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The trivalent lanthanide bis-hydroxychloride compounds, Ln(OH),Cl, (Ln = Nd through Lu, with the exception of Pm
and Sm) have been prepared by hydrothermal synthesis starting with LnClz-nH,O. These compounds were
synthesized at temperatures not exceeding the melting point of the Teflon liners in the Parr autoclaves (~220 °C). The
compounds obtained were characterized by single crystal X-ray diffraction analysis, diffuse reflectance, FT-IR, and
FT-Raman spectroscopies. Most of the lanthanide(lIl) bis-hydroxychlorides are isostructural and generally crystallize
in the monoclinic space group P2,/m. The bis-hydroxychlorides of the heavier lanthanide(lll) atoms with smaller ionic
radii also crystallize in the orthorhombic crystal system. Apparently hydrogen bonds between the OH groups and the Cl
atoms connect the layers in the “c” direction. These H-bonds seem to be the driving force for the angle S of the
monoclinic complexes to decrease with decreasing ionic radius of the Ln(lIl) ion and also for tying the layers together
more strongly. As a result of this behavior, the structure of the heavier 4f analogues significantly resembles that of their
orthorhombic counterparts. The heavier lanthanide bis-hydroxychlorides preferentially crystallize in the orthorhombic
modification. The IR absorbance and Raman frequencies of the hydroxide ligands correlate as a function of the central
lanthanide(lll) ionic radius. This observation is corroborated by X-ray diffraction (XRD) structural data. These
compounds are quite insoluble in near-neutral and basic aqueous solutions, but soluble in acidic solutions. It is
expected that the analogue actinide bis-hydroxychlorides exhibit similar behavior and that this may have important

implications in the immobilization and safe disposal of nuclear waste.

Introduction

The 4f elements commonly exhibit the trivalent oxidation
state in solid state compounds, forming highly coordinated
complexes with coordination numbers such as 8 and 9." The
decreasing ionic radius throughout the 4f series often results
in a phase transformation accompanied by a decrease in
coordination number. As a result of the decreasing ionic
radius the space for coordination is lessened and, therefore,
coordination numbers will vary from 9 to 8 to 6. The 5f
elements also exhibit the trivalent oxidation state, like
the lanthanide elements.” Thus, it is expected that related
actinide(III) complexes can be prepared by applying similar
techniques and methods. A number of workers have shown
that this is possible and that the structural and physicochemical
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properties of these 4f and 5f complexes compare well.* ™ We,
therefore, expect that the work described here can well be
extended to the radioactive actinide elements and not only
enhance the fundamental knowledge of f-element chemistry
but also suggest implications for the long-term isolation and
safe storage of spent nuclear fuels.

Previous spectroscopic investigations of an extended
series of lanthanide oxalates,'” inspired us to synthesize and
structurally elucidate an extended series of lanthanide bis-
hydroxychloride complexes. Thus, the direct comparison of
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structural and physicochemical properties as a function of the
decreasing ionic radius from the lighter to the heavier
lanthanide complexes is realized. We have applied a synthetic
methodology at relatively low temperatures, which has been
generally successful in providing X-ray quality single crystals
of the lanthanide bis-hydroxy chlorides.

Aksel'rud et al.''~'® reported the preparation of Ln-
(OH)Cl,, Ln(OH),Cl, and Ln(OH)3, (Ln = Ce, Sm, Eu, Tb,
Dy, Ho, Er, Yb, and Lu), as amorphous precipitates by
simply titrating an aqueous lanthanide chloride solution with
NaOH. These workers investigated the composition of the
products as a function of pH while titrating the lanthanide
(IIT) chlorides with NaOH. The synthesis of most lanthanide
bis-hydroxychlorides, including crystallographic data, have
been described by various scientists. Klevtsov et al.'”~"?
reported the hydrothermal synthesis of the crystalline lantha-
nide bis-hydroxychlorides and their characterization via
X-ray powder diffraction. Other authors performed X-ray
sin%le crystal structural studies on the La,”°Pr,Sm, Gd,*! and
Nd*>? species. These workers determined that all of the bis-
hydroxychlorides investigated were isostructural with mono-
clinic Y(OH),C1.**~?” However, some of these compounds
were also found to crystallize in the orthorhombic crystal
system with the space group Pnma.'®'?**2% All of these
compounds were synthesized under various hydrothermal
conditions, by reacting the rare earth oxides with FeCl; and/
or NH,Cl at temperatures between 300 and 600 °C.""'® These
workers also isolated additional products such as Ln;O(OH)s-
Cl, and LnOOH at these temperatures. Carter et al.*® found
that the Ln(OH),Cl compounds are insoluble in water and
dissolve very slowly in 6 M hydrochloric acid solutions at
room temperature. It was also reported that temperatures
above 375 °C lead to the decomposition of the Ln(OH),Cl
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species resulting in the formation of the corresponding oxy-
chloride species.”” Some recent articles illustrate the syntheses
of nano crystals for the Ln(OH),Cl compounds with Ln = Er,
Yb® as well as the generation of the Ln(OH),Cl [Ln =
La—YDb] via solvothermal synthesis and successive decompo-
sition into the oxychlorides at temperatures above
350 °C.*!% So far, no investigation concerning the correla-
tion of the structural and spectroscopical properties of the
extended series of lanthanide bis-hydroxychlorides has been
discussed in detail. Elucidation of the chemistry of an
extended series of Ln(OH),Cl complexes as a function of
the ionic radius is expected to provide a clearer insight into
their crystallographic structure. Extension of this work to the
actinide elements may provide us with valuable information
on the fundamental chemistry of the actinides and may
provide a viable waste form for sequestering nuclear waste
for long-term storage. In the present work, we describe the
hydrothermal preparation of a series of lanthanide bis-hydro-
xychlorides, Ln(OH)>Cl (Ln = Nd—Lu except Pm and Sm),
starting with LnCl;-nH>O at lower temperatures than re-
ported previously. These compounds were characterized by
single crystal X-ray diffraction analysis, diffuse reflec-
tance, FT-IR, and FT-Raman spectroscopies.

