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Andrew L. Hector*!2l and William Levason!?!

Keywords: Vanadium / Periodate / EXAFS spectroscopy

Reactions of V,05 or NH, VO3 with periodic acid under basic
conditions followed by acidification result in precipitates of
general formula MsV,1,0,9(OH)-nH,O (M =Na, n=10; M =
K n=5M=Rb,n=4,M=Cs, n=3; M =NHy, n=11).
These are amorphous, and attempts at crystallisation failed,
but spectroscopic measurements and analysis show similar

features and compositions throughout this series of com-
pounds. V and I K-edge extended X-ray absorption fine
structure (EXAFS) spectra show a polymeric structure con-
taining edge-linked octahedral periodate and square-pyram-
idal vanadyl groups.

Introduction

The  pseudo-octahedral orthoperiodate ~ anions
[IO¢Hs J* are strongly coordinating ligands for many
high-oxidation-state metal centres, particularly those of the
later d block and p block.['! Early transition metal com-
plexes are less thoroughly explored, although we have re-
ported examples with Sc, Y, La,l® Ce'V[l and Ti, Zr, Hf
and Th.®] We have also shown that hydrothermal synthesis
from HsIO4 and an appropriate metal salt is a convenient
route to single crystals of lanthanide iodates, some of which
have second harmonic generation (SHG) applications.[-1%]
Recently, there has been interest in the SHG properties of
vanadium iodates, including some very strong responses
from Na[VO,(105),(H,0)].l'-121 In group 5, there is a single
example of a vanadium periodate complex, Nag[V.I,H>O 4]
10H,O, whose structure has been independently reported
twice,['314 which contains edge-sharing IOsOH and VOs
groups, although other data on this complex are limited.
The only other report is on compounds with a 2:1 V/I ratio
dating from 1923.1'! There is also a mixed metal periodate
containing vanadium, K,[(UO,),(VO,),(104),0]-H,O, and
several related tellurates are known including [Th(VO,),-
(TeOg)(H20)2],  [NH4L[(VO,)>{TeO4(OH),}]-2H,O  and
[NHL][(VO,),{Te,Og(OH),}]-2H,0.[1% 181 Here we report
an investigation of the vanadium periodate compounds.

Results and Discussion

In contrast to Ti'V, which forms Ti,O,(HIOg)-nH,0,*!
vanadium(V) does not seem to form a binary periodate in
aqueous solution. Examination of solutions of V,Os in
H;sIO¢ by 'V NMR spectroscopy revealed pH-dependent
resonances in the region —500 to —580 ppm (relative to neat
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VOCI; at 6 = 0 ppm), which were also present in solutions
of V,0s5 in H,SO, and hence are attributed to isopoly-
vanadates.!']

NaGIVzlezOl 6] 1 0H20

The reaction of V,0s5 with aqueous NaHCO;, followed
by the addition of sufficient H5IOg4 to take the pH to ap-
proximately 7.5, gave a yellow solution from which pale yel-
low Nag[V,1,H,01]-10H,O separated on standing.['*] The
same product was also obtained by starting with NaVO;
and H;IOg¢ and following a slightly modified literature pro-
cedure.l'¥ The powder X-ray diffraction patterns for the
products obtained by the two methods were in excellent
agreement and also agreed well with the pattern simulated
from the single-crystal X-ray diffraction data.'¥l The struc-
ture of this discrete complex anion (Figure 1) is based upon
105(OH) octahedra [I-O 1.820(2)-1.961(3) A] sharing verti-
ces with two essentially square-pyramidal VOs groups [V—
0 1.628(3)-2.109(2) A] and a very long bond to a sixth oxy-
gen [V-O 2.544(2) A].l'*'4 The IR spectrum shows bands
at 3400 v(OH), 1635 8(HOH), 1174 &(IOH), 939, 845
v(VO), 756, 684 v(I0) cm™! and lower frequency bands due

