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Tungsten(VI) oxides can be formed by mild hydrothermal
reactions, with the exact crystalline structure being determined
by the cations in solution. The impact on the reaction between
tungstic acid and ammonium ions as the hydrogen atoms
are systematically substituted by methyl groups is investigated.
Ammonium and methylammonium (MA) cations form the
pyrochlore structure type (NH,),WO;,,, - nHO (A) and
(MA),WOs;,,, - nH,O (B). Ammonium may also form the
hexagonal bronze tunnel structure. Using dimethylammonium
(DMA), trimethylammonium (TrMA), and tetramethylammo-
nium (TMA) leads to the formation of well crystallized Keggin
structures: DMAﬁ[H2W12040] . nH20 (C), DMAﬁ[H2W12040] .
~4H,0 (D), TrMA([H,W,04] (E), TTMAH,W1,04] - ~2H,0
(F), TMA(H,W,04] - 2H,0 (G), and in some cases hexagonal
tungsten bronzes. Characterization was done using powder
and single crystal X-ray analysis, as well as IR and TGA
methods. The pyrochlore structures have been refined by the
Rietveld method. The powder patterns were indexed to the
orthorhombic system (space group Pnma, a = 21.886(4),
b = 21.469(4), c = 13.232(3) A) for E and monoclinic system
(P2/n, a = 19.273(4), b = 12.017(2), ¢ = 12.253(2) A, B =
90.70(1)°) in the case of F. The crystal structures of D and
G were determined by single crystal X-ray analysis. Blue
crystals of D are orthorhombic, space group Pnma, a =
22.446(3), b = 19.810(3), ¢ = 12.854(2) A, V.q = 5716 A},
Z = 4, dy, = 3.72 glcm® (MoK« radiation, 26,,, = 55° R
= 0.077 for 2076 reflections). Dark blue crystals of G are
orthorhombic, space group Pnma, a = 21.90(1), b = 21.507(7),
c = 13271) A, Vg = 6250 A, Z = 4, dy. = 3.54 g/em?
(MoK« radiation, 26,,,, = 55°, R = 0.052 for 4488 reflections).
Both structures consist of a hexagonal close packed arrange-
ment of the almost spherical Keggin anions [H,W;,04] "
They are not isostructural because of a different orientation
of the tungsten clusters. 01996 Academic Press, Inc.

INTRODUCTION

During investigations of the hydrothermal formation of
metastable transition metal oxides that have relatively
open structures, we found that the nature of the cations
present in solution (the “templating ion’’) has a dramatic
effect on the crystal structure of the phase formed, as does
the pH, the temperature of the reaction medium, and the
selection of transition metals. We previously reported that
by using mild hydrothermal methods, such as Na,WO,
acidified with HCI and heated in an aqueous environment
at 150°C, different crystalline forms of the tungsten(VI)
oxides, such as hexagonal tungsten bronze or pyrochlore
structures, can be readily synthesized (1, 2). Use of molyb-
denum(VI) oxide and an inorganic cation yields hexagonal
molybdenum oxides (3) with a larger and more flexible
one-dimensional channel than tungsten bronzes. More re-
cently, we have carried out this strategy with the larger
tetramethylammonium (TMA) templating cation and have
synthesized a novel molybdate that has a potentially excit-
ing layered structure (4).

In this paper, we report a systematic investigation of
the hydrothermal interaction of tungstic acid with methyl
substituted ammonium cations. Reaction of tungstic acid,
directed by small ammonium and methylammonium (MA)
cations, led to the pyrochlore structure type (NH,),
WO3+X/2 . }’leO (A) and (MA)X WO3+X/2 . l’leO (B),
where x is ~1.0. However, under some conditions using
the ammonium cation hexagonal bronze structures could
be formed. Larger cations such as dimethylammonium
(DMA), trimethylammonium (TrMA), and tetramethyl-
ammonium under varied experimental conditions led to
the formation of five novel compounds that contain the
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TABLE 1
Hydrothermal Synthesis Conditions and Product Description
Ton Amount °C pH 1.5 pH 3.5 pH 5.0
NH; 15 ml conc. 150 greenish powder (A)
aq.
MA 10 ml 150 cream white powder (B)
MAOH
DMA 160  amorphous powder, clear solution —
10.24 ml colorless crystals (C)
40% aq. 210  cyan colored amorphous powder,  blue powder,
dark blue flat crystals (D) black flat crystals (D)
TrMA 160  yellow powder (monoclinic dark blue flat crystals (E)  —
20.26 ml WO3)
25% aq. 210  light blue powder, isometric dark blue crystals (F) black crystals (F)

colorless crystals (F)