Experimental Section

General Remarks. All chemicals used as starting materials
were purchased from Acros Organics and Aldrich Co. and were
used without further purification. Vibrational spectra were
collected on a Thermo (Nicolet) combined FTIR/Raman bench
using KBr pellets for the IR data, detected by a LN2-cooled
MCT, and neat powders for the Raman experiments, detected
by an InGaAs element. Spectral resolution was typically 2—
4 cm~ . Average data sets included 32 scans for the IR and 512
for the Raman. Some of the Raman spectra were obtained by
using an argon-ion (UV) pumped stilbene dye laser at 416 nm
and ~10 mW. The signals were detected by a JY triple spectrograph
with a Roper Scientific UV-enhanced LN2-cooled CCD using a
resolution of ~5 cm ™. Diffuse reflectance spectra (see Supporting
Information) were recorded using a Perkin-Elmer Lambda-19
UV—vis spectrophotometer and quartz reflectance cells.

Synthesis and Characterization. Samples of LnCl;-6H,0
were weighed out and placed in Teflon liners inside Parr Acid
Digestion vessels (Ln = Nd—Lu except Sm). Two models of
Parr vessels were used, which are different in size. Model 4749,
has a volume of 23 mL, while Model 4744 has a volume of
45 mL. Using the smaller vessel about 1 g of the respective
lanthanide chloride hexahydrate was weighed out, while about
2 g of lanthanide chloride hexahydrate was weighed out for the
larger sized vessel. Small amounts of deionized (DI) water was
added (between 1 and 2 mL). Just enough to obtain a slurry of
the respective salt inside the Teflon liner without dissolving
noticeable amounts of the material. The vessels were then sealed
and placed in a conventional laboratory oven at 220 °C for
~21 days. At the end of the heating period the oven was switched
off and the vessels were allowed to cool down slowly inside the
closed oven, which took about 3—5 h to reach room tempera-
ture. Once at ambient temperature the Parr vessels were opened.
Most commonly the materials obtained were entirely dry, while
occasionally we obtained products, which were slightly wet. The
resulting materials were transferred into 20 mL scintillation
vials. Larger chunks of material were crushed into smaller pieces
using a spatula. The vial was then filled with DI water, closed,
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and shaken to wash the products and remove any soluble
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suggest that the respective metal chloride melts in its
crystal water under hydrothermal conditions and
loses all but one or two waters of hydration stepwise
with increasing temperature. A complete dehydra-
tion of the metal chloride is generally not observed,
instead the metal cation hydrolyzes in the remaining
waters of hg/dration producing the hydroxy chloride
complexes.” ¥ The formation of lanthanide bis-
hydroxy chlorides would then take place via stepwise
reactions 2 and 3.

