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Three novel vanadogermanate cluster anions have been synthesized by hydrothermal reactions. The cluster anions
are derived from the {V1304,} Keggin cluster shell by substitution of V=0%" “caps” by Ge,O(OH),** species. In
Csg[Ge4V16042(0H)4]+4.7TH,0, 1, (monaclinic, space group C2/c (No. 15), Z = 8, a = 44.513(2) A, b = 12.7632(7)
A, ¢ =22.923(1) A, B = 101.376(1)°) and (pipH,)a(pipH)a[GesV140s0(H20)] (pip = C4N2Huo), 2 (tetragonal, space
group P4,innm (No. 134), Z = 2, a = 14.9950(7) A, ¢ = 18.408(1) A), two and four VO?* caps are replaced,
respectively, and each cluster anion encapsulates a water molecule. In KsHgGegV12SOs,+10H,0, 3, (tetragonal,
space group I4/m (No. 87), Z = 2, a = 15.573(1) A, ¢ = 10.963(1) A), four VO?* caps are replaced by Ge,O-
(OH),** species, and an additional two are omitted. The cluster ion in 3 contains a sulfate anion disordered over
two positions. The cluster anions are analogous to the vanadoarsenate anions [Vig—nAS;Ogn(X)]™™ (X = SOs,
SOy, Cl; n = 3, 4) previously reported.

Introduction We are investigating the incorporation of silicate and

o ] germanate species into cluster anions that can be used to
A promising strategy for the synthesis of open framework ,\ide links to connect clusters into extended frameworks.

and microporous structures is to connect polyoxometalate |, hrevious work, we reported the synthesis of the linear
building units with other types of linking groups via covalent nain compound Gs&d(V 16040)(Sia.5V1.5010)]-3.5H0 in
bonds. The linking groups can be organic molecules, simple yhich twotrans Si,O; units in the cluster anion shell provide
metal cations, or complex cations. For example, severalihe connectors. Here, we report the synthesis of three
groups have used dllcarboxylataes to link isolated metal anadogermanate cluster anions that, although isolated, are
oxounits or metal oxide chais® We have used metal  he first examples that contain @2 anions incorporated

cations to link preformed vanadium borophosphate anionsntg vanadate polyhedra based on the Keggin cluster anion.
into three-dimensional structuré©thers have synthesized The Keggin cluster anion with compositiéM’' OV 15043}

compounds where polyoxovanadate anions are linked in Aontains a shell of compositiofV1,0s¢} .11 The enclosed

imi 5-7 i - .
SI\'Am'k\i/r (\SV a)<./ o Thlez ghagmg stru dctt:(res_,rog N‘?&%VEOZ] tetrahedron completes the octahedral coordination of the 12
[MOsV403¢(VO4)]12.5H0° and Kzl Ti20o][SiND;120s] M cations. A second cluster anion type with the composition
16H,0° are examples of extended lattices where the cIuster{V18042} can be derived from the Keggin shell by the

anions are linked by covalent bonds to oxygen atoms. addition of six VG cations (“caps”) to each of the square
faces to form a convex polyhedron known as a rhombicub-
octahedron. Rotation of the top part of this polyhedron by
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Vanadogermanate Cluster Anions

Table 1. Summary of Compounds Derived from the Cluster Anion
SheII{V13042}

ref.

Vg cluster shells

Nay[V 18042(H20)]-23H,0 a 12
C%[H4V18042X]'12H20 (X = Br, C|) a 13
Ko[H4V18042X]-16H,0 (X = ClI, Br, 1) a 13
Nae[H 9V 13042VO4] 21H,0 b 14
(NH4)g[V 1804250y] - 25H,0 b 14
As;O derivatives
K6[AS,3V15042(H20)]'8H20 b —3VO+ 3A520 14
(NH2)6[AsgV14042(X)] (X =S0Os2, SQ2") b —4VO+4As,0 14
[N(CH3)4][AsgV 14042(H20)] b —4VO+4As,0 14,15
Rbs[AsgV 1404,Cl]-2H,0 b —4VO +4As,0 16
Nas[AsgV12040(HCO,)]- 18H,0 b —6VO+4As,0 17
M2O(OHY), derivatives, M= Si, Ge
Cs10.9V 16040)(Sia 5V 1.5010)* 3.5H0¢ b —2VO + 2Sp0O3 10