Figure 1. Structure of the [V,I,H,04]% ion in Nag[V-I,H,0,¢]
10H,0.'"Y H atom positions were not reported.
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to v(V-O-I). The corresponding Raman bands are at 939
(vs), 917 (s), 838 (s), 757 (s), 704 (s) cm'. The diffuse reflec-
tance UV/Vis spectrum shows broad features >27 000 cm ™!
attributable to O—V charge-transfer transitions. The crys-
tals are poorly soluble in cold water, and examination of
the solution by 'V NMR (°'V 99.8%, I = 7/2, £ =
26.29 MHz, O = —0.052 X 1022 m?, D_ = 2150) showed res-
onances attributable only to isopolyvanadates formed by
hydrolysis.*"]

Attempts to form analogues with the heavier alkali metal
cations gave poor yields of the 2:1 V/I species described in
the next section, and from LiOH, V,0O5 and HsIO¢ over a
range of pH values, we obtained only white vanadium-free
precipitates.

MsV,41,0,6(OH)-nH,0 (M = Na, K, Rb, Cs or NH,)

The very old work of Rosenheim and Yang reported yel-
low products with a 3:2:1 (Na or K or NHy)/V/I ratio ob-
tained by acidifying (HCl or H,SO,4) aqueous solutions
containing the appropriate periodate, V,0Os and MOH.[!3]
We explored a range of such reactions by varying the alkali
metal (M = Na, K, Rb or Cs or NHy), the V/I ratio present
and the pH (the pH was adjusted with H,SO,, since HCI
can reduce periodate to [IO;] under some conditionsl®)).
The reactions with Na* gave Nag[V,I,H,0,¢]'10H,O at
pH > 7 (see above), but if the yellow solution obtained from
Na3; VO, and Hs1O4 was acidified with H,SO,4 to a pH of
approximately 5, immediate precipitation of a yellow pow-
der occurred, which had a 2.5:2.0:1.0 Na/V/I ratio as deter-
mined by energy dispersive X-ray (EDX) analysis. Ob-
taining pure samples of the sodium compound requires
careful control of the conditions, especially the pH and
thorough mixing during pH adjustment. Strongly acidified
mixtures (pH ca. 1) cause formation of orange-red polyvan-
adates or V,0s. Similar reactions with V,0s/KOH, V,Os/
RbOH, V,05/CsOH or NH,VO;3;/NH,OH with H;sIOg fol-
lowed by addition of H,SO, to give a final pH of approxi-
mately 5 as described in the Experimental Section, gave in-
soluble yellow products all with a V/I/M (M = alkali metal
or NH,) approximate ratio of 2:1:2.5. The samples were
prepared several times, and EDX data and vibrational spec-
tra (discussed below) showed very good reproducibility, in-
dicating that the same single product formed for each metal.
If very concentrated solutions are used, contamination with
the modestly soluble MIO, can occur for the larger alkali
metal systems. The compositions of the Na* and [NH4]*
salts were also determined by conventional wet analysis,
and the water contents were estimated by thermogravime-
tric analysis (TGA). Similar reactions with [#BusNJ]*,
[K(18-crown-6)]* or [PhyP]* as cations in attempts to ob-
tain more soluble products were unsuccessful. Many reac-
tions of MOH/V,0s/HsIOs (M = K or Cs) mixtures in
water under hydrothermal conditions (temperature ranges
110-175 °C) were also carried out in attempts to produce
crystalline products, but only powders were obtained, and
at higher temperatures decomposition occurred.
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The solids are completely insoluble in water or aqueous
alkali but dissolve with decomposition in concentrated min-
eral acids. The first mass loss in the TGA traces, which was
complete by 150-200 °C, was attributed to loss of lattice
water, and this was used to estimate the water content. The
elemental analyses of NasV4[,0,9(OH)-10H,O and
(NH,)5V41,0,9(OH)-11H,O are consistent with these mea-
sured water contents. In the ammonium salt, water loss is
closely followed by a fast mass loss at 160 °C, leaving 17.6%
of the original mass by 180 °C. This is less than the vana-
dium content of (NH4)5V41,0,9(OH)-11H,0, suggesting
some loss of all elements during the fast decomposition.
The alkali metal salts underwent further mass losses in one
or two steps that were complete by 800 °C. The residue at
this point was slightly (1-2%) more than would be expected
for the composition AsV,01,5 (A = Na, K, Rb or Cs),
corresponding to loss of all iodine but no reduction of va-
nadium or loss of alkali metal.