LHC13 . nHZO - Ll’lC13 . 2H20 + tzO (2)

LnCl;-2H,0 — Ln(OH),Cl+2HCI ~ (3)

Solid State Structures. Generally the lanthanide bis-
hydroxychlorides are isostructural and crystallize in the
monoclinic crystal system (space group P2,/m). However,
with increasing atomic numbers, the heavier lanthanides
preferably crystallize in the orthorhombic morphology
(space group Pnma). At the end of the 4f series the Tm,
Yb, and Lu compounds crystallize more commonly in the
orthorhombic crystal system. To our knowledge the
single crystal structural analysis data for the monoclinic
and orthorhombic modifications of Yb(OH),Cl, Tm-
(OH),Cl, and Lu(OH),Cl have not been reported so far.
Numerous trials synthesizing Yb(OH),Cl by us resulted
in the formation of the orthorhombic species. However,
adding significant amounts of sodium chloride to the
reaction mixture resulted in Yb(OH),Cl, crystallizing in
both modifications. Only one single suitable monoclinic
crystal was identified in the mixture that produced crystal
structure data of sufficient quality. We experienced a
similar situation with obtaining single crystals for the
Lu analogue. Therefore, we were able to characterize
these two monoclinic bis-hydroxy chlorides with single
crystal X-ray analysis only. Without any powder X-ray
diffraction (XRD) performed on the bulk samples, we
cannot exclude that we obtained mixed phases for the
lighter elements as well. However, the crystals of the
lighter Ln-analogues picked for single crystal X-ray
analysis consistently delivered the monoclinic phase,
and the crystallographer did not visually spot any crystals
that would suggest a different phase. For the heavier
Ln-clements, we obtained both phases simultancously.
To be consistent with previous literature reports on the
orthorhombic form of B—Sm(OH),Cl,** we name these
complexes f—Ln(OH),Cl to distinguish them from their
monoclinic counterparts. Although the majority of these
compounds have been described previously, we reinvesti-
gated most of these complexes and determined the X-ray
single crystal structures all at the same temperature
of ~141 K. We were unable to obtain suitable products
and single crystals of the Ce, Pr, and Sm compounds. There-
fore, we use previously published crystal structure data
by Klevtsov et al. and Klevtsova et al.'”*! to enable us to
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compare the unit cell parameters along the entire lantha-
nide series (except for promethium) and correlate ob-
served trends to the decreasing ionic radius throughout
the 4f element series. Since these authors do not make any
statements about the temperature at which they per-
formed their data collection, we assume that their data
were collected at room temperature, as it was probably
most commonly done at the time of their publication. As
the following figures show, their structural parameters fit
nicely within the trends that we observe for the data we
collected. More detailed parameters of the compounds
synthesized in the present work and those of the pre-
viously reported complexes are given in Supporting In-
formation, Table S1.

In proceeding from the light lanthanides to the heavier
lanthanides a continuous decrease of the unit cell para-
meters “b” and “c” in the crystal structures can be
observed. The angle “f” decreases from 113.30° for the
Ce species to 104.91° for the Lu species. The space group
for the monoclinic complexes is P2;/m. These complexes
form an extended three-dimensional lattice in which each
lanthanide metal center is coordinated to eight neighbor-
ing atoms; 6 O-atoms and 2 Cl-atoms. Each Cl-atom is
bound ? to two- and each hydroxy group is bound x* to
three -Ln central atoms. Figure 1 (a) illustrates the
resulting highly linked network of hydroxy groups, Cl
atoms, and metal centers in the “ab” plane. These lattices
form infinite Ln-CI-Ln zig/zag chains along the “b” axis.
Two of these chains run through one unit cell, so that each
unit cell accommodates two complete formulas of Ln-
(OH),Cl. Figure 1 (b) also shows the three-dimensional
nature of these lattices in the “ac” plane. The “ab” lattices
are tied together by hydrogen bonds between the OH
groups and the Cl atoms along the “c” axis.

It is noteworthy that the Ln(OH),CI complexes in both
topologies are closely related to the PuBrs structural
type,®® forming coordination polyhedra that surround
the central Ln atom as trigonal prisms, which are capped
with two half-octahedra on two of the rectangular faces
(Figure 2). Two pairs of O atoms are equivalent with
respectively equal interatomic distances (OH1, OH2) and
together with two equivalent Cl atoms they build the six
corners of the trigonal prism. The remaining two O atoms
that build the tips of the semioctahedra have individually
different Ln—O bond distances. Thus, four of the six OH
groups are coordinated in a non-equivalent manner to the
central atom. The structural motifs of the monoclinic
complexes are identical to each other and to that of
monoclinic Y(OH),C1.>’

The trigonal prisms are placed infinitely on top of each
other in direction “b”. The Supporting Information,
Figure S1 shows that the chains of trigonal prisms are
staggered in direction “b”, so that the two caps of one
trigonal prism form the corners of respectively two other
trigonal prisms.

