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Four new isostructural one-dimensional dodecaniobate Keggin materials, Naiz[TioO4][TND1204]-xH,0 and
Nayo[Nb,0,][TNb;1,040)- XH,0 with T = (Si or Ge), have been synthesized hydrothermally using a Lindgvist-ion salt,
Naz[NbsO1eH]-15H,0, as the precursor. Their structure, consisting of chains of Keggin ions [TNb1,04]*®~ linked by
[Ti,05]** or [Nb,O,]** bridges, was solved ab initio from powder diffraction data. The location of the charge-balancing
sodium atoms and the water molecules was further investigated by molecular simulations. These compounds were
also characterized by IR and solid-state 'H, °Si, and 2Na MAS NMR spectroscopies. The structural relationships
between these and related phases based on similar Keggin ion building units are discussed.

Introduction as squarate or glutarate) coordinating the lanthanum?®fons.

. . Extended solids have also been produced by linking POMs
The use of polyoxometalates (POMs) as discrete building with a variety of transition metals that bridge two or more

blocks for the synthesis of extended inorganic or hybrid clusters and are also coordinated by organic or anionic
organic/inorganic solids has attracted considerable interest“(‘:]andsn_14 Purely inorganic assembl?:as of plenary poly-

in recent years.® The most commonly observed geometries oxometalates are more scarce: the most commonly observed
of POM anionic clusters are the Keggin (e.g., [Sp®4o]*~ . . i - -
ggin (€.g., [Sid™) geometry is a chain of linked bicappaeKeggin ions formed

and DawsorWells (e.g., [BM0150s2]%") heteropolyan- ! A .
ions®7 It has been amply demonstrated that both these by edge-sharing of the octahedral cap3? The o-Keggin

plenary clusters and their lacunary derivatives can be linked :?nsnzat\ée ?Ibsr(i) dbeent\;)/bs;rvteclj t%f?": ?Sa'?s trélr'ougztanl oxo0
into multidimensional compounds, using both transition 9a a ges two metals belonging to adjacent clus

X X ter519'2°
metals and lanthanides. Monovacant Keggin clusters chelat- "~

ing lanthanide cations can thus be assembled into linear or )
. . . (9) Sadakane, M.; Dickman, M. H.; Pope, M. Angew. Chem., Int. Ed.
zigzag chains or even planes, depending on the nature of ™ 500q 39 2914,

the rare-earth catio? Plenary POMs capped with Eacan (10) Dolbecg, A ; Mialane, P.; Lisnard, L.; Marrot, J.; Secheressehem.
. Eur. J.2003 9, 2914.
be assembled together by polydentate organic ligands (sucfhl) Liu, C.; Zhang, D.; Xiong, M.; Zhu, DChem. Commur2002, 1416.
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Dodecaniobate Keggin Chain Materials

We are currently investigating the synthesis and crystal pyltitanium (TIPT; 1.25 g, 4.4 mmol) were added to the NaOH
chemistry of new polyoxoniobate materials, both as extendedagueous solution, and the mixture was stirred for 30 min. The
solids composed of linked clusters and as soluble hydratedmixture was then hydrothermally treated at T@Dfor 16 h. The
salts of isolated polyaniorié21.22These compounds proved resulting f.ine white powder was collected by vacuum fi.Itration,
more challenging to synthesize than their polyoxomolybdate washed with warm water and then ethanol, and dried in air at room

) _ " temperature. The yield was95% based on Nb.

t;J ngls t;’;\lt e, and Van.adate Coumerﬁdnt::au\i?@m thﬁl lack (ii) Hexaniobate Route.Sodium hexaniobateé(Na;H;O[NbsOg]*

ot soluble monomerlc precursors (such as\N@, or Na; . 14H,0; 2.85 g, 13.2 mmol of Nb, prepared as described previ-
MoO,), which dictates the use of more severe synthetic ously?%), TEOS (0.23 g, 1.1 mmol), and TIPT (0.65 g, 2.3 mmol)

methods such as hydrothermal processing. Furthermore, theyyere added to 40 mL of DI water in a 100-mL Teflon-lined steel
form within a relatively narrow range of pH. The first autoclave. The mixture was stirred for 5 min and then hydrother-
heteropolyniobates were thus reported recently in 2002. mally treated at 190C for 16 h. The yield was-33% based on
Polyoxoniobate-based materials are stable in alkaline media,Nb.

whereas most other POMs are stable only under acidic (b) Naw[Ti>O05][GeNb;204q-xH>0 (Nb—Ge—Ti). Sodium hex-
conditions. These Ni-based materials have much larger aniobate (0.57 g, 2.6 mmol of Nb), tetraethoxygermane [Ge-
negative charges per cluster than the SM@/¢"-based (OC;Hs)4, 0.22 g, 0.87 mmol; (Gelest, Inc., Morrisville, PA), gnd
materials. These two properties make polyoxoniobates at-1'PT (0.13 g, 0.46 mmol) were added to 8 mL of DI water in a
tractive as high-capacity ion exchangers or cation sorbents23 ML Teflon-lined steel autoclave. The mixture was stirred for

for lications involving very basic medi radionuclid 30 min and then hydrothermally treated at 2@ for 16 h. The
or applications involving very basic media (e.g., radionuclide yield was~15% based on Nb.

separat.|on from <_:aust|c nuclear Wgstes). . (€) NauNb,0,][SiNb1,0.q*xH50 (Nb—Si—Nb). Sodium hex-

The first material composed of linked heteropolyniobate apiobate (0.57 g, 2.6 mmol of Nb) and TEOS (0.27 g, 1.1 mmol)
clusters that has been reported is the one-dimensiopal K were added to 8 mL of DI water in a 23-mL Teflon-lined steel
[Ti202][SiNb1204q] - 16H0 (K —Nbjyy), which featurest-Keg- autoclave. The mixture was stirred for 2 min and then hydrother-
gin [SiNby:040] ¢ ions linked together by 3O,*" bridgest® mally treated at 190C for 17 h. The yield was-10% based on
The current publication focuses on the synthesis and Nb.
characterization of a series of one-dimensional dodecaniobate (d) NaiNb,O2|[GeNDb;,04g]-xH:0 (Nb—Ge—Nb). Sodium
Kegg|n Cha|n matenals W|th Sod|um as the Charge_balanC|ng hexaniobate (057 g, 2.6 mmol of Nb) and tetraethoxygermane (033
cation that are related to but not isostructural with the Ig 1630tmr|nol)twe|re ad_l(_jﬁd to.8tmL ofDI\;\(ate(jr if” a3203‘”?'- Tec:kt)k?-