TMA 18 ml 25% 210

aq.

dark blue crystals (G)

Keggin type of tungsten cluster: DMAg[H, W ,04] - nH,O
(C), DMAG[H,W1,040] - ~4H,0 (D), TrMA[H2W12040)

(E), TrMA6[H2W12040] ~2H20 (F), and TMA6
[H2W12040] * ZHZO (G)
EXPERIMENTAL

Hydrothermal Preparation

Commercial tungstic acid H,WO, (5 g) was mixed with
an aqueous solution of substituted ammonium hydroxide.

These mixtures were then acidified with 3 M HCI to the
desired pH, resulting in yellowish gels. These gels were
transferred to Teflon-lined Parr acid digestion bombs and
heated for 3 days at temperatures of 150, 160, or 210°C
under autogeneous pressures. After gradually bringing the
temperature down to ambient conditions, the crystals and
powders were separately collected, washed with water, and
air dried. Very different product types were observed, de-
pendent on temperature and pH. Experimental conditions
and product descriptions are listed in Table 1.

TABLE 2

Experimental Crystallographic Data for (NH,),WOs,,;; - nH,O and
MA,WO;,,, - nH,0 (Rietveld Refinement)

Parameters

NH,-pyrochlore

MA -pyrochlore

Space group
a(A)

dclc (g ) Cm73)
Used reflections
R(Bragg), R(p)

w site
B(A?)
G

O site
X
B(A?)
G
NH; or N site
MA C site
BA?)
G(N), G(C)
W-0 distances(A)

Fd3m Fd3m
10.1752 (4) 10.3468 (1)
6.0744(7) 5.9452(2)

21 21

0.048, 0.091 0.050, 0.085
16¢ (0, 0, 0) 16¢ (0, 0, 0)
321 (5) 2.50 (4)

1 0.95 (2)

48f (x, 1/8, 1/8) 48f (x,1/8, 1/8)
0.3102 (13) 0.3129 (9)

0.0 (4) 23 (3)

1 1

8b (3/8, 3/8, 3/8)

8b (3/8, 3/8, 3/8)
32e(x, x, x), x = 0.443

33 (14) 25
1 1,025
1.900(4) X 6 1.941 X 6
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FIG. 1. X-ray diffraction profiles of (a) (NH,;),WOs3., -

nH,O and (b) MA,WO3,,, *

nH,0. Solid lines and dots represent observed and

calculated intensities, respectively, their difference is plotted on the bottom.

Characterization and Chemical Analysis

The analyses were performed by various techniques. The
presence of chlorine was excluded by normal chemical
analysis. TGA was done under O,, and XRD patterns
after TGA showed the yellow monoclinic tungsten oxide
WO;. The weight loss was used to find the ratio between
tungsten, incorporated ammonium cation, and water.
FTIR spectra were collected for all the named compounds,
and they showed a terminal oxygen double bonded to the

tungsten. In the case of the C—G compounds IR spectra
showed three strong W-O stretching bands at 930-940,
875-890, and 755-765 cm™! characteristic of keggin-type
anions (5).

In the case of the TMA compound, heating the sample
to 500°C under continuous purging of He gas, TMA can
be driven out and titrated as trimethyl amine with standard
HCI. Magnetic susceptibility measurements were done for
two batches of compound F; colorless ones show purely
diamagnetic behavior indicating the oxidation state of
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FIG. 2. Powder diffraction profiles for (a) DMA4H,W,04] - nH,O (T = 160°C, pH 1.5), (b) DMAG[H,W1,04] -
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~4H,0 (T = 210°C, pH

3.5), () TEIMAG[H,W1,040] (T = 160°C, pH 3.5), (d) TIMA[H>W1,040] - ~2H,0 (T = 210°C, pH 3.5), (¢) TMA[H,W1,040] - 2H,O (T = 210°C,

pH 3.5).

tungsten is VI, and the blue-black sample showed slight
paramagnetism (less than 1% of W(V)), probably due to
surface reduction or other impurities. Combining all the
above information, the compound was best formulated as
[N(CH;),4]6HoW 1,040 - 2H,0, hexakis-tetramethylammo-
nium «-dihydrododeca-tungstate dihydrate. The crystal
structure determination confirmed these analytical results.