The OH groups form hydrogen bonds with the Cl
atoms of an adjacent lattice in direction “c”, such that
H1 and HI' form H bonds to one Cl atom that they
directly face, while H2 and H2' respectively form bonds to
the staggered Cl atoms in “b/c” direction as also outlined

(39) Brown, D.; Edwards, J. J. Chem. Soc., Dalton: Inorg. Chem.
1972—-1999, 16, 1757-1762.
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Figure 1. (a) Highly linked network of hydroxy groups, Cl atoms, and the metal centers in the ab plane of monoclinic Dy(OH),Cl. It clearly illustrates that
each metal center is 8 coordinate, that each hydroxy group is coordinated to three metal centers, and that the metal centers form zig/zag chains with the
chlorine ligands in the “b” direction. (b) Top view into the “b” direction of monoclinic Tb(OH),Cl, illustrating the role of OH1" and OH2’ (Figure 2) serving
as vertex for the semioctahedrons on two faces of the trigonal prisms. At the same time these OH groups are forming the corners of the adjacent staggered
column of trigonal prisms. One can also recognize the two different kinds of H bonds in which these two OH groups are involved.

OH1

Figure 2. Coordination polyhedron of the Tb atom in monoclinic Tb-
(OH),Cl, showing the eight coordinate ligand environment, and using the
atom numbering scheme as provided in the text and the crystallographic
tables.

in Figure 1b and Supporting Information, Figure S1.
It should be noted that, with decreasing ionic radius of
the central atom along the series, two trends can be
observed:

(1)  The interatomic distances between the central
atom and the six corners of the trigonal prism as
well as the rear edge (CI—OH2) and the vertical
edges of the prism, connecting the equivalent
groups (CI—Cl, OH1-OHI1, OH2—0OH2), all
follow a similar trend. They show a gradual

decrease in length correlated to the decreasing
ionic radius following the series from the lighter
to the heavier lanthanide analogues. The same
trend can be observed for the Ln—OH2 bond
distance as well as for the hydrogen bonds between
the H1, H1” and the Cl atoms they face in the same
plane. Figure 3 emphasizes the correlation be-
tween cell parameter » and the decreasing ionic
radius of the lanthanide ion, which is also repre-
sentative for the above-mentioned trends.

(2) A gradual decrease in length in correlation with
the decreasing Ln ionic radius up to the Gd
complex for the unit cell parameter ¢ and all
interatomic distances that point into direction
“a”, is observed. Between the Tb and Er analo-
gues, a gradual increase in length is observed,
followed by a gradual decrease between Er and
Lu. Figure 3 also demonstrates these inconsis-
tencies that occur because of the variation of the

[7P 1)

Ln—Ln distance in direction “a”.

For comprehending this rather complicated trend, a
closer look at the angle 5 of the monoclinic complexes and
revision of the arrangements of the lattices and the
coordination polyhedra is considerably useful. In the first
half of the lanthanide series, the angle 3 decreases in very
small increments between Ce (113.3°)"” and Gd (111.6°).
However, for the second half of the 4f series we observe a
gradual decrease for f between Tb (110.28°) and Lu
(104.92°), as can be seen in Figure 3.
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Figure 3. Cell parameter b (A) in correlation with trivalent lanthanide-
(I1I) ionic radius (A),* (x: represents literature values, for references see
Supporting Information, Table S1). Variation of  with decreasing ionic
radius of Ln(IIN* (x: represents literature values, for references see
Supporting Information, Table S1). Interatomic distances between two
Ln metal centers in direction ““a” versus the trivalent lanthanide(IIT) ionic
radius (A).*

With the smaller angles for the heavier complexes the
morphology more closely resembles the orthorhombic
crystal structure, which correlates with the observation
that these heavier analogues more readily crystallize in
the orthorhombic morphology. With decreasing ionic
radius, the orthorhombic modification seems to become
energetically more favorable.

For a better understanding of the behavior of these com-
plexes with respect to decreasing ionic radius of the central Ln
atom, it is of interest to compare the lanthanide structures
with the structure of the actinide compounds Pul; and PuBrs3,
which both crystallize in the PuBrs structural type.® This
shows that both modifications of the Ln(OH),CI complexes
show close similarities with the PuBr;* structural type. The
molecular structure of PuBrs> in the “ac” as well as in the
“bc” plane is illustrated in the Supporting Information,
Figure S2a and S2b.

In the view onto the “ac” plane one can see that the Pu
central atoms are aligned straight in directions “a” and
“c” and that the central atom is surrounded by 8-Br atoms
that also form a similar coordination polyhedron as
observed for the herein described compounds. This struc-
ture apparently arranges in a highly ordered formation

Zehnder et al.

