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Abstract: Carbonate-assisted hydrolysis
of Y or Yb™ ions in the presence of
the trivacant Wells—-Dawson polyoxo-
anion, a-[P,W,s05]">", produced two
polyoxometalate-supported Y-  or
Yb™ hydroxo/oxo clusters, which have
been characterized by single-crystal X-
ray structure determination. The struc-
ture of the Y complex consists of a dis-

[P,W,5s0s]'*" units, while the Yb clus-
ter features a hexametallic core cen-
tered around a pg-oxo atom with each
Yb!'! triangular face capped by an oxo
or a hydroxo group. Magnetization
measurements of the ytterbium(im) de-
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rivative suggested that intermolecular
dipolar exchange is present at low tem-
peratures (below 15 K). Despite its ab-
sence in the structures themselves, con-
trol experiments show that carbonate
not only functions in the hydrolysis, it
also influences the structure of the
complexes by complexation to yttrium
and the f-block elements.

torted Y,(OH), cubane cluster en-
capsulated by two lacunary o-

Introduction

The rational self-assembly of modular and multicomponent
systems into larger structures or materials with useful prop-
erties continues to be as important technologically as it is
challenging to achieve. In this context, the formation of lan-
thanide-hydroxo/oxo clusters with noteworthy spectroscop-
ic, magnetic, and catalytic properties is of interest.'l Current
efforts to synthesize new Ln-hydroxo/oxo clusters (Ln=1an-
thanide) are stimulated by the potential to develop synthetic
nucleases for the hydrolysis of phosphate diester bonds, in-
cluding the robust bonds of nucleic acids.’)’ A common ap-
proach for the synthesis of such complexes is to utilize che-
lating ligands such as amino acids, ketonates, carboxylates,
and alkoxides to control the hydrolysis of the metal ions.”!
The choice of bridging ligand(s) is critical in that the ligands
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not only provide appropriate electron-donor character and
symmetry, they also stabilize the cluster by electrostatically
or sterically counteracting the tendency for further aggrega-
tion. On the other hand, the Ln™ and Y ions generally dis-
play large and variable coordination numbers (CN=_8-12)
and show minimal stereochemical preferences due to the
small energy differences associated with the various coordi-
nation geometries."”! This makes it difficult to control the co-
ordination environment of the Ln™ centers and therefore
impedes fine-tuning of the electronic, spectroscopic, and
magnetic properties of such clusters. As a result, a crucial
but challenging step towards rational design lies in selective
incorporation of Ln" ions into these highly organized archi-
tectures with the assistance of highly predisposed ligands.
Herein we report two such hydroxo/oxo clusters support-
ed by the multidentate polyoxotungstate ligand, o-
[P,W,5s05]'*", derived from the parent Wells—-Dawson a-
[P,W,304,]% by controlled base degradation. The trivacant
complex, a-[P,W;5055]'>", has seven terminal oxo groups in
the M; (or “cap”; M=metal ion) region produced by base-
associated hydrolysis, which can be readily used for metal
ion coordination. However, the incorporation of metal ions
into all three vacant sites has been limited to the first two
rows of transition metals to date except for a uranium poly-
oxometalate (POM) recently reported by Pope etal.,
[(UO,)12(15-0)4(1o-H,0) 15(P,W,5s05),] .1 Representative
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examples of metal incorporation into a-[P,W;50s]">'*" in-
clude [P,W;M,0,]'" (M=Co", Cu", Zn", Mn", or
Fe")*1 a  di-iron(im)-substituted  analogue  [Fe,-
(NaOH,),(P,W 5050),]' " [P,W;sM;Og]””  (M=V  or
Nb),12-13] a polyoxothiometalate [(H,P,W,5O05¢),-
{M0,0,5,(H,0),}4{M0,8,0,(OH),(H,0)},]*" ') and recently
reported Ti complexes (dimeric [TiP,W;5s0ssOH],'", tetra-
meric [Ti;P,W;505,5(OH)5]* and [(P,W5Ti;Og5),]* ).
This work represents the first example of the incorporation
of lanthanide ions into the trivacant Wells—-Dawson-type
polyanion system. The unusual stabilization forces observed
for the bridging hydroxo/oxo moieties further distinguish
these new complexes from the examples above.