reviously reported potassium phase. Four members of this"c0 St€€! autoclave. the mixture was stirred for 35 min and then
previously rep pC m pri . hydrothermally treated at 19T for 20 h. The yield was-15%
family have been obtained, with either Si or Ge as the central based on Nb

hedral atom and either p0,]*" or [Nb,O,]¢" as the aseaon ™. . .
tetrak : 2 22 (2) Characterization. X-ray powder diffraction was performed
bridging unit. These four new compounds could only be it 5 Bruker D8 Advance diffractometer in Brag@rentano
obtained as microcrystalline powders, and their structures geometry with Ni-filtered Cu K radiation. The specimen was
were solved and refined from X-ray powder diffraction data. rotated at 0.5 Hz to improve particle statistics. The sample density
Although we determined with reasonable accuracy the was determined using a Micromeritics AccuPyc 1330 helium
structure and relative arrangement of the Keggin chains from displacement pycnometer. Solid-st&i8i MAS NMR spectra were
X-ray powder data, the location and differentiation of the obtained on a Bruker AMX400 console at a resonant frequency of
sodium atoms and water molecules residing between the79.46 MHz, using a 7-mm broadband MAS probe spinning at 4
Keggin chains was difficult to achieve because of the kHz at room temperature. Samples were spun with air to reduce
similarity of their scattering factors and the high mobility the_nS||sp|nIIatt|<|:3el rellr?x;tuon t|me_£hT hr? seectra\;v%rehqbrt}ami?eursnng
of those species. The precise locations of the Nas and 2 S'N9'e-pulse bloch decay, with inverse-gaied nigh-po
. . . decoupling using 64 scan averages, @s5#?2 pulse, and a 360-s

H,O molecules were determined using molecular dynamics

. . . . . ~~ recycle delay. Chemical shifts were referenced to the secondary
simulations based on the interaction of these species withgandard @Ms (6 = +11.4 ppm) with respect to TMSS(= 0.0

each other and with the Keggin ion chains. Thermogra\{im- ppm). Solid-state®Na MAS NMR spectra were obtained on a
etry was used to help quantify the amount of water contained Bruker AMX400 instrument at a resonant frequency of 105.81

in these chain materials. MHz, using a 4-mm broadband probe spinning at 12.5 kHz. Typical
_ _ experimental conditions were a-(/6) pulse, a 2-s recycle delay,
Experimental Section and 64 scan averages. Chemical shifts were referenced to the

external standarl M NaCl @ = 0.0 ppm). Solid-statéH MAS

NMR of the originalNb—Si—Ti and?H-exchanged material were
obtained on a Bruker Avance 600 NMR instrument operating at
600.1 MHz. The'H spectra were obtained using a 4-mm MAS
probe spinning at 10 kHz, with a/2s /2 pulse, a 2-s recycle delay,

and 16 scan averages. The extent of exchange was determined by
normalizing the spectral integrals with respect to sample weight.
Infrared spectra (3764000 cnt?) were recorded on a Perkin-Elmer

(1) Synthesis. (a) N@[Tl 202][SiNb12040] *XH,0 (Nb—sl_Tl)
(i) NaOH/Nb,0s Route. Sodium hydroxide (1.30 g, 32.5 mmol)
was dissolved in 40 mL of DI water in a 100-mL Teflon-lined steel
autoclave. Amorphous hydrous niobium oxide {8 xH,0; 1.75
g, 10 mmol of Nb; Reference Metals Co. Inc., Bridgeville, PA),
tetraethyl orthosilicate (TEOS; 0.90 g, 4.4 mmol), and tetraisopro-

(20) Yan, B.; Xu, Y.; Bu, X.; Goh, N. K.; Chia, L. S.; Stucky, G. D.
Chem. Soc., Dalton Tran2001, 2009.
(21) Nyman, M.; Bonhomme, F.; Alam, T. M.; Parise, J. B.; Vaughan, G. (23) Goiffon, A.; Philippot, E.; Maurin, MRev. Chim. Miner.198Q 17,

M. B. Angew. Chem., Int. E®004 43, 2787. 466.
(22) Nyman, M.; Criscenti, L. J.; Bonhomme, F.; Rodriguez, M. A.; Cygan, (24) Alam, T. M.; Nyman, M.; Cherry, B. R.; Segall, J. M.; Lybarger, L.
R. T.J. Solid State Chen2003 176, 111. E.J. Am. Chem. So2004 126, 5610.
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Table 1. Crystal Data and Structure Refinement Parameters for

Nb—Si—Ti

compound

formula weight
crystal system
space group

unit cell dimensions

volume

z

density (measured)
density (calculated)
temperature

wavelength

260 range

step size 2

time per step

min fwhm

no. of independent atoms
no. of free parametets
no. of structural parametérs

no. of “independent” reflections

final Rindices

soft constraints

N@g[TigOz][NblzsiO4o]'4Hgo
2259 g/mol

tetragonal
14m2 (No. 119)
a=14.2701(5) A
c=11.2923(7) A

2299.5(2) A
2

3.25(2) g/8m
3.26 g/ém
298(2) K
Cu l&l,{xZ
5.6-120.0
0.0¢
25s
0.08

521
Ry= 5.62%,Ryy= 7.44%
Rex= 3.37%,y°= 4.88
Rerags 4.72%

Nb Otermina= 1-78(1) A
Nb—Obridging= 1.99(1) A
Nb—Ocentra= 2.42(1) A
Ti—Ocluster= 2.02(1) A
Ti—Obridging= 1.89(1) A
Si—Ocentra= 1.64(1) A
Ti—Ti=2.92(1) A
Ocentra— Nb— Oerminal = 165(1))
O—Si—0 = 109.5(10j

Bonhomme et al.

initially solved inl4/mmmwith the intensities extracted by the Le
Bail refinement and the program DIRDYFusing Patterson map
interpretation. The positions of three independent heavy atoms were
immediately revealed along with several sites that could be
attributed to oxygen atoms. At that stage, the infinite chains of
linked Keggin anions similar to those found in i ,0,][SiNb1/04q]*
16H,0 (K_Nblz)le or K5.5N80_5[V202][VMO 8V404o]'12.5|‘bo
(MoV)!5 were recognized, which allowed for a rapid completion
of the structure by manual build-umoV is also tetragonal, with

a lattice constana close to that oNb—Si—Ti but with a double

c axis. No extra peak whose indexation would require doubling of
the ¢ axis was detected in the diffraction patternNib—Si—Ti.

