
Raman spectroscopy, and other techniques; (4) methodology for obtaining
structural information from diffraction experiments: definition of the RDF,
estimation of nearest-neighbor coordination number from RDF, stability of
the nearest-neighbor coordination shell, and penetration effect of the second


Figure 39
Figure 40

Structures and Properties of Rare-Earth Molten Salts 163

coordination shell; (5) density of rare-earth halides in solid and molten
states. The properties listed above are static properties and represent merely
half of all properties of the melts. Dynamic properties of rare-earth com-
pounds in solid and molten states, such as diffusion, viscous flow, electrical
conduction, thermal conduction, ligand exchange, are largely unexplored
and should be investigated. Experimental techniques are presently available,
for instance, high-temperature NMR which has been developed in recent
years. Acquiring both dynamic and static properties of molten rare-earth com-
pounds will benefit their global understanding. Moreover, macroscopic prop-
erties permit the discussion of microscopic properties and the reverse
procedure should be implemented too. Therefore, correct application of theory
to the real systems is highly desirable.
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LIST OF ACRONYMS

CN coordination number

DOS density of states

ESRF European Synchrotron Radiation Facility
EXAFS  extended X-ray absorption fine structure
FSDP first sharp diffraction peak

LDFCS limiting distance of the first coordination shell

MC Monte Carlo simulation

MD molecular dynamics simulation
ND neutron diffraction

pdf pair distribution function

PIM polarizable ion model

Raman Raman spectroscopy

RDF radial distribution function

RE rare-earth element

RIM rigid ion model

XAFS X-ray absorption fine structure
XRD X-ray diffraction
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1. INTRODUCTION
1.1. The Challenges

Simple in its principle, solar energy conversion encounters difficult technical
problems related to various aspects. The first difficulty lies in the spectral dis-
tribution of solar energy and its variation with the degree of cloudiness, the
time of the day and of the year, as well as the latitude. For instance, the total
available power may vary by as much as a factor 6 between clear and overcast
sky. Variations between summer and winter may represent far larger differ-
ences, up to a ratio of about 30. Furthermore, the relative proportions between
ultraviolet (UV), visible, and near-infrared (NIR) light also depend on the
meteorological conditions. The standard solar spectrum is generally given as
AML.5G, where G stands for global sun, that is including both direct and dif-
fuse light, and AM for air mass (Fig. 1); the latter is the ratio of the effective
solar irradiation path length (Ls) in the atmosphere over that corresponding to
a vertical position of the sun (thickness of the atmosphere, L,); for an incident
angle y relative to the normal of the earth’s surface and an irradiation flux of
1000W m 2 ( 100 mW cm 2 or 1 sun), one has:

1.8 -
161 Sun Y
14-
1.2-
1.0-
0.8
0.6
0.4

Solar irradiance in Wm=2nm™

0.2+

0.0+

T T T T T T T i !
500 1000 1500 2000 2500
1 (nm)

FIGURE 1 Air-Mass 1.5G (AM1.5G) solar irradiance spectrum and sketch showing definitions
for parameters used in Eq. (1).
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The AM coefficient varies with latitude and with the time of the day and
of the year. AM1.5 corresponds to an angle of 48.2 , characteristic of temper-
ate latitudes where most of the world urban populations live. It is the standard
when evaluating the performances of solar panels. AMO describes the solar
spectrum outside the atmosphere, which is the irradiance of a 5800-K
black body; it is about 28% more intense than AM1.5G. For solar concentra-
tor work, only direct irradiation is taken into account and the corresponding
spectrum is AM1.5D, about 10% less intense than AM1.5G.

Photovoltaic cells all work according to the same basic principle: (i)
absorption of light generates electron—hole pairs in a semiconductor material
and (ii) the charge carriers are separated and extracted into an external circuit,
generating electricity in it. The most widespread semiconductors are silicon,
cadmium telluride, gallium arsenide, and titanium dioxide. Therefore, the sec-
ond problem in solar energy conversion arises from the spectral mismatch
between the energy-converting material and the solar emission spectrum.
For instance, silicon absorbs at most only about 48% of the total solar
emission (Fig. 2). Moreover, not all of the absorbed light is converted into
electrical power. For example, reflection losses, lattice thermalization, recom-
bination, junction, and contact voltage losses reduce the overall efficiency of
silicon-based solar cells to a theoretical limit of about 31%, named Shockley-
Queisser limit (Shockley and Queisser, 1961), while practical devices have
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FIGURE 2 Air-Mass 1.5G (AM1.5G) solar irradiance spectrum along with fractions absorbed by
a thick silicon wafer (about 48%) and available for down- (DC, about 16% up to 500 nm) and
upconversion (UC, about 17%, in the 1.2-2.5 mm range). Redrawn from Richards (2006a).
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reached 25% with single crystalline silicon (c-Si). Cheaper polycrystalline sil-
icon (p-Si) gives inferior results (15-17%) although new fabrication techni-
ques have now boosted the efficiency of commercial panels up to 21%.
Slightly better yields are obtained with the so-called 111-V cells featuring,
for instance, gallium arsenide (27.6%) or with multijunction devices such as
GalnP/GaAs/Ge displaying 32% yield (Green et al., 2012). The situation
seems to be less bright for dye-sensitized solar cells (DSSCs) which presently
reach only12% efficiency (Kalyanasundaram, 2010a; Yella et al., 2011),
but these devices present nevertheless definite advantages over Si or semicon-
ductor cells. For instance, contrary to other photovoltaic (PV) cells, they
feature separation of the two essential processes: light harvesting/charge
generation and charge transport. This is not the case for silicon-based cells,
which imposes harsh requirements on the purity of Si and, consequently,
considerably increases the cost of Si-based cells. For the time being, commer-
cial DSSC submodules having overall efficiency close to 10% are available
(Green et al., 2012).