The IR spectra (Figure 2), which are only slightly sensi-
tive to the cation present, show very strong and broad fea-
tures at approximately 3400 and 1640 cm™! due to the sub-
stantial amounts of lattice water indicated by the analytical
data, a strong broad band at approximately 900 cm ! with
a high-energy shoulder (M = Na, K or Rb) or a weaker
resolved band at 954 cm™! (Cs) assigned as v(V=0), and
bands in the region 800-600 cm~' due to 10¢ units. There
is also a weak band in each complex at approximately
1120 cm™!, which is tentatively assigned as S(IOH),!'] but
attempts to confirm this by deuteriation were inconclusive;
the relative intensity of the band seemed to diminish after
treatment of the solids with D,O for 24 h, but the region
where 8(IOD) was expected was obscured by other bands.
The bands in the Raman spectra (Figure 3) are generally
much sharper than those in the IR spectra, but they are
also simple, which suggests a relatively symmetric core
structure. The UV/Vis spectra show broad features at ap-
proximately 34 000 cm™! with a low-energy shoulder con-
firming the presence of VY.

Transmission (A.U.)

3700 3200 2700 2200 1700 1200 700 200

Wavenumber (cm™)

Figure 2. IR spectrum of K5V41,0,9(OH)-5H,0 (Nujol mull).

Combining the analytical and spectroscopic data and
charge balance requirements leads to the formulation of
this series of compounds as MsV4I,0,0H-nH>O, the
amount of water varying with M. The spectroscopic data
2133
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Figure 3. Raman spectrum of K5V41,0,4(OH)-5H,0.

identify 10¢, probably 105(OH), and VO, groups, which are
expected to be sharing vertices or edges (face sharing is
rarell)). Vanadium(V) has a rather flexible coordination ge-
ometry in oxide environments with 4-, 5- and 6-coordina-
tion well established!!®-18-2122] both in isopolyvanadates and
in the few structurally characterised periodate or tellurate
complexes. A tentative formulation of the complexes is
M;5[(VO,)4(104){105(OH)}]-nH,0. Unfortunately we have
been unable to obtain crystals of any of the complexes, and
they appear either amorphous or exhibit a few weak lines
in the powder X-ray diffraction patterns, which prevents de-
tailed structural characterisation. A combination of metal-
and I/Te-edge extended X-ray absorption fine structure
(EXAFS) data have proved to be able to provide structural
characterisation of a range of metal periodate and tellurate
complexes,!*>%23 and hence we recorded similar data for
this series of complexes.

Structure Investigation by X-ray Absorption Spectroscopy

The EXAFS data collected on Nag[V,I,H,0;6]:10H,O
were fitted to the known crystal structure, as shown in Fig-
ure 1,4 with reasonable fitting parameters. The I K-edge
data needed to be modelled with two shells of 60 and 2V
despite the splitting of these shells that the crystal structure
would suggest (three shorter and three longer bonds to O,
two bonds to V of different lengths). Splitting these shells
significantly reduced the residuals associated with the EX-
AFS fitting but resulted in very highly correlated distances
and negative Debye—Waller factors.

Fitting of the EXAFS data for the Ms[V41,0,9(OH)]-
nH>O (M = Na, K, Rb, Cs or NH,) phases initially used a
series of periodate and tellurate structure types based on
edge-sharing octahedra in small clusters.[->3] These struc-
tures were excluded because of the higher numbers of scat-
terers than could be modelled in the EXAFS analysis (espe-
cially the first V---I or I--V shell) or incompatibility with
the measured compositions.

The insolubility of the compounds suggested the pos-
sibility of a polymeric structure, and the first attempt at
modelling this was based on (NHy),[(VO,),{Te,O5(OH),}]
2H,0, which has edge-sharing [Te,Og(OH),]® parallel to
the chain direction and [V,0,0]'® units (sharing many of
2134
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the oxygen atoms) perpendicular to it,['8] and various modi-
fications to this to achieve the correct stoichiometry includ-
ing single periodate groups linking dinuclear [V,O,,]" units
perpendicular to the chain direction. Figure 4 shows the
only model that has been found to give a good fit to both
the I and the V K-edge EXAFS data. The IR spectroscopic
data support the presence of V=0, and this model is consis-
tent with the measured compositions. Protons were not lo-
cated, but on average every other iodine would be bound
to an OH™ group.