The coordinates of the oxygen atoms belonging to the chain of
clusters were refined using bond distance and angle constraints (see
Table 1) corresponding to the average values observed in the related
phaseK —Nb;,. The positions of the sodium atoms and/or water
molecules, hardly distinguishable, were found by successive Ri-
etveld refinement and difference Fourier map analysis. These sites
were given the scattering factor of Ne, intermediate between those
of Na and HO. The application of the bond valence sum meth&d

to distinguish between these sites is difficult because of the large
imprecision of the bond distances derived from Rietveld refinement
and the likelihood of partial or mixed occupancy. The description
in 14/mmmleads to a disordered distribution for the oxygen atoms
(having 50% occupancy) around the silicon in the center of the
Keggin clusters as well as for the oxygen atoms bridging the clusters
together in an infinite chain. We therefore opted to lower the
symmetry to the subgrougm2, which allows for an ordered model

of the central Si@ tetrahedron and gives more flexibility in

? 32 positional parameters and 3 isotropic atomic displacement param- modeling the sodium and water sites. Similarly to what is observed

eters; 12 profile parameters and 39 linearly interpolated background points.for K —Nbys

no mixed occupancy on the Nb and Ti sites was
evidenced; the population parameters of the transition metals refined

Spectrum GX FTIR. spect.rometer using the KBr pellgt method. to full occupancy, thus validating the assignment of the species.
Samples were examined with a JEOL JSM-6300V scanning electron Further, the Nb/Ti ratio determined by ICP-MS was 5.8:1, in good

microscope equipped with a Link GEM Oxford detector and agreement with the ratio of 6:1 expected from the structure

IRIDIUM IXRF Systems software for EDAX analysis. Thermal  jaiermination. The refinement of the population parameter of the

analysis was performed with a TA Ins.truments SDT,Z%O S'm,UI' sodium or water sites showed that the two sites located on a general
taneous TOGA'E_)TA apparatus unde_r nitrogen flow with a heatlrlg position were half-occupied. The number of water molecules per
rate of 19 C/min. Elemental anz_aly3|s was ext_acuted on a Perkin- formula unit was determined by subtracting the number of sodium
Elmer Sciex Elan 6100 ICP-MS instrument using an argon plasma atoms necessary for charge balance from the number of occupied
flame. o ) ] sites. The final difference Fourier map did not reveal any residual
(3) Structure Determination. Because no suitable single crystal - gjectron density that could be attributed to extra water molecules.
was obtained for any of the four phases reportedabninitio the refinement eventually converged to a satisfactory agreement
structure determlnatlon_from powder_o_llffractlon de_lta was carried factor, Reragy = 4.72%. The summary of crystallographic data,
out for compoundNb—Si—Ti. The positions of the first 20 peaks iy ding the values of the geometrical constraints and measurement
were refined with the program XF# using a split Pearson VIl . itions, is given in Table 1. Atomic coordinates are presented
function for the more asymmetric low-angle peaks and a pseudo- i, Tapje 2, and selected interatomic distances are given in Table

Voigt function for the peaks above 20The peak positions were 3 1he ohserved, calculated, and difference Rietveld plots are shown
calibrated using NIST Silicon SRM640 as external standard. The ;, Figure 1.

pattern was then indexed with high figures of mér(Mao = 47, The structure of the Nb-bridged counterphitt—Si—Nb was

Fa0 5?2) by the program TREORS0with aietragonal C.e” of refined starting with a similar structural model for the Keggin ion
approximate cell parameteas= 14.28 A andc = 11.30 A withV ) - o . .
! ) . - chains, replacing the Ti site by Nb and using a similar set of bond
= 2304 A. The refined lattice constants are given Table 1. The . . !

and angle constraints. The locations of the various Na and/or water

reflection conditions are only those of a body-centered cell. A . . - )
whole-pattern profile refinement by the Le Bail metRbgbrogram sites were found by difference Fourier maps analyses. The final
agreement factor iBgragg= 8.31%. The refined atomic coordinates

FULLPROF2K2 ith th roup4/mmm confirm h ) . i .
v © ) with the space groupa/ confirmed the are available as Supporting Information. No structural refinement

adequacy of this cell and systematic absences. The structure was . . :
quacy Y was carried out for the two isoelectronic Ge-based phades

(25) Cheary R. W.; Coelho A. Al. Appl. Crystallogr.1992 25, 109.

(26) de Wolff, P. M.J. Appl. Crystallogr.1972 5, 243.

(27) Werner, P. E.; Eriksson, L.; Westdahl, M.Appl. Crystallogr 1985

18, 367.

(28) Le Bail, A.; Duroy, H.; Fourquet, Mater. Res. Bull1988 23, 447.
(29) Rodriguez-Carvajal, J. A. IBollected Abstracts of Powder Diffraction

Meeting Toulouse, France, 1990; p 127.
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J. M. M. Crystallography Laboratory, University of Nijmegen,
Nijmegen, The Netherlands, 1996.

(31) Brese, N. E.; O'Keeffe, MActa Crystallogr.1991 B47, 192.
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Figure 1. Observed, calculated, and difference Rietveld plotsNbrSi—Ti.

Table 2. Atomic Coordinates from Rietveld Refinement for

Nb—Si—Ti?
population
atom  site X y z (%)
Nb1 1§ 0.8704(3) 0.1335(3) 0.2163(2)
Nb2 & 0 0.2568(2) 0.9976(6)
Ti 4e 0 0 0.3701(4)
Si 2a 0 0 0
o1 g 0 0.3836(6) 0.005(6)
02 14 0.837(1)  0.202(1) 0.339(1)
03 g 0 0.118(1) 0.274(2)
04 g 0 0.886(1) 0.735(2)
05 1§ 0.7572(9) 0.090(1) 0.135(1)
06 1§ 0.236(1)  0.892(1) 0.896(2)
o7 g 0.0970(5) O 0.0833(9)
08 g 0.081(1) 0 0.5000¢) 50
sitel &  0.747(1)  0.253¢) 0 100
site2 & 0.394(1) 0.106¢) 1/4 100
site3 16 0.267(2) 0.041(2) 0.458(3) 50
site4 16 0.099(2)  0.458(2) 0.164(3) 50

a|sotropic atomic displacement parameters: B(NbB(Ti) = B(Si) =
2.9(1) 22, B(O) = 3.0(2) A2, B(Na/H,0) = 6.0(4) A2.