Results and Discussion

Synthesis and characterization: The two new POM-sup-
ported  hydroxo/oxo  clusters,  [{Y,(-OH),(H,O)s}-
(0-P,Ws050)]'" (1) and  [{Ybe(us-O)(ps-OH)s(H,0)}-
(a-P,W,505),]"*" (2), were prepared from controlled hydrol-
ysis in aqueous solutions. The reaction of a-[P,WsOs]"*"
with YCl; or Yb(NO;); in an aqueous Na,CO; solution
(0.1m) afforded a slurry, from which 1 and 2 were obtained
in 22.8 and 35.2 % yields, respectively, after recrystallization.
Both complexes have been characterized by *'P NMR and
IR spectroscopy, and the solid-state structures of 1 and 2
were established by elemental analysis and single-crystal
X-ray diffraction. Carbonate not only functions as a hydrol-
ysis reagent and buffer in which the lacunary polyoxoanion
is relatively stabilized, it also facilitates the formation of a
wide range of bridging hydroxo units which fortify the lan-
thanide-hydroxo/oxo cluster framework.

The structure of 1 is composed of two a-[P,W;505]"*" li-
gands encapsulating a central tetranuclear [Y,(OH),** unit
(Figure 1a). Bond valence sum (BVS) calculations unequivo-
cally establish that all four ps-bridging oxygen atoms are
monoprotonated (BVS~1.2; Table 1).l*! In the polycationic
[Y,(OH),]** unit, the four Y™ ions are linked by the u,-OH
bridges to form a highly distorted cubane-like core, elongat-
ed along the direction of the four phosphorus atoms, with
two short and four long Y=Y contacts of 3.482 and 3.845 A,
respectively (Figure 1b). The molecule appears to be centro-
symmetric because the central hydroxo-lanthanide core is
disordered over two equally weighted orientations in the
crystal, which are related by the crystallographic inversion
center. There are two distinct yttrium sites in 1 for each ori-
entation, both of which have a triangularly distorted dodeca-
hedral geometry. Three triply bridging hydroxo groups, two
oxygen atoms from two different WOg octahedra, one
oxygen atom from a PO, tetrahedron, and two terminal
aqua ligands complete each coordination sphere. The Y1
and Y4 atoms are ligated by two oxygen atoms from two
edge-sharing WO, octahedra, while two corner-sharing WOy
octahedra on the opposite side of the same hexa-tungsten
belt serve as the linking groups for Y2 and Y3 (Figure 1).
Thus, anion 1 has approximate C, symmetry with the two-
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Figure 1. a) Complex 1 with the [Y,(u-OH),(H,0)]*" cubane cluster
shown in ball-and-stick representation (Y, large gray spheres; OH, small
hatched spheres; H,O, small white spheres) with the top and bottom
faces capped by two a-[P,W,505]'"?" trivacant POM units shown in poly-
hedral representation (WO, octahedra, gray; central PO, tetrahedra,
hatched). The alternative positions of the disordered O and Y atoms are
not shown. b) A perspective view of the Y, core showing all of the bridg-
ing oxygen atoms; the aqua ligands have been omitted for clarity (p,-
bridging oxo, small black spheres).

Table 1. Bond valence sum (BVS) analysis for selected metal centers and
oxygen sites in 1 and 2.