CRYSTAL STRUCTURE STUDY
Powder X-Ray Diffraction

X-ray powder diffractometer data (Scintag XDS 2000,
CuKa radiation, Ge solid state detector) was used for

identification, purity control, indexing, and unit cell re-
finement. The crystal structure refinement of A and B were
carried out by using both Bragg’s intensities of diffraction
peaks and the full profile of the XRD pattern (Rietveld
method). Locations of incorporated cations and/or water
were found from difference Fourier maps. The final results
of Rietveld refinement are listed in Table 2. Figure 1 shows
the observed and calculated profile for A and B. The dif-
fraction patterns of D—-G compounds (Fig. 2) were success-
fully indexed. The cell parameters and space groups can
be found in Table 3. Computations (indexing and unit cell
refinement) were performed by using CSD, a crystallo-
graphic programs package (6).
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TABLE 3
Composition, Symmetry, and Unit Cells of Novel Keggin Compounds
Space b (A)
Compound t (°C) pH group a (A) B () ¢ (A)
A (NH,),WOs, 12, - nH,O 150 35 Fd3m 10.1752(4)
B MA,WOs. 1o, - nH,O 150 35 Fd3m 10.3468(1)
C DMAG[H2W1204()] . ~xH20 160 1.5 unindexed
D DMA[H,W,04] - ~4H,0 210 35 Pnma 22411 (5) 19.722(4) 12.711(3)
E TrMA[H,W,,040] 160 35 P2i/n 19.273(4) 12.017(2) 12.253(2)
90.703(9)

F TrMAG[H,W,04] + ~2H,0 210 35 Pnma 21.886(4) 21.469(4) 13.232(3)
G TMAGH,W,04] - 2H,0 200 35 Pnma 21.899 (4) 21.539 (3) 13274 (2)

Single Crystal X-Ray Diffraction

TMAGH,W1,04] - 2H,O (G). The dark blue single
crystal of G was investigated at room temperature on an
automatic diffractometer CAD-4 (Rice University, Texas)
by using graphite-monochromatized MoK« radiation. In-
dependent reflections (7886) were measured in one octant
of reciprocal space to 26, = 55° All intensities were

corrected by counting losses and Lorenz polarization fac-
tors. The absorption correction factors were calculated by
using empirical i-scan data (transmission factors were be-
tween 0.48 and 1). The cell parameters (a = 21.90(1), b =
21.507(7), ¢ = 1327(1) A) were obtained from least-
squares refinement by using 20 reflections in the range
20°-25° 26. Systematic absences (Okl: k + [ = 2n and hkO:
h = 2n) yielded two possible space groups, the centrosym-

TABLE 4
Experimental Crystallographic Data for TMA4H,W,0,] - 2H,0 and DMA(H,W,0,] - ~4H,0

Compound formula
Crystal system

Space group

a

b

c

Cell volume

F(000)

Number of atoms in cell
Calculated density
Absorption coefficient

Diffractometer

Crystal color, Habit
Temperature

Radiation, monochromator
26 and sin 6/A (max)

Scan technique and rate
Measured/unique reflect.
Absorption correction

Software used
Solution
Least-squares method
Restrictions
Weighing scheme
Free parameters
Used reflections
R(F), R(F)

Crystal data

TMA5H2W12040 N 2H20 DMA6H2W12040 : ~4H20

Orthorhombic Orthorhombic

Pnma Pnma

21.90(1) A 22.446(3) A

21.507(7) A 19.810(3) A

13.27(1) A 12.854(2) A

6250 A3 5716 A3

5932 electrons 5648 electrons

648 528

3.54 g/cm? 3.72 g/em?