Cs[GeyV16042(OH)q]-4.7H0
(CaN2H11)e[H 4G &3V 14050(H20)]
Ks[HgG%Vlst:,zl '10H20

a —2VO0+2Ge0s d
b —4vO+4GeOs d
b —6VO+ 4GeOsz d

aElongated square gyrobicupofaRhombicuboctahedrof.Chain struc-
ture. d This work.

the compound NaV15042-24H,0 is an example of the latter
as are the anions [1404,X]%", X = Cl, Br, | (see Table
1). In contrast, in NE[V 1504(SOy)]-25H,0 and NaHs-
[V 16042(VOy4)]-21H,0 the cluster anions have the rhom-
bicuboctahedral topology.

The V1504, cluster ion shell also forms the basis for several
other compounds in which the VO cation formally is

was used as purchased. The reactant solutions were added into a
Teflon liner in the ratio of 3 mmol Gef0.6 mmol VOSQ@1.2
mmol CsOH. The initial pH was measured to be 8.7. The liner
was placed into a Parr autoclave, which was then sealed. The
reactants were heated at 170 for 3 days and then quenched to
ambient conditions. The final pH was9—10. A single-phase
product in the form of brown needle crystals was recovered by
filtration and washed with deionized water (yield 30% based on
vanadium). IR (cm?): 3400 (s), 1633 (m), 977 (s), 823 (s), 754
(s), 678 (s), 601 (m). Electron microprobe analysis gave the ratio
V/Ge = 4.02 as expected for the compositiongfG&,V16042°
(OH)4]-4.7H,0 determined from the X-ray diffraction data. The
vanadium-to-germanium ratio was also determined by chemical
analysis and found to be 3.97 in agreement with the other data.
Thermogravimetric analysis indicated a continuous weight loss
beginning immediately and continuing up to 3%0. The weight
loss observed between 100 and 33D (3.98%) was in good
agreement with the weight loss calculated for loss of 4.7 water
molecules per formula unit and complete dehydroxylation (4.03%).
Above 350°C, the weight increased due to partial oxidation of
V(IV) to V(V) oxide.

(pipH 2)4(pipH) 4[GegV 14050 (H20)], 2. Compound2 was syn-
thesized by reaction of a mixture of Ge@®.1569 g, 1.5 mmol),
VOSQ,, (0.2333 g, 1 mmol), piperazine (0.8708 g, 10 mmol), and
2 mL of deionized HO, (111 mmol). The reactants were heated in
a stainless steel Parr autoclave at 2@0for 4 days. The reaction
was quenched to room temperature and the product filtered and
washed with deionized water. A single phase consisting of olive
brown polyhedral crystals was obtained (yield 45% based on

replaced by a different cationic species with the same vanadium). The initial and final pH values of the reaction mixture
“footprint”. The rhombicuboctahedral vanadoarsenate anionswere~9—10. IR (cnml): 3438 (w), 3313 (w), 3282 (w), 3253 (W),

[V 18-nAS20a2(X)]™ (X = SO;, SQ, Cl; n = 3, 4) are the
earliest example of this type of substitution in which three
or four VOs square pyramids are replaced by Asgm)
groups. A related example is the anion f¥sgO4(HCO,)]3~
which has two missing V& caps. From the perspective of
building extended structures, the substitution of As{O})
units is not useful because the weakly coordinating As(lll)