Table 3. Selected Bond Lengths (A) fodb—Si—Ti

Nb1-02
Nb1-03
Nb1-0O4
Nb1—-0O5
Nb1-06
Nb1-0O7
Si—07

1.77(2)
1.97(1)
1.99(2)
1.96(1)
1.96(2)
2.47(1)
1.67(1) 4x

Nb2-01 1.81(1)

Nb2-05 1.98(2) 2x
Nb2-06 1.97(2) 2x
Nb2-07 2.45(1)

THO3 2.00(2) 2x
Ti-04 2.01(2) 2x
T08 1.86(1) 2x

Ge—Ti andNb—Ge—Nb; the comparison of their diffraction pattern

confirms that they are isostructural with their Si-based counterparts.
(4) Molecular Modeling. Given the difficulty in determining

the actual positions of Naand HO in the Keggin chain materials,

molecular modeling studies were carried outb—Si—Ti and

Nb—Si—Nb. A complete description of the modeling procedure

and force field is provided elsewhetgonly the essential modeling

(33) Larentzos, J. P.; Clearfield, A.; Tripathi, A.; Maginn, EJJPhys.
Chem. B2004 108 17560.

details specific to the present work are reported here. Although
there have been studies that model lattice relaxation effects, we
could not locate a suitable set of parameters that enabled accurate
determination of the lattice parameters for these phases. We have
found that the force-field potential that we have used in previous
work accurately predicts cation and water positions but is incapable
of accurately predicting the cell constants for these materials; thus
we constrained the framework atoms of structiés-Si—Ti and
Nb—Si—Nb to the experimentally determined positions while
permitting N& and HO to move. It was initially assumed that
there were four water molecules present per Keggin cluster in the
Nay o[ Ti20,][SiNb12040]-4H,0 (Nb—Si—Ti) material and six water
molecules per Keggin cluster in the N&Nb,O,][SiNb1,04q] -6H,0
(Nb—Si—Nb) structure as determined from the Rietveld refine-
ments. The number of sodium atoms per formula unit was
constrained by charge-balancing considerations. Both structures
contain a 50% occupied oxygen O8 bridging atom site. This disorder
is modeled by filling one-half of the O8 sites with oxygen atoms
and assuming that the locally populated bridging sites will be the
greatest possible distance apart from each other. A 2 x 2
supercell was used in the simulations, with all symmetry constraints
removed for the sodium and water sites.

A simulated annealing molecular dynamics (MD) protocol was
used, in which high-temperature simulations (ca. 1500 K) were
initiated, followed by an annealing schedule in which the temper-
ature was gradually lowered to 300 K. This procedure ensures that,
at high temperature, the cations and water molecules are able to
probe a sufficient number of configurations on the time scale of
the simulations. As the temperature is lowered, the mobile species
localize in their equilibrium positions, which are then recorded as
the preferred positions. All simulations were performed using the
General Utility Lattice Program (GULP}.Full periodic boundary
conditions were employed with an interaction cutoff of 11.2 A.
The leapfrog finite-difference algorithm was used to determine the
positions of the moveable atoms at each MD time step. The
simulations were carried out for at least 500 ps, using a 1-fs time

(34) Gale, J. DJ. Chem. Soc., Faraday Trank997, 93, 629.
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Table 4. Simulated Atomic Coordinates and Population Fractions of Sodium Cations and Water Molecules PreseNbin3heTi Structure

standard deviation from population
site X y z deviation (A) experiment (A) fraction
site 1— Na*/H,O 0.743 0.257 0 0.36 0.08 100.0/0.0
site 2— Na*/H,0 0.356 0.144 1/4 0.49 0.77 98.1/1.0
site 3— Na*/H,0 0.234 0.069 0.504 0.83 0.80 26.8/11.8
site 4— Na*/H,0O 0.041 1/2 0.128 0.76 1.02 7.8/5.4

Table 5. Simulated Atomic Coordinates and Population Fractions of Sodium Cations and Water Molecules PreseNbin$heNb Structure

standard deviation from population
site X y z deviation (A) experiment (A) fraction
site 1— Na'/H,0 0.740 0.260 0 0.30 0.12 100.0/0.0
site 2— Na*/H,0 0.361 0.139 1/4 0.52 0.76 93.3/3.9
site 3— Na'/H,0 0.257 0 0.502 0.99 0.41 4.2/22.7
site 4— Na'/H,0O 0.040 1/2 0.119 0.71 0.82 19.5/8.8

Table 6. Simulated Atomic Coordinates and Population Fractions of Sodium Cations and Water Molecules Presént-i-aTi-14.5H,0 Structure

standard deviation from population

site X y z deviation (A) experiment (A) fraction
site 1— Na*/H,O 0.750 0.250 0 0.39 0.06 98%
site 2— Na*/H,O 0.377 0.123 1/4 0.97 0.34 74%
site 3— Na*/H,0 0.274 0.071 0.488 0.91 0.55 17%
site 4— Na*/H,0 0.110 0.440 0.176 1.03 0.33 16%

step. The long-range forces were evaluated with the Ewald solution. An excess of both Ti and Si had to be used to

summation methoéd prevent the formation of competing phases, such ag-Na
Configurations from the MD trajectories containing the instan- [SiND1204q] -4H20 2 or Nas[NbgTi,0.¢]-34H,0.22 Similarly,

taneous positions of all Naions and HO molecules were saved  yarying the concentration of NaOH gave multiphase samples,

at 0.25-ps intervals. Analysis of these configurations yields the g jitaple for structure determination. Although the samples

relative probablllty of a Naor H?O Iocatlpg in a particular p_osmor_l. obtained by this NaOH/NIDs method were X-ray pure, they

To obtain the averaged atomic coordinates from the simulations, nevertheless contained sizable amount of amarphous impuri-

the positions of Na and HO in each snapshot were classified by . likelv h . .
the nearest experimental site (within a 2.0 A cutoff), folded by the ties, likely hydrous sodium titanates as observed by SEM/