Complex Metal BVSE  Assigned

Oxygen BVSE  Assigned

center oxidation atom protonation
state state
1 w-01d 122 OH

u-02d 129 OH
u-03d 119 OH
u-04d 120 OH
1,050 217 O

20 Ybl 303 +3
Yb2 297  +3
Yb3 299  +3

1056 187 O
12057 121 OH
12058 127 OH
1059 117 OH
Be-060 157 O

[a] Values calculated using the method of I. D. Brown, ref. [18]. [b] There
are three ytterbium sites in the asymmetric unit.

fold axis bisecting the Y1-Y4 and Y2-Y3 vectors. The
P NMR spectra of 1 shows two peaks at —3.65 and
—14.00 ppm (Figure 2) for the two pairs of proximal and
distal P atoms, respectively, in the two a-[P,W5s0s]"?" units,
consistent with the X-ray structure analysis. Finally we note
that for each a-[P,W,505]">" unit, there are still two termi-
nal W=0O groups on the trivacant face that remain unassoci-
ated and therefore may serve as vacant coordination sites
for further structure derivatization.
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Figure 2. 'P NMR of the sodium salts of 1 and 2 (0.01 molL " in D,0O;
referenced to 85 % H;PO,).

The isolation of 1 firmly establishes that the cubane-like
Lny(u;-OH), unit, like those observed in organolanthanide
chemistry,m can function as a structural building block for
larger complexes. It also shows the versatility of the a-
[P,W,5055]"*" ligand as previous sandwich-type complexes
([M,(H,0),(a-P,W5054),]> 7)1 have four d-block metal
ions (M) encapsulated between the two a-[P,W;5Os]"*"
units in a planar fashion. In addition, the formation of 2
from the hydrolytic reaction of Yb™ further illustrates the
versatility of this ligand as three
Yb"' cations now occupy the
“holes” left by the three signifi-
cantly smaller W' cations."
Once again, the hydroxo/oxo
bridges play an essential role in
stabilizing the framework of 2.

The structure of 2 is com-
posed of two a-[P,W;sO05]"
units bridged by a [Ybg(us-
0)(us-OH)4(H,0)4]"°*  cluster.
This  Yb"™-hydroxo/oxo unit
contains a central pg-oxygen
atom (O60) in an Mg octahedral
coordination environment.
Each Yb}" triangular face is fur-
ther capped by a ps-oxygen
atom (Figure 3). Bond valence
sum calculations were used to
determine the oxidation state
of the Yb centers and the pro-
tonation state of the bridging
oxygen atoms (Table1). Like
those in 1, all p,-bridging
oxygen atoms were determined
to be hydroxo groups except
for the two on the top and
bottom faces (056 and OS56a),
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which are terminal oxygen atoms from the PO, tetrahedra
and remain unprotonated (Table 1). Although we assign the
central p,-O atom (O60) as oxo, its calculated BVS value
(1.57) lies between that for an ideal hydroxo (~1.2) and oxo
(~2.0) atom. This more likely reflects the unusual My coor-
dination environment and the commensurately less defensi-
ble BVS calculation than partial protonation. A similar
hexa-metal core was reported in a cyanide-bridged chain
polymer, [{Ybe(ps-O) (ps-OH)g(dmf) 5(1-CN)Pd (p-
CN)(CN),}%], (3).”” However, in 2 the two faces used for
linking the POM ligands are capped by the terminal oxo
groups (P=0) of the o-[P,Ws0s]"" units instead of hy-
droxo groups in 3, suggesting a specific role for the POM
units in the formation and/or stabilization of the central Yb,
core. The structure of 2 exhibits D;, symmetry, with each C,
axis perpendicular to one of the three mirror planes contain-
ing the main C; axis (Figure 3a).

The P NMR spectrum of 2 exhibits only one rather
sharp peak at —14.2 ppm (Av,=19.4 Hz), which is attribut-
ed to the two distal P atoms (Figure 2). The signal for the
two proximal phosphorus atoms are too broadened for de-
tection, due to the close proximity of these phosphorus
atoms to the paramagnetic Yb™ centers. This is rarely seen
in ytterbium(1m)-substituted polyoxoanion complexes. In
most cases, the interaction between the unpaired electrons
from Yb™ and the nuclear spin of the phosphorus atoms
often leads to broad but still observable signals.”"! On the
other hand, the two distal phosphorus atoms are not strong-
ly affected, as seen from their sharp peak and minor shift

Figure 3. a) The structure of 2 (WO, octahedra, gray; central PO, tetrahedra, hatched; Yb, large gray spheres;
OH, small hatched spheres; H,O, small white spheres). b) The central hexanuclear [Yby(us-O)(1s-OH)g(ps-
0),]°* unit of 2; the aqua ligands have been omitted for clarity (us- and pg-bridging oxo, small black spheres).
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from their diamagnetic positions (—14.00 ppm for 1 and
—13.8 ppm for a-[P,W,;505]"*").