lone pairs effectively terminate the structure, and conse-

3167 (w), 3032 (w), 2844 (w), 2756 (w), 2642 (w), 1624 (w), 1514
(w), 1460 (w), 1373 (w), 1329 (w), 1211 (w), 1167 (w), 1117 (w),
1084 (w), 989 (s), 781 (s), 756 (s), 681 (wm), 634 (wm), 567 (m),
484 (w), 434 (w). Anal. Found: 26.1% V, 19.4% Ge, 13.8% C,
3.6% H, 8.0% N. Calcd for (pipha(pipH)4GegV 14050 (H20)]:
25.3% V, 20.6% Ge, 13.7% C, 3.4% H, 8.0% N. Themogravimetric
analysis in air showed decomposition to occur in three broad steps
between 150 and 52TC. The overall weight loss of 25.8% is in
good agreement with the value of 25.1% calculated with the formula

quently, our focus has been on developing the substitution 5 assuming the residue to bes@eOs; with complete oxidation

chemistry of M(IV)O- units (M = Ge, Si) which can act as
linking groups.

Materials and Methods

All reagents were used as purchased from Aldrich (&eO

of vanadium(lV) to vanadium(V).

KsHgGegV1,S0s,10H,0, 3. Compound3 was synthesized by
hydrothermal reaction in a Teflon bag. The reactants, 11.68 M KOH
(0.43 mL, 5 mmol), Ge®(0.5027 g, 4.8 mmol), ahl M VOSQ,

(2 mL, 2 mmol), were added to the Teflon bag. The bag was then

VOSO,, CsOH, KOH, and piperazine) and EM Science (ethylene sealed and placed in a 1-L Parr autoclave. The reaction was heated
glycol). Infrared spectra were recorded on a Mattson FTIR 5000 at 180°C for 4 days. Upon quenching of the reaction to ambient

spectrometer within the range 468000 cnt? using the KBr pellet

temperature, the product was filtered and washed with deionzied

method. Thermogravimetric analyses (TGAs) were carried out in water. Compoun@ was obtained as a minor phase in the form of

air at a heating rate of ZC/min, using a high resolution TGA 2950

brown rectangular crystals mixed with major phases of blue and

thermogravimetric analyzer (TA Instruments). Elemental analyses White powders. IR (cm'): 3421 (s), 1793 (w), 1646 (w), 1626

were performed at Galbraith Laboratories, Knoxville, TN, or by

electron microprobe analysis using a JEOL 8600 electron micro-

probe operating at 15 keV with a 16n beam diameter and a beam
current of 30 nA.

Synthesis. CgGesV16042(0OH)4]-4.7H,0, 1. Compoundl was
synthesized from a mixture of the following solutions: 0.2 M GeO
0.5 M VOSQ, and 5.7 M CsOH. The Geolution was prepared
by dissolving 1.046 g of Ge£n a mixture of ethylene glycol and
deionized HO (4:1 volume ratio). The solution was then stirred
for 24 h. The VOSQ@solution was prepared by dissolving 5.821 g

(w), 1385 (w), 1327 (w), 1117 (m), 989 (m), 908 (w), 785 (s), 700
(vw), 636 (s), 600 (M), 526 (M), 498 (m).

Crystal Structure Determinations for 1, 2, and 3.The crystal
structures ofl, 2, and3 were determined from single crystal X-ray
diffraction data. Crystals were mounted on glass fibers and
measured on a Siemens SMART platform diffractometer fitted with
1K CCD area detector and graphite monochromatized Mo K
radiation at 293 K. A hemisphere of data (1271 frames at 5 cm
detector distance) was collected for each phase using a narrow-
frame method with scan widths of 0.3 w and an exposure time

of vanadyl sulfate hydrate in deionized water. The CsOH solution of 30—40 s/frame. The first 50 frames were remeasured at the end
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Table 2. Crystallographic Details fot, 2, and3 Table 3. Selected Bond Distances (A) fdr 2, 3
1 2 3 1
— Gel-036 1.742(8) Ge3031 1.70(1) Ge5047 1.71(2)
empirical Hi3 £ssGer Ca2HogN16V14- KsH2eGes- _
formula Oso N 16 Ge:Os; V1,505 Gel-04 1.743(8) Ge3040 1.72(2) Ge5042 1.753(11)