because the central atom coordinates to only one kind of
ligand. The repulsive effects between the bulky iodine
atoms prevent this structure from crystallizing in the
UCl; structure type,*' in which the central atom is 9
coordinate. Because of the smaller ionic radius of the Cl
atoms in this structure type the next halogen from the
adjacent layer in direction “b” can actually form a ninth
coordination to the central atom, which results in forming
the tip of a third semi octahedron on the third rectangular
face of the trigonal prisms of the coordination polyhe-
dron. In the PuBr; structural type and the lanthanide
bis-hydroxychloride compounds this third face remains
uncapped because of the missing vertex caused by repul-
sive effects between the bromine ligands in PuBr; as
well as the OH and Cl ligands in the Ln(OH),Cl com-
plexes and by space limitations. Looking at the orthor-
hombic crystal structure of Lu(OH),Cl it becomes clear
that the crystal lattice is arranged in a closely related
manner as in PuBr; and that the Ln central atoms are
aligned straight in directions “c” and “b” as illustrated in
Figure 4. However, in the “a” direction, the central atoms
form a zig/zag chain, whose center consists of a straight
line pointing into direction “a”. Thus, the neatly packed
crystal lattice observed for PuBrj; suffers a certain degree
of distortion, which is caused by various effects. First, the
central atom is coordinated to two different ligands in the
Ln(OH),CI compounds, which show significant differ-
ences in their size. Another important aspect is that in
these compounds we observe a competition between
attractive forces that lead to hydrogen bonds in direction
“c” and repulsive effects between the Cl and OH ligands.

By taking a closer look at Figure 4 one recognizes that
two OH groups of each coordination polyhedron in the
“ab” layer respectively are connected to one Cl atom of
the adjacent “ab” layer by hydrogen bonds. This Cl atom
is the missing vertex, which would form the third cap on
the empty face of the trigonal prism in the next layer if it
were arranged more closely to the Ln central atom of that
layer. This would result in a 9 coordinate central atom
and accordingly lead to a distorted form of the UClI;
structural type.*! However, the repulsive forces between
this CI atom and the four ligands building the corners of
the empty face of the trigonal prism (2 CI atoms and the
two OH2 groups) prevent this bond formation as they
keep the Cl atom at a distance of 3.722 A from the Ln
metal center as opposed to the actual Ln—Cl bond
distances of 2.788 A in -Lu(OH),Cl.

The monoclinic molecular structure of Lu(OH),Cl
looks quite similar to that of the orthorhombic analogue
(Figure 5).

Because of the angle 8, which is 104.9° for monoclinic
Lu(OH),Cl, one can observe a distortion of the crystal
lattice as compared to [-Lu(OH),Cl. However, the
monoclinic Lu species represents the closest approxima-
tion to the orthorhombic system for the entire 4f series.

At this point it is helpful to look at the series
of Ln(OH),CI complexes and try to understand how
the crystal lattice responds to the major changing
effects throughout the 4f row as the ionic radius of

(40) Shannon, R. D. Acta Crystallogr. 1976, A32, 751-768.
(41) Taylor, J. C. W., P. W. Acta Crystallogr., Sect. B: Struct. Sci. 1974,
B30(12), 2803-2805.
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Figure 4. Crystal lattice of (a) orthorhombic Lu(OH),Cl with a view onto the “ac” plane, showing the staggered arrangement of the central atoms;
(b) monoclinic Lu(OH),Cl in the ac plane showing that the central atoms are aligned straight in directions “c” and “b”; however, in direction “a” we see an
even more distorted zigzag chain, which compensates for the effect that the angle 5 is not orthogonal.
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Figure 5. Trends of selected distances between the Cl atom of the adjacent layer in direction “c” and the atoms building the empty rectangular face of the
coordination polyhedron it faces (including the Ln central atom) versus the trivalent lanthanide(III) ionic radius (A).* Red triangle: the gradual trend of
decreasing bond distance between the central atom and the two Cl ligands. Green diamond: Distance between the Ln central atom and the Cl atom of the
adjacent layer. Blue square: Distance between the Cl ligands and the Cl atom of the adjacent layer, which is arranged in staggered formation. Brown
diamonds: Distance between the OH2 ligands and the Cl atom of the adjacent layer, which is arranged in staggered formation. Blue dots: Hydrogen bond
lengths between the HI,H1’ ligands and the Cl atom of the next layer. Green squares: Hydrogen bond lengths between the H2, H2' ligands and the Cl atom of

the adjacent layer.

the central atom gradually decreases with increasing
atomic number.

Figure 5 illustrates the trends observed for the OHI,
OH2' hydrogen bond distances to the Cl atom of the
adjacent layer and the distance changes between that Cl
atom and the Ln central atom as well as the two OH
groups and two Clatoms building the uncapped third face
of the trigonal prism.