A noteworthy solid-state structural feature of 2 (in a
mixed (CH;),NH," and NH,* salt) is that the individual
molecules are interlaced with each other in a manner that
generates small one-dimensional tunnels along the crystallo-
graphic c axis (Figure 4). However, BET measurements with
N, sorption/desorption show this crystalline material has a
very low surface area (<2m?g!). This can be attributed
either to the small dimensions of the tunnel or to the pres-
ence of hydrogen bonding with the (CH;),NH,* and NH,*
cations proximal to the POM units.

Figure 4. Packing diagram of 2 visualized along the crystallographic ¢
axis. The countercations and the solvent H,O molecules have been omit-
ted for clarity; the polyoxoanion ligands are shown in wireframe notation
whereas the central Yb-based cores are in space-filling notation.

Magnetic studies: The temperature dependence of the mag-
netic susceptibility of compound 2 is shown in Figure 5 in
the form of a yT versus T plot (y =molar magnetic suscepti-
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Figure 5. Temperature dependence of the y7 values in the 300-1.5 K tem-
perature range for 2: experimental (m) and calculated values ().
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bility, 7=temperature). At 300K, x7 is equal to
14.25 cm®*mol ' K which is the value expected for six mag-
netically insulated Yb™ ions (6x2.57 cm®mol ™' K) in the
°F,, ground state. The magnetic data have been analyzed by
using a classical crystal-field approach: the temperature de-
pendence of the magnetic susceptibility has been fitted as-
suming a local C,, symmetry in the coordination sphere of
each Yb ion. The best-fit parameters B’; are B2=499.5,
B2=686.4, By=-1552, Bi=414.6, B;=106.3, B{=-15.3,
B$=140.7, B{=105.0, B{=-103.4 cm™', which have a split-
ting of the Kramers’ doublets in the °F7, ground multiplet of
226, 662, and 928 cm™! with respect to the ground state and
are all well inside the range of reported splittings.”>?*! The
fit nicely reproduces the experimental pattern from room
temperature down to approximately 10 K. Below this tem-
perature the observed susceptibilities are lower than the cal-
culated ones. The discrepancies observed in the low temper-
ature region may be due to some kind of magnetic interac-
tion between the Yb™ ions. The analysis of the magnetic in-
teractions for this ion are made more complex by the pres-
ence of an orbital contribution in its ground state that
prevents the use of an isotropic Heisenberg-Dirac—Van
Vleck (HDVV) Hamiltonian. Since the presence of a super-
exchange mechanism can be ruled out, the magnetic interac-
tion can be due to either an intracluster and/or an interclus-
ter dipolar exchange. It could be possible to treat the intra-
cluster dipolar interaction in an analytical way.’” However,
the complexity of this cluster (6 ions involving at least 12
different interactions) makes the calculation very difficult
because of the total number of involved states. It is possible
to calculate the influence of the dipolar intramolecular inter-
action by making some approximations. Due to the energy
separation of the three Kramers doublets, the magnetic be-
havior in the low-temperature region could be due only to
the doublet with the lowest energy, as at 15 K the highest
energy levels are substantially depopulated. It is therefore
possible to treat the low-energy doublet with a fictitious
spin of '/, and an effective g factor. The second approxima-
tion is to consider the intramolecular dipolar interaction as
isotropic. This means that in any case the calculations are in-
dicative of the presence of this kind of exchange mechanism,
but the procedure does not give any fully reliable parame-
ters. On the other hand, the intermolecular dipolar exchange
has been taken into account with the classical mean-field ap-
proach.