Gel-033 1.746(8) Ge3023 1.736(9) Ge506 1.779(9)

fw 29934 2815.2 2439.8
space groupZ C2/c (No. 15), 8 P4,/nnm(No. 134), 2 14/m(No. 87), 2 geé_gii i;;g(g) gigii i?gg(ig) gigg} iggg(ig)
a, 44.513(2) 14.9950(7) 15.573(1) € 129(8) -730(15) 699(10)
bA 12.7632(7) 14.9950(7) 15.573(1) Ge2-038 1.731(8) Ge4043 1.733(10) Ge6048 1.71(4)
c A 22.923(1) 18.408(1) 10.963(1) Ge2-02 1.737(8) Ge4018 1.761(9) Ge6022 1.750(10)
7 deg 101.376(1) % % Ge2-034 1.775(8) Ge4039 1.804(10) Ge6042 1.892(12)
V. As 12768(1) 4139.0(4) 2658.8(4) V1-039 1.435(11) V6033 2.039(9) V1205 1.944(8)
T K 203(2) 203(2) 293(2) V1-018 2.018(11) V7024 1.612(9) V12015 1.949(8)
DA 071073 071003 0.71073 V1-023 2.050(11) V7010 1.925(8) V1206 1.966(8)
e 3411 2260 3.047 V1-043 2.093(12) V709  1.932(9) V13030 1.610(10)
PC;'AngK 6t 196 02 V1-031 2.095(12) V7025 1.943(8) V1309 1.916(9)
#(Mo Ko, : : : V2—-042 1545(10) V#02  2.040(9) V1301 1.939(8)
ng“m 0.079 0.049 0.038 V2-06  1.936(9) V8032 1.617(9) V13025 1.970(9)
R 0184 0134 0.088 V2—-021 2.003(10) V808  1.930(9) V13-018 1.980(9)
: : : V2-022 2018(10) V8013 1.936(8) V14011 1.623(9)
aR = Y ||Fo| — |Fel/Z|Fo| (based on reflections with> 20(1)). ® Ry = V2-031 2.072(10) V8022 1.980(9) V1407  1.896(8)
[SW(IFo| — |Fel)¥SWIFold¥2 w = 1/[0X(F2) + (0.099P)2 + 364.1P]; P V3—-017 1.614(8) V8023 1.997(9) V14028 1.914(8)
= [(Fed) + 2F)/3. ° Ry = [SW(IFo| — [F)ZIW|Fol2¥% w = 1/[0%(Fc?) V3-01  1.923(8) V9027 1.628(10) V14033 1.995(8)
+ (0.087(P)2 4+ 4.91%]; P = [max(Fs2,0) + 2F/3. 4 Ry = [SW(|Fo| — V3-07 1.931(8) V9026 1.931(9) V14014 1.999(8)
IFe) s WIFolA Y2 w = 1/[0%(Fo?) + (0.0576)2]; P = [max(Fe?,0) + 2Fc?)/ V3-025 1.948(8) V9016 1.935(8) V15046 1.623(9)
3 V3—-014 2.018(8) V905  1.942(8) V15026 1.939(9)

V4-029 1.606(10) V9021 1.956(9) V15010 1.942(9)
_ o N V4-026 1.928(9) V16012 1.623(9) V1509 1.966(9)

of data collection to monitor instrument and crystal stability. The v4-021  1.958(10) V1605 1.906(8) V15043 1.988(10)
data were integrated using the Siemens SAINT prodfafhe V4-031 1.987(10) V16015 1.925(8) V16019 1.622(9)
program SADABS was used for the absorption correctfofihe V4—-043 1.996(10) V16016 1.927(8) V1608  1.920(8)

. . ; V5—-020 1.611(8) V1604 2.014(8) V1603 1.959(8)
structures were solved by direct methods and refined byusmgtheVS_010 1904(8) ViLO44 1595(9) V16022 1.971(9)