OH fo)

Iy “..!...-\\\\Oﬁn,,_u_.n\\\omm.. O,

”\0/ ""0""”""0
(8]
n

Figure 4. Structure of the polymeric unit used in modelling the EX-
AFS data for M;[V4,0,9(OH)]'nH,O (M = Na, K, Rb, Cs or
NH,) samples.

The Fourier transformed EXAFS data for all of these
samples followed similar profiles (Figure 5) and hence were
all fitted with the same model. The V K-edge spectra
(Table 1) were fitted with shells containing a short V=0,
four V-0, one V-V, one V-1 and three V---O interactions,
the latter being attributed to the three terminal oxygen
atoms attached to the neighbouring V and I. The I K-edge
fits (Table 2) contained six I-O and two I-*V interactions.
Splitting the first shell is consistent with the model and re-
sults in an improvement in the refinement residuals. How-
ever, this also results in heavily correlated distances and
negative Debye-Waller factors as observed with Nag-

f v g | \/
4 1 12 4 6 10 12
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Figure 5. V (left) and I (right) K-edge EXAFS (top) and Fourier
transformed EXAFS (bottom) data for NasV41,0,9(OH)-10H,0.
Solid lines are the measured data, broken lines the fit as per the
parameters in Tables 1 and 2.

Eur. J. Inorg. Chem. 2011, 2132-2137



Vanadium(V) Periodates

Eur/IC

European Journal
of Inorganic Chemistry

Table 1. Refined parameters in fits to V K-edge EXAFS data for Ms[V,41,015(OH)]'nH,O (M = Na, K, Rb or NHy).

M V=0 V-O Vel VeV V-0 Ex R (%)
r(A) r(A) r(A) r (A) r(A)
o> a? a2 o> a2
N (ca. 1) N (ca. 4) N (ca. 1) N (ca. 1) N (ca. 3)

NH,4 1.535(8) 1.865(6) 3.21509) 3.30(3) 3.721(14) 38.7(17) 27.9
0.064(6) 0.00641a 0.0041(10) 0.0013(6) 0.0015(19)
0.93(12) 3.83(19) 1.04(11) 1.2(3) 3.4(6)

Na 1.531(7) 1.862(4) 3.221(6) 3.30(2) 3.707(11) 40.3(12) 20.0
0.0053(4) 0.00641a] 0.0026(15) 0.016(5) 0.0027(16)
0.80(9) 4.04(13) 1.01(7) 1.2(3) 3.5(6)

K 1.548(12) 1.863(8) 3.237(10) 3.31(6) 3.71(2) 39(3) 29.1
0.0049(7) 0.00491al 0.0022(8) 0.019(15) 0.002(3)
0.88(15) 4.0(3) 1.01(11) 1.0(8) 3.1(10)

Rb 1.551(6) 1.887(5) 3.247(6) 3.37(3) 3.74(2) 30.9(5) 234
0.0058(5) 0.0058(a! 0.0031(6) 0.019(7) 0.011(5)
1.13(10) 3.77(15) 1.03(8) 1.3(5) 3.2(8)

[a] Debye-Waller factors for V=0 and V-O constrained to the same value.

[V.I,H,04]- 10H,O, and hence the different [-O distances
are not resolvable from this data. Unfortunately, the V K-
edge data for CssV41,0;9(OH):3H,O were of very poor
quality and could not be fitted due to the mass absorption
of Cs combined with the fairly low-energy absorption edge,
but the I K-edge data suggest that this compound may
adopt the same basic structural motif.

Table 2. Refined parameters in fits to I K-edge EXAFS data for
M;[V41,0,0(OH)]'nH,O (M = Na, K, Rb, Cs or NHy).