One way toward improving the light-to-electricity conversion yield is to
concentrate the solar light on the photovoltaic devices so as to reach higher sur-
face powers and, consequently, better conversion. Presently, the record of these
“concentrator cells” is held by the multijunction, lattice-matched GalnP/GaAs/
GaInNAs-GaAs cell with 43.5% conversion efficiency under illumination
equivalent to 418 suns (Herb, 2012). Alternatively, a spectral-splitting module
comprising a pair of two-cell stacks (GalnP/GaAs and GalnAsP/GalnAs)
reached a photovoltaic efficiency of 38.5% under 20-sun irradiation; in this
design, a dichroic reflector is used to split the light beam into two subbeams
which are focused on the two different cell stacks (Green et al., 2012).

The other avenue for improving the conversion yield of solar cells derives
from the fact that these cells perform best under monochromatic light with a
wavelength I, (in nm) given by the following equation:

Iopt...% nm 2
where the band gap energy Eg is in eV and 1240 is a unit conversion factor
(Lcm * corresponds to 1.24 10 “eV). This corresponds, for instance, to
1127 nm for ¢-Si (Eg 1.1eV) or to 690 nm for amorphous silicon (a-Si,
Es 1.8eV). Therefore, concentrating the 300- to 1500-nm solar emission
spectrum into a single narrow band spectrum corresponding to I, would lead
to theoretical efficiencies close to 80% (van Sark et al., 2010). The present
state of the art is still far from this idealized goal, and the solution is
approached stepwise by introducing wavelength-converting layers responsive
to specific portions of the solar spectrum (Figs. 2 and 3).

For instance, the UV part of the solar spectrum can be harvested by lumi-
nescent compounds which then emit at a longer wavelength: the process is
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Downshifting DS Downconversion DC Upconversion UC

FIGURE 3 Schematic representation of downshifting, downconversion, and upconversion
mechanisms.

known as wavelength downshifting (DS). Alternatively, a more complex
mechanism is downconversion (DC), or quantum cutting, in which the mate-
rial absorbs an energetic photon and emits two photons of lower energy.

In turn, the NIR portion of the spectrum can be harvested and two (or
more) low-energy photons transformed into one shorter wavelength photon
by upconversion (UC). Since upconversion is at least a two-photon process,
relatively large excitation powers are required, which explains why attempted
applications to solar energy conversion are relatively recent (Shalav et al.,
2003, 2007; Trupke et al., 2002b). Pairs of lanthanide ions involving a
sensitizer and a luminescent ion provide efficient upconversion systems, for
instance, Yb"/Er'" or Yb"/Tm'"' (Auzel, 2004). For Si cells, however,
upconverting systems featuring the sole Er'' ion are more adequate
(Marques-Hueso et al., 2011). Some transition metal ions, quantum dots
(QDs) (de Wild et al., 2011), and organic dyes (Cheng et al., 2012; Schulze
et al., 2012) are also prone to upconversion (Striimpel et al., 2007). Theoretical
calculations show that adding an upconversion layer to semiconductor multi-
junction cells could increase the absolute external quantum efficiency (EQE)
from about 40% to 50% under AM1.5G illumination (Trupke et al., 2006).