The intramolecular-exchange coupling constant was fixed
to the value calculated according to the mean Yb—Yb dis-
tances observed in the crystal structure. All attempts to re-
produce the low-temperature pattern with the intramolecu-
lar interaction were unsuccessful, while the calculation
based on the intermolecular approach gave interesting re-
sults as shown in Figure 6. The values used to calculate the
curve were g=1.8, with an intermolecular interaction value
of ~0.01 cm™". It is possible to conclude that the magnetic
behavior of the Ybg cluster can be described on the basis of
the thermal depopulation within the ground multiplet from
room temperature down to 15 K. Below this temperature
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Figure 6. Temperature dependence of the 7 values in the 15-1.5 K tem-
perature range for 2: experimental (m) and calculated values (¢).

the magnetic behavior is described by an intermolecular ex-
change which is operative between the different clusters.

The role(s) of carbonate: One of the goals of this work was
to determine what kind of role(s) the carbonate is playing in
the formation of lanthanide (especially late-group lantha-
nide) complexes with polyoxoanions. Carbonate has not
been previously used in the preparations of lanthanide-hy-
droxo clusters, most likely because the carbonate salts have
low solubility and are not easily displaced by other ligands.
Generally, finite-sized lanthanide-hydroxo complexes are
isolated with the use of N-containing supporting ligands.”!
These ligands contribute to the higher water solubility of
the lanthanide complexes in part because of the additional
hydrogen-bonding interactions involving the N atom(s).[""]
The nucleophilic environment afforded by the o-
[P,W505]'*" anion at its vacant sites may inhibit carbonate
from entering the coordination sphere of the Ln ions, in
contrast to the situation previously described in which car-
bonate has a stronger coordinating ability than the support-
ing ligands. However, several lines of evidence suggest that
the self-assembly of 1 and 2 is at least partly influenced by
the pre-coordination of carbonate to the Ln ions.”" First, it
is well known that carbonate can play an important role in
the environmental fate of f-block metal ions due to its
strong and facile coordination to these metals.””’ We recent-
ly reported a carbonate-encapsulated sandwich compound
in which strong bonds to carbonate actually stabilize the
structure.”! Carbonate appears to play a role in the forma-
tion of 1 and 2 even in the presence of the nucleophilic poly-
oxoanion ligands. Second, control experiments using NaOH
at an adjusted comparable pH as the hydrolysis reagent af-
forded compounds with completely different structures from
those seen in 1 and 2.%°! This suggests that the carbonate
ligand is critical to the formation of the hydroxo-lantha-
nide-cluster core (perhaps as a templating agent) and is not
just a hydrolysis reagent.
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Conclusion

We present a new carbonate-assisted hydrolysis route to lan-
thanide-hydroxo/oxo clusters. These new structural families
illustrate that this particular polyoxoanion ligand is quite
versatile in supporting lanthanide clusters and stabilizing
them. Although it is still not entirely clear what structural
function(s) carbonate has in these reactions, given the wide
range of lacunary POMs that can be employed as ligands
for cationic clusters, we anticipate this general methodology
may lead to the preparation of many new hydroxo-lantha-
nide cluster complexes.