M I-O [V Er R (%)
r (A) r(A)
0'2 0'2
N (ca. 6) N (ca.2)

NH, 1.881(3) 3.106(6) ~13.7(7) 16.6
0.0062(4) 0.0036(9)
6.02(15) 1.90(16)

Na 1.878(3) 3.112(5) ~12.6(8) 18.8
0.0047(5) 0.0002(8)
6.13(17) 2.02(15)

K 1.902(6) 3.144(9) 220.5(13) 327
0.0041(8) 0.0007(15)
5.8(3) 2.0(3)

Rb 1.876(7) 3.112(12)  ~10.6(9) 31.8
0.0030(8) 0.0010(19)
6.2(4) 2.1(4)

Cs 1.871(6) 3.094(10)  -9.5(14) 28.0
0.0044(7) 0.004(4)
6.1(3) 2.4(9)

The V=0 (ca. 1.54 A) and V-O (ca. 1.87 A) distances

shown in Table 1 are slightly shorter than those associated
with the six-coordinate V centres in (NHy),[(VO,),-
{Te,05(OH),}-2H,0M8  or  Nag[V,I,H,04]-10H,0,114
both of which contain distances of approximately 1.63 and
2.00 A. The shorter distances support the five-coordinate
model and are more comparable with the V=0 distance of
1.57 A in [VOCl,] 24 or the V=0 and V-O distances of
1.58 and 1.78-1.88 A, respectively, in V,0s,125 which con-
tains square-pyramidal units with a further oxygen atom at
a much longer distance. The I-O distances shown in Table 2

Eur. J. Inorg. Chem. 2011, 2132-2137
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are typical of edge-linked [IO¢]> ions.'" 314 The V-1 dis-
tances measured by using V K-edge EXAFS analysis (3.21-
3.24 A) match the I-+V from the I K-edge EXAFS analysis
(3.09-3.11 A) reasonably well, considering that the V--I
and V-V shells in the V K-edge data are close together and
hence have a degree of correlation.

The V K-edge XANES spectra should also be sensitive
to the coordination environment of the vanadium atom; the
spectra are shown in Figure 6. Square-pyramidal VOs5 units
containing a V=0 bond have been reported®! to exhibit a
pre-edge feature at 5468.6 to 5469.5 ¢V, and in our spectra
this feature is observed at 5469 eV. In VO, units this feature
was at lower energy, 5467.8 eV, though it was shifted to
higher energy (5468.3 eV) if one of the bonds was a V=0.¢
Hence the position of this feature is more sensitive to the
presence of a V=0 double bond than to the coordination
number, and the presence of a double bond is confirmed by
IR and Raman spectroscopic evidence. The intensity of this
feature is found to be sensitive to the coordination number:
with VOs it was 0.51-0.74 times the edge jump, whereas
with VO, it was 0.82-1.09 times the edge jump; with VO,
containing a V=0 this coefficient was 0.96.%] The intensity
of the pre-edge feature measured in this study was 0.55-0.63

Absorption (arbitrary)

5480 5490
Energy (eV)

5460 5470

Figure 6. V K-edge XANES spectra of M;V41,0,9(OH)-nH,O
where M = Na (bottom), K, Rb and NH, (top).
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times the edge jump. Hence, the XANES results support the
fitting of the EXAFS data with five-coordinate VOs con-
taining a V=0 bond.

Conclusions

Dissolution of V,Os5 in alkali metal hydroxides followed
by addition of periodic acid and acidification by H,SO, re-
sults in insoluble precipitates of formula [MsV,41,0,9(OH)]:
nH>,O (M = Na, K, Rb, Cs). The analogous ammonium
salt can be produced from NH,VO; in aqueous ammonia
by a similar route. V and I K-edge EXAFS analyses indi-
cate polymeric structures formed from edge-linked per-
iodate octahedra and square-pyramidal vanadyl units.

Experimental Section

Vanadium pentoxide, metal vanadates and periodic acid were ob-
tained from Aldrich, BDH or Alfa and used as received. Physical
measurements were made as described previously.[>-®l

Nag[V,1,H,0,4]-10H,0

Method 1: Using the method of Mattes et al,['’l a slurry of
NaHCO; (7.6 g, 90 mmol) in water (125 mL) and V,05 (2.75 g,
15 mmol) was heated until a clear pale yellow solution was formed.
The solution was cooled to room temperature and filtered. Then,
a solution of HsIOg (1.15 g, 5 mmol) in water (25 mL) was added
dropwise to the filtrate. The addition was stopped when the pH
had reached 7.5. The orange-yellow solution was decanted from
any precipitate and allowed to stand. The pale yellow crystals,
which deposited over the course of 48 h, were filtered off and dried
in vacuo. Yield 0.3 g, 2.1%.