14m2 symmetry operations and finally averaged over all snapshots EDAX. Longer reaction times lead to thermodynamically
in the entire simulation. The standard deviation is then computed More stable compounds such as niobium based perovskites.
by measuring the fluctuations about the averaged position. The However, we found that aftel h of reaction at 190°C,
magnitude of this fluctuation gives an indication of the relative sodium hexaniobaté is the only crystalline phase that
mobility of Na" and HO. In general, approximately 90% of the  precipitates. Using this intermediate phase as a soluble Na
Na* cations but only 30% of the # molecules could be related  and Nb precursor, without adding NaOH to the solution,
to an experimental site within a 2.0-A cutoff. The remaining'Na allowed us to obtain products of higher purity, with a
and HO could not be attributed to an experimental site and are markedly improved crystallinity. The Nb-bridged phases
facton was computad by monitoring the racion of time a ate. COUId be obtained, albeit with a low yield, only by this
synthetic route. The pH of the reactions using the hexaniobate

was occupied by a given species over the entire simulation. This
essentially gives the fraction of time that a particular experimental ranges from 10.0 to 11.2 versus about 12.5 for the NaOH/

site is associated with Neor H,0 during the simulation and is a  NP2Os route. This decrease in basicity likely helps to stabilize
relative measurement of the attractiveness of the site. The atomicthe Nb-bridged phases that appear to be less stable than their
positions reported in Tables are idealized by the space-group ~ Ti-bridged counterparts. By the NaOH/p@ route, we could
symmetry, i.e., the raw averaged coordinates (usually that of a not lower the pH below~12 and still obtain the desired
general position 1§ were shifted, if applicable, onto a nearby site  phases as well-crystallized products.

with higher point symmetry. For example, site 1 in Table 5was (2 pescription of the Keggin Chains.The structure of
shifted from its original general position (£60.741, 0.262, 0.000) Nb—Si—Ti is composed of infinite chains formed of

to (8g: 0.740, 1— x, 0). The shifts for the well-defined sites 1 and . . . _
2 vfl?egre in any case sZnaIIer than 0.05 A and were always less than[SI,I:lblﬁ:O]ls_ (;:U_Sters altgrnatlng \Illwﬁht brult(?glr?g [X0c]
20% of their associated standard deviations for the more diffuse YNS- 1NESE chains, running parafiel to mexis, carry a

sites 3 and 4. charge of—12 per cluster, which is balanced by 12 sodium
ions. The [SiNRO4q) % clusters exhibit the classicatKeg-
Results and Discussion gin geometnf with a central SiQ tetrahedron surrounded

by four triads of edge-sharing distorted Np@ztahedra. Each

titanium atom of the dimeric bridge is octahedrally coordi-
nated. It is bound to four of the Keggin oxygen atoms (O3
and O4) that frame a 4-ring “window”, and two additional

(35) Allen, M. F.; Tildesley, D. JComputer Simulation of Liquig©xford OXYge” atoms (08) are Shared with the titanium qapplng the
Science Publications: Oxford, U.K., 1987. adjacent cluster on the chain. Therefore, eachs Ti@ahe-

(1) Synthesis. Nb-Si—Ti was initially synthesized hy-
drothermally using amorphous hydrated niobium oxide and
silicon and titanium alkoxides in a sodium hydroxide
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Figure 2. Infinite chains formed by [SiNRO4g| 16~ and [TO2]*" dimers inNb—Si—Ti.

are shifted with respect to each other by one-half Keggin
subunit along the axis, so that the centers of the clusters
of one chain are located in the planes containing the bridging
moieties of the four surrounding chains (see Figure 4b). This
staggered packing leads to a more compact structure, the
free volume available to the cations and the water molecules
(calculated with the program CERIUSPbeing 515 & per
Keggin forNb—Si—Ti, 16% smaller than the calculated void
volume inMoV (600 A2 per Keggin). InK —Nb,, the chains
are rotated so that the corners of the squares, defined by the
direction of the equatorial NbO; bond of the Keggin
clusters, are facing each others in projection (see Figure 5).
This mode of packing creates approximately cylindrical
tunnels running along theaxis, with an accessible diameter
of abou 8 A (see Figure 5). More than 70% of the total
number of water molecules and charge-balancing potassium
atoms reside in these channels. With a free volume of 790
A3 per Keggin, the structure df —Nbg; is far more open
than that oNb—Si—Ti andMoV . AlthoughNb—Si—Ti and
K —Nbi, contain the same type of infinite Keggin chains,
Figure 3. Polyhedral representation of the chaintNb—=Si—Ti, viewed  thejr structures are very different and one phase cannot be
along thec axis. (Cations and water molecules omitted.) . .

converted into the other by ion exchange. Furthermore, by

dron share edges with four NQoctahedra within one  Varying the synthesis conditions, we have never observed
Keggin cluster and with one other Ti@ctahedron. This  the formation of either the sodium analoguekof Nbs, nor
constrained geometry gives rise to strong angular distortionsthe potassium analogue bib—Si—Ti.

with O—Ti—O bond angles ranging from 720 117. The The cell parameters of the four title compounds, refined
08 site, which is bonded to two titanium atoms, is disordered by the Le Bail method using NIST Si SRM640 as an internal
with a 50% occupancy factor (see Figure 2). The same typestandard, are reported in Table 7. The cell parameter along
of disorder in the bridging species is observed in a related the Keggin chainsqaxis) varies more than tieeparameter,
heteropoly tungstovanadafeThe type of infinite chains along which the chains are separated by sodium and water:
present ifNb—Si—Ti is also encountered in two other related Ac/c = 0.90% versusAa/a = 0.15%. As expected, the
tetragonal phases {Ti,0,][SiNb1,04g*16H,0 (K —Nb2)16 axis increases with the size of both the tetrahedral and the
and KssNao gV 0,][VM0 gV 404d]-12.5H0 (MoV).1® The bridging atoms. Although the ionic radius of &ds much
main difference between these structures thus lies in the waylarger than that of 3f (Ree = 0.67 A, Ry = 0.54 A)7" the

the chains are packed together. The projections along the difference in thec axis of the corresponding phases is only
axis of the structure olb—Si—Ti andMoV are identical, ~ on the order of 0.03 A, showing that the size of the Keggin
each chain being surrounded by four others in a checkeredion is mostly independent of the radius of the central atom.
pattern (see Figure 3) and with the faces of adjacent chainsA larger central TQ tetrahedron can therefore easily be
facing each other. The disposition of the chains alongcthe  @ccommodated by a slight shortening of the-XRenrabond
direction is, however, different in these two phaseaviby/, distances or by a decrease of theikhar—Nb—Ocentrabond

the clusters belonging to neighboring chains lie in the same angle without increasing the diametric Nbib distances. On
plane at constarz (see Figure 4a). This creates large void . : -

spaces around the bridging units where nonframework atoms®®) Serus2-4.0 User Guided.2 ed.; Accelerys, Inc.:. San Diego, CA,
can reside. On the contrary, adjacent chainblin-Si—Ti (37) Shannon, R. DActa Crystallogr.1976 A32, 751.
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Figure 4. Polyhedral representation of the chains in &V and (b)Nb—Si—Ti, viewed along theb plane. (Cations and water molecules omitted.)