Experimental Section

All reagents and metal salts were used as obtained from Aldrich. The
polyoxotungstate ligand Na,,[a-P,W505]-18 H,O was prepared according
to the literature method.?”
Na[{Y4(n;-OH) ,(H,0) g} (a-P,W,5056),]-42H,0  (Nal): A sample of
YCl3+6H,0 (0.28 g, 0.92 mmol) was dissolved in water (10 mL) and aque-
ous Na,CO; (1M, 1mL) was added with stirring. Solid Na[a-
P,W,505,]-18 H,O (1.00 g, 0.23 mmol) was then added to the mixture in
small portions over a period of 20 min with vigorous stirring. After stir-
ring for another 60 min, the solution was heated to 60°C for 30 min and
then cooled to room temperature. Any insoluble material present was re-
moved by centrifugation. Solid NaCl (1.5 g) was added to the solution
slowly and the mixture was cooled in an ice—water bath. After several
hours, the slightly oily precipitate was separated and washed with ethanol
(5mL). The solid was then dried under suction. The crude product was
dissolved in 5 mL of hot water and the solution was saturated with NaCl
(~0.1 g). After cooling at 5°C for several days, colorless crystals (0.24 g)
were manually separated from the residual oily solid (yield 22.8%). Dif-
fraction-quality crystals were obtained by recrystallization from a dilute
NaCl solution. Attempts to scale-up the reaction were unsuccessful, pro-
ducing only an oily mixture of the target product and some unknown by-
product(s). P NMR (0.01 molL™" in D,O; referenced to 85% H,PO,):
0=-3.65 (Av;,=8.5Hz) and —14.00 ppm (Av:,=7.6 Hz); IR (KBr): 7=
1083 (s), 1028 (m), 940 (s), 925 (s), 907 (s), 878 (s), 817 (vs), 726 cm™"
(vs); elemental analysis caled (%) for H,Na;O,,,P,W5Y,42H,0: Na
4.03, P 1.36, W 60.5, Y 3.90; found: Na 4.10, P 1.33, W 59.9, Y 3.93.
Nay[{Ybg(1s-0) (n3-OH)(H,0) ¢} (0-P, W1505),]-45H,0 (Na2): A sample
of Yb(NO;);»5H,0 (0.42 g, 0.94 mmol) was dissolved in water (10 mL)
and aqueous Na,CO; (1M, 1 mL) was added with stirring. The slurry was
heated to 80°C and then solid Naj[a-P,W;s05]-18H,0 (1.00g,
0.23 mmol) was added in small portions over a period of 20 min with vig-
orous stirring. The solution was maintained at 80°C for 30 min and then
cooled to room temperature. Any insoluble material present was re-
moved by centrifugation. The solution was placed in an ice-water bath,
solid NaCl (1.5 g) was added and the precipitate was collected by suction
filtration on a medium frit. The crude product was dissolved in hot water
(10 mL). The solution was then saturated with NaCl (~0.3 g) and cooled
to 5°C. This recrystallization procedure was repeated twice until a pure
product was obtained (yield 35.2%). *'P NMR (0.01 molL"" in D,O; ref-
erenced to 85% H;PO,): 6 =—14.20 ppm (Av,=19.4 Hz); IR (KBr): 7=
1088 (s), 1050 (m), 1014 (w), 998 (w, sh), 938 (vs), 905 (vs), 820 (vs),
726 cm™' (vs); elemental analysis caled (%) for H;gNa;,O,sP;WYbye
45H,0: Na 3.27, P 1.26, W 56.1, Yb 10.56; found: Na 3.32, P 1.23, W
55.9, Yb 10.63. Due to the solubility problems, diffraction-quality crystals
were obtained as a mixed salt of (CH;),NH,* and NH,*. First, the
sodium salt was converted to the ammonium salt by adding NH,CI to an
aqueous solution of Na2. The precipitate was collected in a sintered-glass
filter funnel and thoroughly dried in air. Then the ammonium salt (1.0 g)
was dissolved in warm H,O (15 mL) upon the addition of a small amount
of (CH;),NH,CI. Slow evaporation of the above solution at room temper-
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ature resulted in diffraction-quality crystals in 2 days. IR and *'P NMR
spectroscopy confirmed that the structure of 2 is maintained after the ion
exchange and recrystallization steps.

X-ray crystallographic structure determination: Crystal data collection
and refinement parameters for 1 and 2 are given in Table 2. Suitable crys-
tals were coated with Paratone N oil, suspended on a small fiber loop,
and placed in a cooled nitrogen stream at 173K on a Bruker D8

Table 2. Crystallographic data and structure-refinement parameters
for Nae[{Ya(1s-OH)4(H,0)s}(0:-P,W,5056),]-42 H,O (Nal) and
[(CH;),NH, Js(NHa)s[{Ybs(6-O) (p3-OH)s(H,0)}(-P, W1505¢),]-34 H,O
(DMA,NH,2).