Method 2: In a modification of the method of Michiue et al. !4
sodium metavanadate (NaVO5;-xH»O; 1.0 g, ca. 7 mmol) was dis-
solved in an aqueous solution (40 mL) of NaOH (0.8 g, 20 mmol)
with heating. The solution was filtered and treated with a solution
of Hs1Og (1.36 g, 1.0 mmol) in water (15 mL). The pH was adjusted
to 7.5 by dropwise addition of sulfuric acid (5 m) to the vigorously
stirred solution. The yellow solution formed was decanted from
any precipitate and allowed to stand. Yellow crystals deposited over
the course of 24 h. These were collected after 48 h and dried in
vacuo. Yield 0.25 g, 7.7%.

The products obtained by the two methods were identified as the
same material by IR spectroscopy. EDX: Na/V/I = 3.1:1.2:1.0. IR
(Nujol): v = ca. 34 00 (vbr), 1635 (s), 1302 (w), 1174 (s), 939 (s),
845 (s), 756 (s), 684 (m), 590 (m), 560 (m), 420 (w), 342 (w) cm .
Raman: ¥ = 939 (vs), 917 (s), 838 (s), 757 (s), 704 (s), 509 (m), 424
(m), 286 (w), 248 (w) cm'. UV/Vis (diffuse reflectance): E,.x =
25600(sh), 29000, 34250 (sh), 38000 cm™!.

K5V 4,0,9(OH)-5H,0: A suspension of V,05 (0.54 g, 3 mmol) in
aqueous potassium hydroxide (1.01 g, 18 mmol in 50 mL water)
was heated until a clear solution was obtained, then Hs1O¢ (0.23 g,
1 mmol) was added. The solution was allowed to cool, and then
dilute H>,SO,4 (3 M) was added with stirring to the yellow-orange
solution until a pale yellow precipitate formed (pH ca. 5). The mix-
ture was allowed to stand for 4 h and then filtered. The precipitate
was rinsed with cold water (20 mL) and dried in vacuo. Yield
0.45 g, 14%. EDX: K/V/T = 2.4:1.9:1.0. TGA: 12% H,0. IR (Nu-
jol): ¥ = 3450 (s,br), 1636 (s), 1304 (w), 1172 (sh), 1122 (m), 897
(vs), 710 (s), 541 (m), 410 (m), 349 (m) cm!. Raman: ¥ = 3300

2136

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(br), 1074 (vw), 925 (vs), 883 (s), 709 (s), 669 (m), 534 (m), 464 (w),
438 (m), 391 (w), 311 (w) emL. UV/Vis (diffuse reflectance): Epax
= 31000(sh), 34400 cm .

NasV,4,0,0(OH)-10H,O: Prepared as described for the K salt.
Yield 1.31 g, 45%. EDX: Na/V/I = 2.4:2.0:1.0. NasV,41,05,H,;
(1073.7): caled. I 23.6, Na 10.7, V 19.0, H,O 16.8; found I 23.6,
Na 11.0, V 18.9, H,O 18.1 (water measured by TGA). IR (Nujol):
¥ = ca. 3300 (vbr), 1620 (s), 1304 (w), 1143 (w), 1070 (w), 887 (vs),
720 (s), 693 (s), 560 (m, br), 410 (m), 345 (m) cm '. Raman ¥ =
3300 (br), 1620 (w), 936 (sh), 917 (vs), 892 (sh), 708 (s), 663 (m),
530 (m), 457 (sh), 424 (m), 387 (w), 314 (w) cm™'. UV/Vis (diffuse
reflectance): £, = 31000(sh), 35000 cm™'.