It appears that the hydrogen bonds play a major role in
tying together the adjacent layers in the “c” direction.
With decreasing ionic Ln(IIT) radius the hydrogen bonds

that are formed directly between the H1, H1” and the CI
atoms facing each other at the same level of the adjacent
layer decrease continually. However, the hydrogen bonds
that are formed between one H2, H2' and two Cl atoms
arranged in staggered level formation slightly decrease
between Nd and Tb and then slightly increase again
between Tb and Lu. Thus, the Tb analogue possesses
the shortest H2, H2'--Cl hydrogen bonds in the entire 4f
row. This can be explained by the fact that the H2, H2'--Cl
hydrogen bonds are twisted for the lighter Ln(OH),Cl
complexes as the Cl atom starts out at the corner of the
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Table 2. Selected Parameters for Monoclinic Ln(OH),Cl Compounds
OH,—OH,' [A] CI-CI [A] VA% B [deg] b[A] Ln—Ln’ [A] Ln—Ln“[A]
Nd(OH),Cl 2.843 3.871 150.06(3) 113.308(2) 3.8710(5) 6.198
Eu(OH),Cl 2.786 3.783 145.5(3) 112.060(14) 3.783(5) 6.162
Gd(OH),Cl1 2.757 3.752 143.95(3) 111.5968(2) 3.7516(5) 6.149
Tb(OH),Cl 2.769 3.709 142.53(4) 110.278(2) 3.7089(6) 6.152
Dy(OH),Cl 2.739 3.650 142.57(7) 108.028(2) 3.6500(10) 6.201
Ho(OH),Cl 2.744 3.622 142.36(5) 107.051(2) 3.6224(7) 6.213
Er(OH),Cl 2.730 3.608 143.07(10) 106.277(4) 3.6085(15) 6.239
Tm(OH),Cl 2.699 3.58 140.70(4) 105.804(2) 3.5805(6) 6.214
Yb(OH),ClI 2.668 3.526 137.25(10) 105.393(4) 3.5258(15) 6.173
Lu(OH),Cl 2.664 3.513 137.54(3) 104.916(2) 3.5133(5) 6.184
“Ln—Ln distance along crystallographic « axis. > Ln—Ln distance along crystallographic b axis.
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Figure 6. Correlation of the OH-I stretching modes with decreasing ionic radius.** The decreasing ionic radius causes the OH groups to merge closer to the
Cl atoms, resulting in the strengthening of the H bonds. Therefore, the OH bonds weaken, and the stretching modes continuously decrease in energy, which
can be confirmed by looking at the O—H and H—Cl bond distances of the XRD data, (x: represents literature values, for references see the Supporting
Information, Table S1).

trigonal prism and then moving more into the center of
the trigonal prism where they can be noticed as the

missing vertex of the 9 coordinated polehedra, whose e
formation is prevented because the distance between 8
those Cl atoms and the Ln metal centers increase with b Dy
decreasing ionic Ln(III) radius. At the same time the Cl =
atoms start out on the left side of the H2, H2" atoms that E Er

they face in a staggered manner. For the Tb analogue they
have the most direct arrangement and for the heavier
complexes the Cl atoms move farther to the right of the
corresponding H2, H2" atoms, which results in the twist- : r —
ing of the respective hydrogen bonds into the other 3600 3400 800 700 600 500
direction. v (wavenumbers)

For the first part of the series of lanthanide bis-hydro-
xychlorides only slight changes in the crystal strcture can
be observed because the angle 3 does not decrease sig-
nificantly in this region. However, beyond Gd a signifi-
cant increase in distance can be recognized between the Cl
atom of the adjacent layer and the other atoms of the

Figure 7. Selection of IR spectra showing the OH stretching and
deformation modes of Ln(OH),Cl, in the order of decreasing ionic radius
with Ln = Eu, Dy, Er.

the parameters in direction “a”. These individual adjust-
ments enable the lattice to decrease constantly its density,

uncapped side of the trigonal prism as the ionic radius of
the central atom decreases and [ significantly becomes
smaller. As a result the crystal lattice responds to the
changes for 8 as well as for the decreasing ionic radius
by increasing the distance to the adjacent Cl atom,
which results in the characteristic trends observed for

which can be found in reconciliation with the trend of the
cell volume. The plot of the cell volume, shown in the
Supporting Information, Figure S3, indicates that all changes
in the lattice seem to be compensated well without a change in
morphology by adjusting the above-discussed parameters.
There is only a small inconsistency in the gradual decrease
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Table 3. Infrared Vibrational Frequencies for Monoclinic Ln(OH),Cl Compounds [cm ]

complex v OH | v OH v OH p O0OH Y 0 OH 0 OH 1, v Ln—ClI

Ce(OH),Cl1'7 3578 3558 720 567

Pr(OH),CI*! 3578 3557 722 570

Nd(OH),C1 3569 3547 727 561 437
Sm(OH),Cl 3573 3550 755 736 584

Eu(OH),Cl 3565 3540 754 730 582 449
Gd(OH),Cl 3566 3542 766 736 588 452
Tb(OH),Cl 3553 3529 781 741 593 460
Dy(OH),Cl 3545 3521 799 757 598 464
Ho(OH),Cl 3537 3518 3501 810 749 615 465
Er(OH),Cl 3529 3515 3500 819 757 624 469
Tm(OH),Cl 3526 3509 3498 829 762 628 471

of the cell volume between the Tb and Er analogues that
apparently remains within a range that can be accommo-
dated by the monoclinic crystal lattice.