234 cm™! 255 cm™!
Data collection

CAD-4 Siemens P4

Dark blue, Prism Blue, Prism

23°C 23°C

MoKua, graphite MoKa, graphite

55°,0.65 A~ 55°,0.65 A1

6/260 4 °/min 6/260 4 °/min

7886 7374 5271 5003

Empirical, ¢ scan Empirical, ¢ scan

Refinement
SHELX76, CSD CSD

Direct method
Block/full-matrix

F(hkl) > 60(F)

1/[o(F)* + 0.002 - F(obs)?]

Direct method
Block/full-matrix

F(hkl) > 60(F)

1/[o(F)* + 0.001 - F(obs)?]

388 173
4488 2076
0.052 0.055 0.077 0.080
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metric Pnma and noncentrosymmetric Pn2,a. The Pnma
(No. 62) was preferred after examination of the statistical
tests. Later refinement into a noncentrosymmetric group
did not give better results. The experimental and refine-
ment conditions are shown in Table 4.

The crystal structure for the title compound was solved
and refined by the SHELX76 (7) program. The seven tung-
sten atoms were found from the best of the direct methods
solutions. All oxygen atoms were located by the difference
Fourier maps. The next Fourier map, after anisotropic
thermal parameters refinement for tungsten and oxygen
atoms, contained positions of some nitrogen and carbon
atoms of TMA cations. The final refinements were then
made using the CSD crystallographic package (6) to an R
value 0.052. Thermal motions of TMA cations made find-
ing them difficult even on difference maps after anisotropic
refinement. It was possible only by using higher angle re-
finement of the tungsten cluster, which has much lower
thermal motions, and lower angle reflections for difference
Fourier synthesis. This allowed us to locate all TMA mole-
cules. In some cases, the position of the last (fourth) carbon
atom was found by geometrical calculation. The thermal
motions of some TMA molecules are so large that one of
them split at two different orientations. The resulting
atomic coordinates and isotropic (equivalent) temperature
parameters are listed in Table 5. Anisotropic thermal mo-
tions of the Keggin cluster atoms are shown in Fig. 2a.

DMAGH,W1,04)] - ~4H,0 (D). The crystals of D
were investigated at room temperature on a four-circle
diffractometer Siemens P4 (Ames Lab, Iowa State Univer-
sity) by using graphite-monochromatized MoK« radiation.
Independent reflections (5271) were measured in one oc-
tant of reciprocal space to 20, = 55°. All intensities
were corrected by counting losses and Lorenz polarization
factors. The absorption correction factors were calculated
by using empirical ¢ scan data. The cell parameters (¢ =
21.446(3), b = 19.810(3), ¢ = 12.854(2) A) were obtained
from least-squares refinement by using 23 reflections in
the range 20°-26° 26.

Despite the fact that the space group and unit cell of D
and G are the same or almost the same, they are not
isostructural. In any case, simply taking the G model to
D does not lead to reasonable results. Therefore, the D
structure was solved by the direct methods in the same
way as G. The E-map gave the location of tungsten atoms,
and the positions of oxygen atoms were found easily
enough from difference Fourier syntheses. Unfortunately,
we were able to locate just a few DMA cations. Even
high angle refinement, described above, did not aid in the
location of the remaining DMA cations. This is caused by
lower crystal quality as well as higher mobility and thermal
motions of the DMA cation. The final refinements were
done in anisotropic (only tungsten atoms) and isotropic
approximation, which led to R = 0.077 (Table 4). The