RbsV,41,0,9(OH)-4H,0: Prepared by a method analogous to that
for the K salt. Yield 1.65 g, 43%. EDX: Rb/V/I = 2.4:2.0:1.0. TGA:
7.1% H,0. IR (Nujol): ¥ = 3450 (s,br), 1640 (s), 1310 (w), 1172
(sh), 1144 (m), 1114 (m), 893 (vs), 774 (m), 719 (s), 553 (m), 511
(m), 408 (m), 346 (m) cm™'. Raman ¥ = 3300 (br), 1087 (vw), 956
(sh), 927 (vs), 890 (s), 811 (w), 709 (s), 663 (m), 518 (m), 463 (m),
422 (m), 321 (m) ecm™'. UV/Vis (diffuse reflectance): En. =
31000(sh), 34400 cm™.

Cs5V,41,0,9(OH)-3H,0: Prepared by a method similar to that for
the Rb salt. Yield 1.93 g, 58%. EDX: Cs/V/I = 2.4:2.1:1.0. TGA:
4.7% H>0. IR (Nujol): ¥ = 3400 (s,br), 1620 (s), 1304 (w), 1122
(m), 954 (sh), 893 (vs), 808 (m), 719 (s), 553 (m), 439 (m), 346 (m)
cm . Raman ¥ = 3300 (br), 1087 (w), 968 (vs), 928 (vs), 810 (s),
719 (s), 710 (sh), 695 (sh), 499 (m), 420 (m), 321 (m) cm '. UV/Vis
(diffuse reflectance): E, .« = 31000(sh), 34400 cm™!.

[NH4]5V41,0,9(OH)-11H,0: NH,VO; (1.1 g, 9 mmol) was dis-
solved in a mixture of water (20 mL) and “0.88” ammonia (2 mL)
with gentle heating. HsIO¢ (3.5 g, 1.5 mmol) in water (20 mL) was
added, which produced an orange solution, and the pH was ad-
justed to approximately 5 by addition of H,SO,. The very pale
yellow precipitate was filtered off, rinsed with cold water (5 mL)
and dried in vacuo. Yield 1.3g, 27%. EDX: V/I = 1.8:1.0.
V4I,N503,Hyz (1066.9): caled. H 4.0, 1 23.8, N 6.6, V 19.2; found
H 3.6, 123.3, N 7.3, V 19.3. IR (Nujol): ¥ = 3400-2600 (s,vbr),
1640 (s), 1146 (m), 930 (s), 880 (vs), 692 (vs), 569 (m), 518 (s), 433
(m), 395 (m), 360 (m), 293 (m) cm '. Raman (some decomposition
in the laser beam) ¥ = 3300-3000 (br), 1660 (m), 917 (vs), 868 (s),
722 (s), 529 (m), 492 (m), 395 (m), 293 (br) cm '. UV/Vis (diffuse
reflectance) Ep., = 31 000, 36 000 cm™!.

EXAFS Studies: EXAFS data were collected by using stations 7.1
(V K-edge with Si 111 monochromator) and 9.3 (I K-edge, Si 220)
at the SRS, Daresbury. Samples were diluted with dry boron nitride
powder pressed into approximately 1 mm thick pellets before mea-
surement of their X-ray absorption spectra in transmission mode.
At least two data sets were collected for each sample and averaged.
Background subtraction was achieved with the PAXAS pro-
gram,?’l and K3-weighted EXAFS data were fitted by using the
single scattering, curved wave formalism?®! in Excurve.[*”) The EX-
AFS fitting protocols have previously been extensively tested
against periodate compounds of known (single-crystal) X-ray
structures,? and similar procedures are applied in this paper. Ini-
tial fitting of the spectra of Nag[V,I,H,04]-10H,0 showed that no
amplitude reduction factor needed to be employed in order to ob-
tain accurate coordination numbers. The coordination numbers
quoted in Tables 1 and 2 were initially varied manually in integer
units and the visual effect on the fit and fit statistics were moni-
tored in order to obtain reasonable fits. They were then refined in
final cycles to obtain esd values. The statistically justified number
of free parameters according to the Nyqvist theoremB% is 32 from
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the V K-edge data and 27 from the I K-edge data; in fitting the
data the number of parameters used were 16 and 7, respectively.
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