Nal DMA,NH,2
formula Hy0uNayO0166PsW3 Yy CiH17N140150Ps W3 Ybg
M, [gmol '] 9123.6 9785.2
crystal system triclinic monoclinic
space group Pl P2i/n
a[A] 12.831(1) 22.822(2)

b[A] 14.970(1) 16.172(1)
c[A] 21.702(2) 26.074(2)
a[°] 79.230(2) 90

Al 89.227(2) 111.341(2)
v [°] 86.510(2) 90

VA% 4087.4(6) 8963.8(14)
T [K] 173(2) 173(2)

V4 1 2

Pecatea [Mgm ™) 3.541 3.427
crystal size [mm] 0.14x0.10x0.08 0.25x0.06 x0.04
u [mm™] 22.568 22.379
26,2 54.00 49.42
data/restraints/parameter 17842/0/585 15266/0/504
absorption correction SADABS SADABS

R1/wR2
goodness of fit

0.0741/0.1646
1.080

0.0846/0.1737
1.105

largest residuals [e A%] +5.299/—6.396 +3.792/-2.272

SMART APEX CCD sealed-tube diffractometer with graphite-mono-
chromated Moy, (0.71073 A) radiation. A sphere of data was measured
using a series of combinations of ¢ and w scans with 10 s frame exposures
and 0.3° frame widths. Data collection, indexing, and initial cell refine-
ments were all handled using SMART software.™” Frame integration and
final cell refinements were carried out using SAINT software.’!! The
final cell parameters were determined from least-squares refinement on
9540 and 7965 reflections for 1 and 2, respectively. The SADABS pro-
gram was used to carry out absorption corrections.” The structure was
solved using Direct Methods and difference Fourier techniques
(SHELXTL, V6.12).¥1 All metal atoms were refined anisotropically.
Scattering factors and anomalous dispersion corrections were taken from
the International Tables for X-ray Crystallography.*! Structure solution,
refinement, and generation of publication materials were performed by
using SHELXTL, V6.12 software.*’)

Complex 1 crystallizes in space group P1 making the molecule appear to
be centrosymmetric. Therefore the central yttrium—hydroxo/oxo unit con-
taining the yttrium, p;-OH, and terminal water molecules was taken to
have two equally-weighted orientations related by the crystallographic in-
version center. The model refined satisfactorily when these disordered
atoms were set at half occupancy. Attempts to solve the structure assum-
ing the alternative non-centrosymmetric space group P1 produced the
same structure with the same kind of disorder. Therefore the centrosym-
metric space group P1 was retained for the final refinements. Further de-
tails of the crystal structure investigations for 1 may be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (+49) 7247-808-666; e-mail: crysdata@fiz-karlsruhe.
de) on quoting the depository number CSD-414282.
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In both 1 and 2, not all of the cationic counterions and the lattice water
molecules could be located due, in part, to disorder. In addition, in 2, the
inherent difficulty in distinguishing NH,* from H,O in the electron-den-
sity difference maps also prevented their definitive assignment. There-
fore, thermogravimetric and elemental analysis were used to determine
the number of water molecules and countercations, respectively. CCDC-
246002 contains the supplementary crystallographic data for 2. This data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Physical measurements: Infrared spectra (2% sample in KBr) were car-
ried out on a Nicolet 510 FTIR instrument. Elemental analyses were per-
formed by Kanti Labs in Mississauga, Canada. The *'P NMR data were
collected on a Varian Inova 400 MHz instrument with chemical shifts re-
ported relative to 85% phosphoric acid. Spectral parameters: pulse
width, 13 ps; delay, 5 s; sweep width, £25000 Hz; acquisition time, 1.2s.
Typical sample concentrations were about 0.01M. A polycrystalline
powder of Na2 was used to measure the magnetic properties. The mag-
netization data were determined using a static field of 1.0 and 10 kOe
with a Cryogenic S600 SQUID magnetometer. The diamagnetic contribu-
tion of the sample holder was negligible (<0.1% of the signal) while the
diamagnetic contribution of the compound was estimated using Pascal’s
constants.
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