Figure 5. Polyhedral representation of the chainskin-Nb;,, viewed
along thec axis. (Cations and water molecules omitted.)

the other hand, the radii of the bridging specie$" Tand
Nb5* are similar Rri = 0.75 A, Ry, = 0.78 A)37 but the
difference between the axes of corresponding pairs of

Table 7. Cell Parameters of the Four Isostructural Dodecaniobate
Keggin Chain Phases

a(h) c(A) V(A3
Nb—Si—Ti 14.2701(5) 11.2923(7) 2299.5(2)
Nb—Si—Nb 14.2649(4) 11.3575(5) 2311.1(1)
Nb—Ge—Ti 14.2852(5) 11.3222(7) 2310.5(2)
Nb—Ge—Nb 14.2633(3) 11.3947(3) 2318.2(1)

a8 Measurement conditions: Angular range;®’; step, 0.08; 25 s/step.
Zero-background quartz plate. Internal standard: NIST Si SRM&496,
5.430898 A.

proximating the bridging species as a pair of regular, edge-
sharing octahedra.

(3) Solid-State MAS NMR Spectroscopy-The absence
of protons in the structure Mb—Si—Ti was confirmed by
H solid-state MAS NMR spectroscopy on the as-synthesized
sample as well as on a;D-exchanged sample. We quan-
titatively exchanged kO for D,O by stirring the sample in
heavy water at room temperaturer @ h to eliminate the
potential masking of a small OH signal by the larger signal
from H,O. If the Keggin clusters were protonated, we would
have expected & chemical shift around 1.9 ppm, where
we observed a peak for monoprotonated sodium hexanio-
bate?* Moreover, weight loss in a temperature range usually
corresponding to the elimination of a hydroxyl group (400
600°C) was not observed by TGA. The NMR results showed
that about 90% of kD was replaced for gD, which,

phases is larger, about 0.07 A. The experimentally observedallowing for a partial reexchange with the atmospheric water,

increase in the axis can be expressed As = 0.26AR+
rahedralt 2.28ARyigge (Dridge= Ti or Nb), which compares
well with the value Ac = 2v/2ARyigge ONE Obtains ap-

1780 Inorganic Chemistry, Vol. 44, No. 6, 2005

indicates that essentially all of the® had been exchanged.
295i MAS NMR spectroscopy oflb—Si—Ti gives a single
peak at—74.4 ppm with a fwhm of 64 Hz, in accordance
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Figure 6. Projection of the probability distribution for sodium cations  Figyre 7. Projection of the probability distribution of water along the
along thec axis of Nb—Si—Ti at 300 K, with an intensity of 10 (highest  ayis of No—Si—Ti at 300 K.
color intensity) indicating the cubelet with greatest probability of being
occupied. Numbered circles: positions of the sites from Rietveld refinement.
Sodium cations in site 3 always align themselves with the locally populated
08 oxygen sites (grey circles) of the dimeric bridge.
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these sites were more mobile than those in sites 1 and 2.
The simulations indicate that sodium associated with site 3
) ) . o can rapidly migrate back and forth near the experimental
The shift of the resonance closely matches that observed ingccupancy region in Figure 6. The experimental site 3
K=Nbs, (—75.9 ppm, fwhm= 80 Hz) where the single Si. position is located near the F,]** bridges that link the
presentin the structure, ti@la MAS NMR spectrum shows  pyrigges, the oxygen atoms are disordered, with O8 having
only one broad highly asymmetric resonance centered atan occupancy of 50%. Figure 6 illustrates that'Nans
—13.2 ppm with & fwhm of 2220 Hz. However, the similarity  associated with site 3 will occupy only the sites that align
and the high mobility of the Naions make differentiation  coordination number. As expected, the water is significantly
(4) Locations of Na'/H,O Determined by Molecular  the region between sites 2, 3, and 4 (observed in Figure 7).
Modglmg. Figure 6 shows a probabll_lty .dISt.I’IbUtlon plotfor  Gjven its high mobility, only~30% of the water could be
Na" in Nb—Si—Ti at 300 K. The distribution plots were  ¢|assified into experimental sites, where it primarily occupies
computed by discretizing the unit cell into cubelets and sjtes 3 and 4. The remaining water molecules migrate among
by the center of mass of a Naon or H,O molecule. The  cations. The average fractional coordinates and population
most probable location was assigned an intensity of 10 fractions are reported in Table 4.
(highest color intensity), with other location intensities scaled With the replacement of Tf by NB5* in the bridging unit
to this value. It is apparent that Ndocalizes near the four for Nb—Si—Nb, the amount of counterbalancing sodium
experimentally Qeterm|ned sites (sites). T_h_'s indicates cations needed for charge neutrality decreases, accompanied
that the model is able to locate these positions accuratelyperhaps by an increase in the amount of water in order to
and does not give spurious sites f_or*Nsrres 1 and 2 WETe il the vacant sodium sites. The simulations indicate that,
found to be essentially fully occupied by sodium. Practically as with structureNb—Si—Ti, sites 1 and 2 are essentially
no water was observed near site 1. The simulations indicatefully occupied by sodium ,containing 80% of the required
that site 2 sodium atoms coordinate with four framework '
oxygen atoms at less thar3.1 A. In addition, the sodium
cations in site 2 gain additional stability from neighboring
water molecules to give a total coordination number close ; ; ; - -
; . , can be seen by comparing Figure 6 with Figure 8, which
to six at a distance of roughly 3.3 A. Two-thirds of the y paring =49 g

di ired for ch balanci | q shows the distribution of Naat 300 K. The population

sodium atoms required for charge balancing are ocate atfraction for Na is only 4% for site 3 (see Table 5), indicating

these two well-defined sites. Sites 3 and 4 were found to bethat the addition of Nb has made this site less favorable

only partially occupied by sodium. The sodium cations in The depopulation of sodium from site 3 can perhaps be

(38) Cherry, B. R.; Nyman, M. Alam, T. MJ. Solid State Chen2004 gxplained by examining it§ neighboring environment: Site 3
177, 2079. is located near the bridging [XD,]*" or [Nb,O,]¢" units.

charge-balancing sodium. The remaining 20% are located
in site 4. Unlike structur&lb—Si—Ti, however, the presence
of sodium cations in site 3 dflb—Si—Nb is negligible, as
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02 . . . .
Figure 9. Environment of the sodium atoms present on sites 1 and 2,

viewed (a) along theb plane and (b) along the axis. (Water molecules

01 omitted.)