SHELXTL programz? Crystallographic data are given in Table 2 y/5_q71g 1917(8) V1107 1934(8) V1606 1.979(9)
and selected bond lengths and bond valence sums given in Tablesys—04 1.996(9) V1r08 1.948(8) V17037 1.617(9)
3 and 4. V5—-02  2.033(8) V1+013 1.951(9) V17013 1.927(9)

For 1, both the germanium vanadate clusters and the intercluster V6:045 igg’g(g) :ﬁ;g%g 121;(3) xggég’ i'ggj(g)
species were found to be disordered. In the cluster, one position \/5_qog 1'.928((8)) V1203 1:935§8)) V172018 1:987E9;
occupied by the [G£-] dimer is ordered while two other positions  v6—-015  1.939(8)
are disordered and occupied either by ajfG# dimer or a [VQj] 2
square pyramid. The ratio [@8;]/[VOs] was refined to~0.64 and Ge-05 1.728(4) GeO4 1.761(4) GeO7 1.763(3)
0.38 for the two disordered positions, respectively. Most of the Ge-02  1.751(4)
cesium and water oxygen positions were found to have fractional V1~09 ~ 1.595(8) V2-04  1.994(4) V406  1.607(6)

. . V1-04  1.991(4) V3-03  1.604(6) V401  1.928(4)
occupancies. The thermal parameters of the water oxygen positions,,, g 1593(6) V301 1.925(4) V402 2.004(4)

were fixed at the same value in order to refine their relative y2—01 1.937(4) V3-02 2.003(4)

occupancies. The refined unit cell content gives the formula Cs 3
[GesV16042(OH)4]-4.7H,0. No attempt was made to locate the Ge-02  1.770(2) GeO6  1.734(3) GeO7  1.726(3)
hydrogen atoms. Ge-05  1.736(3)

The refinements of the structuresaénd3 were straightforward. ~ YV1-03 ~ 1.587(5) V201  1.835@3) V207  2.041(3)
For 2, the hydrogen atoms of the protonated piperazine cations were vi—o7 1.971(38) - vZO4 1.594(3) V208 2.420(7)
’ yarog ) P ' piperaz " ¥V1-05  1.985(3) V205 2.037(3) SO8 1.451(7)
located by geometric methods and refined with geometrical vo—01  1.826(3)
constraints. The hydrogen atoms were not located for the hydroxyl

groups or for the water molecules that are disordered between twoTable 4. Bond Valence Sums fat, 2, and3

positions inside the cluster anion. 1
For 3, the SQ tetrahedron at the cluster center was found to be via 4.67 4 4.09 V13 4.15
randomly disordered between two orientations. The K(2) atom xga j-ﬁ xg i-‘l)i xig j-éi
position is split, and all water positions have fractional occupancies. va 406 V10 414 V16 406
V5 4.09 V11 421 V17 4.08
(12) Johnson, G. K.; Schlemper, E. D Am. Chem. Sod978 100, 3645. V6 4.07 V12 4.14
(13) Miuller, A.; Penk, M.; Rohlfing, R.; Krickemeyer, E.; Biag, J.Angew. 5
Chem., Int. Ed. Engl199Q 29, 927.
(14) Muller, A.; Déring, J.Z. Anorg. Allg. Chem1991, 595, 251. Vi 3.95 V3 4.12 va 4.07
(15) Huan, G.; Greaney, M. A.; Jacobson, A.Chem. Communl99], V2 4.09
260. 3
(16) Khan, M. I.; Chen, Q.; Zubieta, thorg. Chim. Actal993 212, 199. V1 4.07 V2 4.61
(17) Mdiler, A.; Doring, J.; B@ge, H.Chem. Commuril991 273.
(18) SAINT version 4.05; Siemens Analytical X-ray Instruments: Madison, a2The V1 and V2 sites are partially occupied with site occupancies of
WI, 1995. 0.32 and 0.64, respectively.
(19) Sheldrick G. M.SADABS, Program for Siemens Area Detector
?gggrptlon Correctionsniversity of Gatingen: Gatingen, Germany,  The thermal parameters of the water oxygen positions were fixed