TABLE 5

Atomic Parameters for TMA(H,W,04] * 2H,0
Atom x/a /b zlc Bisieq” (A)
w1 0.21975(6) 1/4 0.33745(9) 1.68(3)
w2 0.48217(6) 1/4 0.62870(10) 1.63(3)
w3 0.22273(4) 0.16396(4)  0.57793(7) 1.85(2)
W4 0.34579(4) 0.16453(4)  0.71415(7) 1.70(2)
w5 0.33968(4) 0.17509(4)  0.26076(7) 1.64(2)
W6 0.48079(4) 0.17332(4)  0.41222(7) 1.65(2)
w7 0.34367(4) 0.08943(4)  0.50191(7) 1.83(2)
o1 0.1473(10) 1/4 0.2900(20) 3.0(7)
02 0.5350(10) 1/4 0.7210(20) 3.1(6)
03 0.1508(8) 0.1360(8) 0.6045(13) 3.1(5)
04 0.3578(7) 0.1359(8) 0.8342(12) 2.8(4)
05 0.3471(8) 0.1234(7) 0.1633(11) 2.8(4)
06 0.5322(7) 0.1227(7) 0.3657(14) 3.2(5)
07 0.3527(8) 0.0115(8) 0.4805(11) 3.0(5)
013 0.2126(6) 0.1895(6) 0.4420(11) 1.9(4)
015 0.2534(6) 0.1872(7) 0.2487(11) 2.0(4)
024 0.4271(7) 0.1899(7) 0.6803(11) 2.0(4)
026 0.5192(6) 0.1863(7) 0.5418(11) 1.8(4)
033 0.2145(9) 1/4 0.6088(14) 1.6(5)
034 0.2586(7) 0.1498(6) 0.7080(11) 2.2(4)
037 0.2575(8) 0.0878(7) 0.5304(11) 2.4(4)
044 0.3313(10) 1/4 0.7420(16) 2.4(6)
047 0.3610(7) 0.0864(7) 0.6438(11) 2.3(4)
055 0.3544(9) 1/4 0.1834(14) 1.6(5)
056 0.4224(7) 0.1766(7) 0.3063(10) 2.0(4)
057 0.3254(7) 0.1180(7) 0.3680(11) 2.0(4)
066 0.5152(8) 1/4 0.3670(15) 1.6(5)
067 0.4252(7) 0.1168(7) 0.4753(11) 2.2(4)
0155 0.3183(8) 1/4 0.3624(14) 1.3(5)
0266 0.4254(9) 1/4 0.4866(13) 1.3(5)
0347 0.3209(6) 0.1843(6) 0.5578(9) 1.4(3)
0, 0.413(1) 0.074(1) 0.000(2) 6.6(8)
N1 0.050(1) 0.048(1) 0.782(2) 3.6(6)
cn 0.098(1) 0.094(1) 0.820(3) 4.6(9)
c12 0.080(2) -0.011(2) 0.743(2) 5.0(9)
C13 0.014(2) 0.083(2) 0.707(3) 5.3(10)
Cl4 0.012(1) 0.028(1) 0.874(2) 42(8)
N2 0.009(2) 1/4 0.474(3) 5.8(14)
21 0.066(2) 1/4 0.542(4) 6.4(19)
2 —0.046(2) 1/4 0.538(5) 9.0(25)
23 0.009(3) 0.308(3) 0.397(4) 16.8(28)
N3 0.201(1) 1/4 0.965(2) 2.6(8)
C31 0.181(2) 1/4 0.862(3) 5.6(16)
C32t 0.267 1/4 0.995 8.1
C33° 0.175 0.309 1.019 8.1
C32¢ 0.147 1/4 1.041 8.1
C33¢ 0.239 0.193 0.984 8.1
N4 0.193(2) 0.052(2) 0.301(3) 10.0(14)
c41 0.240(2) 0.011(2) 0.259(4) 11.2(18)
C42 0.139 0.015 0.343 22.1
C43 0.166 0.094 0.218 221
C44 0.215 0.095 0.384 22.1

“ Beq = 1/3[Bi1a*%a® + Bpb*?b? + Byc*2c? + 2Bpa*b*ab - cos y +
2Bysa*c*ac - cos B + 2Bysb*c*be - cosa).

b Occupation = 0.27(3).