(4]

0

0 01 02 03 o4 D; 06 07 08 09 ions present in this phase does indeed host a sodium atom,

. - o . . which shows the attractiveness of such a site. Likewise, in
Figure 8. Projection of the probability distribution of sodium cations along . . .
the ¢ axis of Nb—Si—Nb at 300 K. The presence of Rbin the Keggin K—Nbs,, these equatorial windows host a potassium atom
bridging units causes Nato depopulate site 3 relative to structuib— that is in turn, however, only bonded to water molecules
Si=Ti. and hence does not link directly the neighboring chains
together. The sodium atom situated on site m—Si—Ti
links two clusters from different chains together, by binding
an Q and an Q of each cluster (see Figure 9a and 9b). This

When NB* is substituted for Ti", the positive charge on
the bridging units increases, resulting in greater electrostatic
rep.uIS|on b_etween the b“""g? and the surro_und_lng S.Od'umNa atom is also coordinated by the water molecules mostly
cations. Tr_ns .prevents the Naons from coordmatmg ywth located around site 4.

the O8 bridging oxygen atoms, thereby destabilizing the N

sodium cations located in site 3. Site 4 is situated far enough Water Cont.ent .Determlnatlon. Although .the exact
from the bridging units to be unaffected by this substitution number of cations in these phases is constrained by charge

of Nb for Ti. The sodium population on site 4 even increases neutrality, i.t Is possible that th.e actua_l amount of water
slightly to compensate for the depopulation of site 3 and present varies from the compositions derived from the crystal

still maintain charge neutrality. Coordination numbers for structure refmement' (e, f?““ﬂ’ molecules per Kegg!n
sodium in sites 1. 2. and 4 Mb—Si—Nb are similar to cluster forNb—Si—Ti and six HO molecules per Keggin
those ofNb—Si—Ti. | cluster forNb—Si—Nb), owing to the difficulty in determin-

ing exact loadings of the highly mobile water from X-ray
powder diffraction data. The amount of water determined
by TGA on the purest samples available synthesized by the
hexaniobate route was indeed always found to be much
eﬁigher than that expected from the structural refinement: 10.6
wt % as found by TGA versus 3.2 wt % calculated fdy—
Si—Ti assuming four water molecules per Keggin cluster.
Although the presence of highly hydrated amorphous impuri-
ties (such as hydrated sodium titan&lesould partially

el o explain this discrepancy, this was deemed unlikely on the
Although the chains itNb—Si—Ti are not strongly bonded  p5qiq of the SEM examination of the samples, which did

to each otheper s they are nevertheless connected via their o reyeal a sizable amount of impurities. Elemental analyses

interaction with the sodium atoms. The bridging oxygen by ICP-MS agree well with the expected composition taking

atoms of the apical “4-ring windows” of one cluster (O3 jntq account this higher water content, which confirms that
and O4) are bonded to a Ti atom (or a Nb atom in the Cas€ihe amount of impurities is minimal: Na 10.1 wt %, Ti

of Nb—Si—Nb) that forms the dimeric bridge linking the  _ 3 7 \vt 9 and Nb= 42.8 wt % observed: N& 11.3 wt
Keggin ions together along theaxis. The four remaining g4 Tj = 3.9 wt %, and Nb= 45.7 wt % calculated. About
equatorial windows, comprising the bridging oxygenXO  ,ne_third of the total weight loss observed by thermogravim-
O5 and O6, host a sodlu_m atom (located on site 1) that is etry can be obtained by flowing dry nitrogen at room
also bonded to two terminal oxygen atoms)(O2 of two temperature over a sample that was equilibrated with the
different clusters of an adjacent chain (see Figure 9a and,imosphere at about 30% relative humidity. We do not think

9b). This mode of linking three separate Keggin ions via @ yhat this initial weight loss is due to the desorption of surface
counterion bonded to four bridging and two terminal oxygen

atoms is _Sim""_"rly encoumered.in NSESiNblZO"O].'A'HZO:Zl (39) Anthony, R. G.; Phillip, C. V.; Dosch, R. GVaste Managel993
every 4-ring window of the two independent [SiN®40] 16~ 13, 503.

As with structureNb—Si—Ti, water is observed to reside
in a relatively diffuse region near sites-2 of structureNb—
Si—Nb. In addition, the population fraction for water in site
4 increases because of the expected increase of the wat
loading in theNb—Si—Nb structure as compared to that in
the Nb—Si—Ti structure. The simulated sodium and water
fractional atomic coordinates and population fractions for
Nb—Si—Nb are given in Table 5.