(20) Sheldrick G. M.SHELXTL, Program for Refinement of Crystal At the same value in order to refine their relative occupancies. The
Structure Siemens Analytical X-ray Instruments: Madison, WI, 1994. hydrogen atoms were not located.
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Figure 1. Cluster ion inl showing the atom labeling. Thermal ellipsoids

are shown at 50% probability. Figure 3. Cluster ion in2 showing the atom labeling. Thermal ellipsoids

are shown at 50% probability.

exception of V1 that is poorly defined because of its low
occupancy, indicate that the average oxidation state of
vanadium is close to 4.0. Refinement of the occupancies of
the cesium positions, in addition to the disordered positions
in the cluster anion, gives a composition 0fsG&V 16042
(OH)4-4.7H,0O in agreement with an average oxidation state
corresponding to V(IV). A water molecule (Ow7, occupancy
0.51) is located in the center of the cluster anion.
The clusters are arranged in layers in bweplane of the
unit cell. Within each layer, the cluster anions are arranged
Figure 2. Disordered V@ and GeOy units in thel anion. such that the ordered @®&s(OH), units are oriented on the
same side of the layer; adjacent clusters in the same layer
are related by the glide operation. Anions in adjacent layers
The structure ofl is derived from the{V14042} cluster have opposite orientations, and there are four layers per unit
ion shell with the elongated square gyrobicupola topology. cell. The cesium cations and water molecule occupy sites
Two of the VO caps are replaced by &£0OH), dimers as between cluster anions.
shown in Figures 1 and 5. One of the LE&OH), units is The compoun@ contains the second example of a cluster
ordered while the second is disordered over two positions anion derived from th¢V 15045} cluster ion shell with four
with refined occupancies of 0.38 and 0.64. The ¥Hdd of the VO “caps” replaced by four G@; units in an ordered
V20s square pyramidal units are disordered over the sameway to give a cluster anion of compositi§seV 14050} as
two positions as shown in Figure 2. Gel and Ge2 have bondshown in Figures 3 and 5. In this case, and unlikehe
valence sums (BVSs) of 3.98 and 4.06 v.u. and bond lengthsgeometry corresponds to the rhombicuboctahedron. The
in the range 1.729(8)1.775(8) A. The longest GeO bond Ge0s dimers occupy positions that are related by axis.
lengths, 1.770(8) and 1.775(8) A, are to the oxygen atom The Ge-O bond lengths range from 1.728(4) to 1.763(3)
(O34) corner-shared between the two tetrahedra. The bondA, and the Ge-O bond valence sum is 3.97 v.u. as expected.
valence sums for the two disordered,G€0H), units are The VG square pyramids have typical geometries with apical
4.06, 3.92, 3.89, and 3.92 as expected with—Gebond and basal VO bond distances in the ranges 1.593(6)
lengths in the range 1.72(2)1.824(10) A for Ge3 and Ge4  1.607(6) A and 1.925(42.004(4) A, respectively. The
and 1.699(10)1.892(12) A for Ge5 and Ge6. As in the BVSs indicate that all vanadium atoms have V(IV) oxidation
ordered GgO(OH), unit, the longest GeO bonds are to  states. Two water molecule sites were located, both inside
the shared oxygen atoms between the two tetrahedra, O3®f the cluster anion and partially occupied. One water
and 042. The Ge6{xetrahedron, which is one of the pair molecule (site O10B) is weakly bonded to V (2.29(6) A),
with the lower site occupancy, is the most distorted. and the other water molecule is disordered about a position
With the exception of V1 which has the lowest site at the center of the cluster anion. The total occupancy
occupancy, all of the V@®square pyramids have apical corresponds to one water molecule per cluster.
V=0 lengths of 1.545(16)1.630(8) A and WO bond The piperazinium cations were located with reasonable
lengths of 1.916(9)2.040(9) A in the pyramid bases. The bond lengths but are somewhat disordered as indicated by
bond valence sums for all of the vanadium atoms, with the the thermal parameters. The large thermal ellipsoids obtained