The unit cell density (not shown) increases very gradually
with decreasing ionic Ln(III) radius. The most characteristic
parameters that change as functions of decreasing ionic
radius are listed in Table 2.

It is remarkable that the distance between the Ln metal
center and the adjacent Cl atom (which represents the
missing vertex of the third semi octahedron) becomes as
close as 3.102 A for the Nd(OH),Cl complex, which is
only slightly longer than the actual distance of 2.989 A
between the Ln central atom and the two equivalent Cl
ligands for this compound. The observed properties are in
contrast to the reported lanthanide borate complexes, in
which a change in crystal structure takes place twice
within the 4f row. These compounds exhibit the same
structure type as the three forms of CaCOj aragonite,
vaterite, and calcite. The first change in crystal structure
is detected between Neodymium and Samarium. The
Borates of La, Pr, and Nd crystallize in the aragonite type
and the analogue compounds from Sm throughout Yb
crystallize in the vaterite type. LuBOj crystallizes like
InBO; in the calcite type.** In the larger lighter lanthanide
borates the central atom is 9 coordinate and bound to
three monodentate and three bidentate trigonal planar
borate anions while the smaller heavier analogues are 8
coordinate with 2 bidentate and 4 monodentate tetra-
hedra.*> However, in case of the Ln(OH),Cl species each
central atom is eight coordinate and because of the
absence of large space filling ligands these complexes
are able to gradually increase the density of the highly
linked network by creating a customized fit for each
complex, absorbing the strain on the crystal lattice that
is created by the decreasing angle 5. For the Lu(OH),Cl
species the most convergence between the orthorhombic
and the monoclinic modifications can be observed, as
shown in Figure 4.

We also observed that the Ln(OH),Cl complexes show
a remarkable stability in neutral and weak acidic envir-
onments. The complexes are stable in near neutral pH
water, and they dissolve quite slowly in 0.1 M hydro-
chloric acid solutions, considering the fact that they are
basic compounds. A crystalline sample of Gd(OH),Cl,
for instance, did not entirely dissolve in a 0.02 M HCI
solution within 4 weeks. We attribute this extraordinary
inertness to the tight three-dimensional lattice system,

(42) Giesber, H.; Ballato, J.; Chumanov, G.; Kolis, J.; Dejneka, M.
J. Appl. Phys. 2003, 93(11), 8987-8994.

which seems to control the reaction of these complexes
kinetically and to slow down the dissolution rate in acidic
media significantly.

Spectroscopic Studies. Vibrational Data. Most of the
Ln(OH),Cl compounds were characterized by FT-IR and
Raman spectroscopies. All spectra look similar to the
ones reported previously for Ln(OH),Cl complexes'” as
well as for Y(OH),Cl1.*

The four non-equivalent Ln—OH distances of each Ln-
(OH)>Cl species are represented by two degenerate defor-
mation modes between 550 cm ' and 600 cm~' and
between 700 cm ™' and 850 cm ™! for the lighter Ln(OH),Cl
complexes. However, with decreasing Ln—OH distances
in the heavier species the mode between 700 cm™' and
850 cm™ ! representing the two equivalent OH-1 groups
and the OH-1" group splits into two separate bands, while
the OH-2 and OH-2" groups are represented by one single
degenerate band throughout the 4f series. Klevtsov reported
the separation of these modes occurring as a small shoulder
from samarium onward.'” We observed the same trend
starting at europium (since we did not obtain any data for
Sm). This shoulder finally evolves into a distinct separate
band from the Ho analogue onward. All O—H deformation
bands shift to higher energies with decreasing ionic radius.
After the degenerate deformation values for OH-1 and
OH-1’ split into separate modes from Sm'” on, they con-
tinuously move farther apart from each other, as the ionic
radius decreases with the heavier analogues, which can be
seen in the Supporting Information, Figure S4. The stretch-
ing modes show quite similar behavior. The lighter ones
show two modes between 3400 and 3600 cm ™' in the IR as
well as the Raman spectrum. However, from Ho onward, an
additional stretching mode can be observed, growing in as a
shoulder first and eventually forming a distinct separate
band. In contrast to the deformation modes, the stretching
frequencies decrease in energy with decreasing ionic radius
as demonstrated in Figure 6. This is in good agreement with
the gradually decreasing H bond lengths going along with
decreasing ionic Ln(III) radius.