When it comes to devices, the wavelength-converting materials can be
incorporated into either the solar cell architecture (Fig. 4) or a luminescent
solar concentrator (LSC, Fig. 5). Downshifting and downconversion materials
are usually doped into thin layers grown on the top of the solar cell (Fig. 4A),
while upconverting layers are positioned at the bottom of the solar cell and the
emitted light is reflected toward the top of the cell by an additional reflection
layer (Fig. 4B). Both designs generate inconveniencies. The DS and DC
layers are often highly reflective so that reflection losses increase. In the case
of upconversion, NIR light may be absorbed by the top layers, leading to a
warming of the solar cell and diminished performances. An elegant solution
consists in splitting the solar light into two different beams with a dichroic
mirror (Fig. 4C) and to focus the two beams on two adequately tailored solar
cells. This design has been used in the spectral-splitting concentrator module
mentioned earlier. In the case of DSSCs, the wavelength-converting materials
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FIGURE 4 Introduction of wavelength-converting materials into the architecture of solar cells:
(A) front downshifting or downconverting layer; (B) back upconverting layer; (C) removal of
the IR light for specific conversion; (D) introduction of downshifting material in a dye-sensitized
cell. ITO, indium tin oxide.

Solar cell

Reabsorption

Organic dye or Loss
quantum dot or
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FIGURE 5 Principle of a luminescent solar concentrator.

can be co-doped with the organic dye on titanium oxide particles (Fig. 4D) or,
possibly, in the electrolyte, which minimizes the problem of reflection losses.

1.2. Role of Rare Earths in Photovoltaic Systems

Various properties of rare-earth elements and compounds are of interest in
solar energy conversion. For instance, it was discovered that insertion of a
thin insulating layer made up of rare-earth metals between the semiconductor


Figure 4
Figure 5
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(e.g., silicon) and the metal of a Schottky contact improves greatly the photo-
voltaic yield; scandium, yttrium, samarium, ytterbium, and lutetium were
tested as solar cell barrier metals and Sc and Lu performed particularly well
(Munz and Bucher, 1982). This was the first application of these elements
to solar energy conversion. Moreover, rare-earth oxides have structural prop-
erties which are helpful in lattice-matched multilayer semiconductor cells
while their conductivity properties are used to enhance conduction between
the semiconductor layer and the electrode in silicon cells (Takei, 2011). In
addition, cerium oxide displays photoelectric properties similar to those of
titanium oxide (Turkovic and Orel, 1997) and rare-earth oxides are helpful
in lattice-matched multijunction cells (Clark et al., 2010). But by far, the main
applications of lanthanides in photovoltaics stem from the luminescent prop-
erties of their divalent and trivalent ions.

Indeed the electronic configurations 4f" (Ln'") and 4f" '5d* (Ln'"") generate a
wealth of electronic levels which are particularly suitable for acting as
wavelength-converting entities. As a matter of fact, an early application of lumi-
nescent lanthanide ions to solar energy conversion was their introduction as
downshifting materials into LSCs (Reisfeld, 1983, 1987). The Ln'"" ions also per-
form well in downconversion. This phenomenon was predicted in 1957 (Dexter,
1957) but only demonstrated two decades later with a single Ln"" ion, Pr'" doped
into yttrium fluoride, absorbing at 185 nm and emitting two visible photons at
408 and 620 nm with a quantum yield up to 140% (Piper et al., 1974). Much bet-
ter quantum yields have then been obtained, close to 200%, with systems featur-
ing different Ln"" ions, such as Gd"" and two Eu'", for instance (Wegh et al.,
1999). Finally, lanthanide ions are ubiquitous in upconversion (Auzel, 2004);
for instance, the NaYF,:Yb(18%), Er(2%) material is finding applications in
fields as diverse as counterfeiting tags, security inks, bioimaging of live animals,
time-resolved luminescence immunoassays, and solar cells (Tan, 2012).

In this chapter, we concentrate on the use of rare-earth compounds as
wavelength-converting materials in LSCs and various types of solar cells. The
burgeoning field of lanthanide-containing photocatalysts for water splitting or
water decontamination (\Weber et al., 2012) is not included in the present work.
With the exception of review papers and of Section 3.2 in which prospective
materials for downconversion are described, the chapter presents and critically
assesses works in which experiments with solar concentrators or solar cells are
presented and not those claiming “potential applications.” This considerably
limits the size of the cited literature, which is covered until the end of 2012.

2. LUMINESCENT SOLAR CONCENTRATORS
2.1. Definitions and Basic Properties

Luminescent solar concentrators offer a cheap solution to solar energy conver-
sion in that they concentrate photoluminescence on the expensive surface of
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solar cells, the light emitted by the dopant being kept inside the layer by total
internal reflection (TIR, Fig. 5). They collect diffuse light very well and
consequently eliminate the need for tracking systems which orientate Si solar
cells in the most favorable position with respect to sunlight.

These devices are highly transparent glass plates or polymer sheets
doped with luminescent materials featuring high quantum yields and, ideally,
emission bands having little overlap with absorption bands. Solar light is
absorbed by the dopant and the reemitted radiation concentrates at the end
edge of the thin plate thanks to TIR. Total internal reflection occurs when
light impinges the LSC/air boundary with angles larger than t