Discussion
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a SQ? anion that is disordered equally over two orienta-
tions. The four oxygen atoms of the sulfate anion form long
bonds (2.420(8) A) with four V2 atoms and complete a
distorted octahedron. The V1 atoms are square pyramidally
coordinated. The BVS for the single Ge atom is 4.08 v.u.,
and the Ge-O distance to the bridging oxygen atom (02)
has the longest bond length (1.770(2) A). The square
pyramidally coordinated vanadium atom (V1) has a BVS of
4.07 v.u. and typical V(IV3-O apical (1.587(5) A) and basal
distances (1.971(3) A and 1.985(3) A). In contrast, the BVS
for V2, 4.61 v.u., indicates that this site is occupied by both
V(IV) and V(V) cations. This is apparent in the larger range
of distances. The vanadium oxygen atom coordination can
be viewed as arising from a local (111) displacement of the
vanadium atom toward one triangular face of an octahedron
of oxygen atoms.

Two potassium sites were located in the structure refine-
ment. K1 is eight coordinated by oxygen atoms at a distance
of 2.828(3) A that are shared with V2 atoms. The other
potassium cation site is split between two positions. Potas-
from the refinement are indicative of static disorder, but a sium ions in both sites are nine coordinate by seven oxygen
model with split atom positions was not used in order to atoms and two water molecules. The overall composition
limit the number of variables. The two nitrogen atoms in KsHsGe;V1,SGs» 10H;0 indicates an average oxidation state
the piperazinium cations are inequivalent. One nitrogen atomof vanadium of 4.42 in excellent agreement with the value
(N1) is in hydrogen bonding distance of the terminal oxygen predicted from the bond valence sums (4872 x 4.61)/
atom bonded to Ge (O5N1 = 2.750(10) A) and is 3 =4.43.
presumably protonated, accounting for eight protons per The cluster anions are stacked along thaxis and are
cluster anion. The four additional protons that are required connected into columns by the potassitaxygen bonds.
for charge neutrality, assuming the composition determined The channels formed between the columns are occupied by
by both chemical analysis and the structure refinement andthe water molecules. Ten water molecules per formula unit
that all the vanadium atoms are in the V(IV) oxidation state, in four partially occupied sites were located. All of the water
are presumed to protonate half of the other nitrogen atomsmolecules are within hydrogen bonding distances of the
(N2) in a disordered way. The N2 atoms are not within GeO(OH), dimers and the O6 oxygen atom of the=¥Q
distances of any of the oxygen atoms appropriate for unit.

Figure 4. Cluster ion in3 showing the atom labeling. Thermal ellipsoids
are shown at 50% probability.

hydrogen bonds. A summary of the known compounds derived from the
The cluster anions are arranged in the unit cell to form a cluster anion shell{V1g043} is presented in Table 1.
body centered arrangement in a 2 2b x 2c supercell. Examples are now known in which 2, 3, and 4 VO caps are
The piperazinium cations occupy the interstitial space replaced by AgOs, SiOs, or GeOs dimers. The substituted
between the cluster anions. The compositio f (pipH.)s- derivatives all have the rhombicuboctahedral topology with
(pipH)4[GesV 14050 (H20)]. 1 being the one exception. Prediction of which topology will
The structure o8 is also based on tH8/ 15045} shell with be adopted for a particular composition is not yet possible,

rhombicuboctahedral symmetry, Figures 4 and=6ur of though the rhombicuboctahedron appears to be favored by
the VO caps are replaced by four &£¢OH), dimers, and the presence of a central tetrahedrally coordinated cation.
two are omitted completely to give a cluster shell of The energetic differences between the two possible arrange-
compositior{ HgV 12G&04g} . The center of the shell contains ments are small, and additional examples are needed to

Figure 5. Polyhedral representations of the cluster ions inl{g}) 2, (c) 3. Only one of the two disordered @@; units is shown in (a). V@polyhedra
are blue, Ge®polyhedra are green, and S is yellow.
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