With the shortening of the hydrogen bonds, the O—H
bond distances increase and therefore, the respective
energies of the stretching bands decrease. With increasing
hydrogen bond strength the twisting of the OH groups
becomes more restricted and therefore, the deformation
modes increase in energy accordingly as the ionic Ln(IIT)
radius decreases. These trends are illustrated in Figure 7,
where we display the IR spectra of the Eu, Dy, and Er
compounds. Because of the difficulties in producing the
monoclinic form of Yb(OH),Cl and Lu(OH),Cl we were
unable to obtain samples pure enough to determine the
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FT-IR and Raman spectra for the monoclinic species.
Thus, we are not showing the IR data for these two
compounds in Table 3.

Conclusion

We applied a hydrothermal synthesis method utilizing
similar conditions to produce an extended series of Ln-
(OH),Cl complexes at lower temperatures than previously
reported. We synthesized the lanthanide bis-hydroxychlo-
rides from Nd through Lu, with the exception of Pm and
Sm, applying the above-described method to obtain repro-
ducible X-ray quality single crystals. Using the literature data
previously published for the Ce, Pr, and Sm compounds we
were able to compare the crystal structural data and the
vibrational spectroscopy data of the Ln(OH),CI complexes
of the entire 4f series (with the exception of Pm). Comparing
the structural trends of these compounds throughout the
series for the first time provided us with an interesting insight
into the properties of the resulting extended lattices. These
complexes are structurally related to PuBrs,* and they
crystallize in three-dimensional extended lattices that form
infinite chains along the b axis. The lanthanide atom is
surrounded by eight coordinate polyhedra. A shortening of
the interatomic distances and varying polyhedra edge lengths
as well as varying unit cell parameters along the 4f series
compensate for the decreasing ionic radius and the increasing
strain on the crystal lattice caused by the decreasing angle
f along the series. This behavior seems to enable these
compounds to crystallize in the monoclinic crystal system
throughout the entire series. Because the crystal system
becomes more similar to the orthorhombic crystal system,
the crystal lattice suffers a certain degree of distortion for the
complexes between Tb and Er because of the competition
between decreasing bond distances and the repulsion between
Cl atoms and OH groups as they move closer together. This
effect, however, is compensated by corresponding variations
of several parameters along the crystallographic « axis. The
heavier analogues (Tm—Lu) crystallize more commonly in
the orthorhombic morphology. This is in reconciliation with
the general trend of the monoclinic species resembling the
orthorhombic analogues more because of the decreasing
angle  with increasing atomic number. Both morphologies
crystallize in a distorted form of the 8 coordinate PuBrs
structural type.® Because of the attracting and repelling
forces between the ligands in adjacent layers and the fact
that the central atoms are surrounded by two different
ligands, the Cl atoms of one layer are prevented from forming
a third cap of an additional semi octahedron on the empty
face of the trigonal prism in the coordination polyhedron. If
these Cl atoms were arranged more closely to the Ln central
atom of the adjacent layer they would fill that missing third
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vertex. In that case the lanthanide bis-hydroxychlorides
would form 9 coordinate coordination polyhedra and crys-
tallize in a distorted form of the UCI; structural type.*! The
driving force for the monoclinic species to decrease the angle
f and, therefore, increasingly resemble the orthorhombic
counterparts with decreasing ionic radius seem to be the
attractive forces between the H atoms and the Cl atoms. This
results in the formation of hydrogen bonds tying together
adjacent layers along the ¢ axis. As the ionic radius decreases
for the heavier Ln(OH),CI complexes, the hydrogen bonds
increase in strength resulting in a phase transformation pre-
ferring the orthorhombic over the monoclinic modification.
Either modification can be obtained depending on the miner-
alizing conditions of the individual experiments. This is in
reconciliation with the decreasing hydrogen bond lengths and
the decreasing energies of the O—H stretching modes observed
in the IR and Raman spectra of the monoclinic complexes.
The highly linked three-dimensional network seems to
contribute to the remarkable inertness of these compounds
in near neutral aqueous environments. This could be one of
the key properties for the potential application of actinide
bis-hydroxychlorides as nuclear waste forms and might be
further evaluated by testing other lanthanide mixed hydro-
xide complexes. Leachability experiments that we intend to
perform in the near future will reveal if these compounds
exhibit favorable properties for such purposes. We are plan-
ning to conduct similar hydrothermal synthesis experiments
with some actinides such as Am and Cm. Since Am and Cm
prefer the trivalent oxidation state and are quite similar to the
lanthanides in their chemical properties, we anticipate success
in synthesis of these actinide bis-hydroxychloride complexes.
The radiolysis effects of these elements, however, may create
difficulties in obtaining single crystals for X-ray analysis.
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