(5) Interaction of Sodium with the Keggin Chains.
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water because the sample consists of small but well-facetedis also employed, where the short-range van der Waals
crystals (see the SEM image in the Supporting Information) interatomic interactions between the water molecule oxygen
and hence should have a low surface area. Rather, weatoms and the silicon, titanium, and niobium atoms are
attribute this behavior to the loosely bound interstitial lattice neglected because of shielding effects by the framework
water. Under a heating rate of 2&/min, we observe two  oxygen atoms. Table 6 shows the averaged’/NgO
endothermic events, peaking at 75 and 2@) that cor- positions for sites 4 in theNb—Si—Ti-14.5H,0 structure.
respond to about 5 wt % loss each. The second event is mosiThe agreement with experiment is superior to that obtained
likely the loss of the more tightly bound crystallization water. from the MD simulations ofNb—Si—Ti-4H,0, which
Furthermore, the facile total /H,O exchange and the indicates that this highly hydrated structure might indeed be
molecular dynamics simulations had indicated that the watera better representation of the actual compound than the
molecules are extremely labile and mobile in this family of models with low water content. Figure 10 shows site81
compounds. Because of their high atomic displacement coordinating with one to two additional water molecules as
parameters, the contribution of the water molecules to the compared tdNb—Si—Ti-4H,0, while site 4 coordinates with
diffracted intensities might be smaller than expected, which three additional water molecules at 3.0 A. Site 4 is located
would make their detection difficult, especially by Rietveld in a rather large void space between Keggin clusters, thereby
refinement. Monte Carlo (MC) simulations were used to enabling it to accommodate more water than the other three
verify that the structure could indeed accommodate the sites. The coordination number plots show essentially no
amount of water found by TGA (14.5 water molecules per sodium-oxygen distances below 2.0 A. The calculated radial
Keggin cluster, or 29 water molecules per unit cell) and to distribution functions in the equilibrated structure for water
study the influence of these extra water molecules on thewater and waterframework interactions show that the
siting of the sodium atoms. closest distances are found between oxygen(SR@Jrogen
The water molecules were first removed from a;Na  and oxygen(framework)hydrogen at approximately 1.7 A,
[Ti202][SiNb1204g-4H,0 MD snapshot at 300 K, while  which corresponds to hydrogen-bonding distarféeBhis
leaving the sodium cations in their equilibrated positions. behavior is consistent with the previous MD results, thereby
The previous MD simulations showed sodium to be well indicating that the separation distances are reasonable, even
localized at 300 K, which leads to the assumption that theseat such a high water loading. These MC simulations results
positions will be essentially the same in the highly hydrated indicate that the amount of water found by thermogravimetry
Nb—Si—Ti-14.5H,0 structure. Two hundred thirty-two can indeed fit between the Keggin chains without requiring
water molecules (29 per unit cell) were then randomly unphysical conformations. The void volume calculated using
inserted into a 2«< 2 x 2 supercell while sodium cations the van der Waals radii of the framework atoms amounts to
were held fixed at the equilibrated positions determined about only 20 & per sodium ion or water molecule present
through MD. When inserting the water molecules, we used in the phase, but this gives only a very crude and, in this
antibumping constraints preventing any contact closer thancase, misleading approximation because it considers the
1.8 A in order to start with a sensible initial configuration. sodium cations, water molecules, and framework atoms as
Monte Carlo (MC) simulations in the canonical ensemble hard spheres of fixed volumes. Figure 11 shows th® H
were then performed on the fully hydrated structure for 5 probability distribution plot along the axis of theNb—Si—
million steps at 3000 K and then quenched for 20 million Ti-14.5H;0 structure, which shows water locating near sites
steps at 300 K to allow the system to equilibrate. As was 2—4. No water was found in site ;9% of the total water
done previously in the MD simulations, the Keggin chains amount was found in site 2;42% was found in site 3, and
were kept fixed throughout this process while the sodium ~31% was found in site 4. The remainingl8% of water
atoms and the water molecules were allowed to move without was not associated with one of the sites within the specified
any symmetry or antibumping constraints. In these MC 2.0-A cutoff.
simulations, the more traditional SPC water métiehs used Figure 12 shows the powder diffraction patterns calculated
rather than the fully flexible water model used in the previous from a single snapshot close to equilibrium for the—
MD calculations. The rigid SPC model requires far less Si—Ti-4H,O MD model and Nb—Si—Ti-14.5H,0 MC
computational effort than the flexible water model, whichn model. The main difference lies in the overall relative
becomes a critical issue as the number of water moleculesintensities of the low-angle peaks with respect to the rest of
in the system increases. Furthermore, we have found thatthe pattern, the influence of the water molecules becoming
the water loading and conformation in zeolites and related negligible above~30° because of their high atomic displace-
open-framework materials are relatively insensitive to the ment parameters. The effects of experimental factors such
choice of water model. Thus, it is appropriate to test the as the surface roughness of the specimen, the transparency
feasibility of loading the system with 29 water molecules in a non-infinitely thick sample, and the aperture of the
per unit cell with any reasonable model of water. We note divergence slit are difficult to model accurately and will
that, in using the SPC water model, the Kiselev conveftion mostly affect the intensities of the low-angle diffraction
peaks, which are most sensitive to the water content in these

(40) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans,phases. The population parameters refined by the Rietveld
J. Inintermolecular ForcesPullman, B., Ed.; Reidel: Dordecht, The
Netherlands, 1981. (42) Boulougouris, G. C.; Economou, |. G.; Theodorou, D.INPhys.

(41) Kiselev, A. V.; Lopatkin, A. A.; Schulga, A. AZeolites1985 5, 261. Chem. B1998 102, 1029.
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Figure 11. Projection of the probability distribution of water along the
axis of Nb—Si—Ti-14.5H,0 at 300 K. Water is located near sites 2 Conclusions

method are always highly correlated with both the atomic  In this study, we have synthesized and characterized a
displacement parameters and the background and thus caseries of four isostructural dodecaniobate Keggin chain
be very unreliable, especially for light and mobile species. compounds that have the general formula;fNa,O,]-

The MC calculations coupled with reproducible TGA results [TNb1204q]-XH20 or Na[Nb2O2][TNb12040]-XxH,0 where T
give reason to believe that there might be much more water= Si or Ge. They were synthesized hydrothermally using
in these systems than could be located from powder X-ray the Lindgvist-ion salt NaH3O[NbsO,4]-14H,0 as the soluble
diffraction data. precursor for both sodium and niobium. These phases could

1784 Inorganic Chemistry, Vol. 44, No. 6, 2005



Dodecaniobate Keggin Chain Materials

be obtained only as microcrystalline powders, and their capacity ion-exchange materials, characteristics resulting
structure was determined ab initio from X-ray powder directly from the high negative charge of the Keggin chains
diffraction data. The inherently lower quality of powder and the mobility of the interchain species. These studies will
diffraction data compared to single-crystal data made the include experimental characterization and molecular model-
characterization of the charge-balancing sodium cations anding of ion-exchanged forms of these materiaissitu X-ray
the highly mobile water molecules contained in the interchain diffraction studies of the ion-exchange process, and measure-
regions difficult. Molecular dynamics simulations provided ments of selectivity for key radionuclides in the Savannah
insight into these issues, initially confirming the sodium and Rjver Site nuclear wastes.
water positions determined from the structure refinement.
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water. Characterization of molecular water in solid-state 9graphic files in CIF format, atom labeling scheme in-NGi—Si,
materials can be challenging, yet it is extremely important 'R spectra of Nb-Si—Ti and related phases, TGA-DTA diagram
for a full understanding of the relationship between material °f NP—~Si—Ti, simulated coordination number of sodium in Nb
structure and material properties, such as ion—exchanges'_T' anq SEM of Nb-Si—Ti. This material is available free of
capacity. charge via the Internet at http://pubs.acs.org.

Ongoing studies on these dodecaniobate Keggin chain
materials are focused on their performance as rapid, high-1C048847+
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