¢ Occupation = 0.83(3).
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TABLE 6
Atomic Parameters for DMA([H,W,04] - ~4H,0

Atom xla /b zlc Biso
w1 0.2325(2) 1/4 0.3694(3) 2.40(9)°
W2 0.4961(2) 1/4 0.6532(3) 2.05(9)“
W3 0.3639(1) 0.1562(1) 0.2705(2) 2.63(7)°
w4 0.4882(1) 0.1569(1) 0.4036(2) 2.41(6)°
w5 0.2399(1) 0.1672(1) 0.5921(2) 2.82(7)°
w6 0.3813(1) 0.1690(1) 0.7404(2) 2.27(6)°
w7 0.3712(1) 0.0749(1) 0.4926(2) 2.58(7)"
o1 0.176(3) 1/4 0.282(5) 4.3(15)
02 0.569(3) 1/4 0.695(4) 2.8(12)
03 0.348(2) 0.125(2) 0.150(3) 3.2(8)
04 0.560(2) 0.128(2) 0.360(3) 3.2(8)
05 0.192(2) 0.112(2) 0.645(4) 4.5(10)
06 0.378(2) 0.113(2) 0.840(3) 2.8(8)
o7 0.359(3) —0.011(2) 0.514(4) 5.8(13)
013 0.285(2) 0.182(2) 0.319(3) 2.6(8)
015 0.201(2) 0.182(2) 0.459(3) 2.7(8)
024 0.500(2) 0.184(2) 0.544(3) 1.9(7)
026 0.469(2) 0.181(1) 0.746(3) 1.9(6)
033 0.374(3) 1/4 0.244(4) 3.0(11)
034 0.451(2) 0.140(2) 0.273(3) 4.009)
037 0.355(2) 0.074(2) 0.342(3) 2.0(7)
044 0.488(2) 1/4 0.371(3) 1.0(8)
047 0.457(2) 0.071(2) 0.450(4) 4.2(10)
055 0.206(4) 1/4 0.647(5) 4.6(16)
056 0.297(2) 0.172(2) 0.696(3) 3.5(9)
057 0.295(2) 0.104(2) 0.523(3) 3.1(8)
066 0.371(2) 1/4 0.822(3) 1.3(8)
067 0.395(2) 0.104(2) 0.626(3) 2.3(7)
0155 0.290(3) 1/4 0.511(4) 1.6(9)
0266 0.398(3) 1/4 0.636(4) 2.9(11)
0347 0.391(2) 0.176(2) 0.433(3) 3.3(9)
N1 0.704(5) 1/4 0.519(7) 5.6(22)
Cl11 0.766(7) 1/4 0.437(10) 6.9(32)
C12 0.7074 1/4 0.6431 7.7(32)
N2 0.518(3) 0.047(2) 0.668(4) 3.6(11)
C21 0.586(5) 0.083(4) 0.685(8) 7.7(24)
Cc22 0.5002 0.0101 0.7575 7.7(24)
N3 0.0283 1/4 0.4449 7.7(24)
C31 0.0438 1/4 0.5225 7.7(24)

“ Beq = 1/3[Bi1a*?a® + Bypb*?b* + Bssc*?c? + 2Bpa*b*ab - cos y +
2By3a*c*ac - cos B + 2Baysb*c*bc - cos al.

resulting atomic coordinates and isotropic (equivalent)
temperature parameters are shown in Table 6.

DISCUSSION

As already mentioned in the Introduction and Experi-
mental sections, tungsten trioxide forms various structures
depending on the preparation conditions, as well as the
cation templates incorporated in the parent framework.
The cubic perovskite phase only forms with small cations
such as Li* and H*, while the hexagonal and pyrochlore
phases can be obtained with larger cations. To investigate

the impact of cation templates on WOj; framework struc-
tures, a strategy of using ammonium NHj as a starting
template was pursued. Then the hydrogen in NHj was
gradually replaced one by one with methyl groups (CH3)
to increase the size of the template.

In the case of NH; and MA cations, both hexagonal and
pyrochlore phases were formed depending on the pH of
the reaction solution and the heating temperature of the
hydrothermal synthesis. Lower pH and higher temperature
tend to form the more thermodynamically stable hexagonal
phases. Higher pH and lower temperature lead to the for-
mation of the pyrochlore phase. Stoichiometric pyrochlore
has the general formula A,B,040" with four crystallo-
graphically nonequivalent kinds of atoms in the space
group Fm3m. The framework tungsten and oxygen atoms
are located in 16¢ (0, 0, 0) and 48f (0.31, 1/8, 1/8), respec-
tively, while the incorporated atoms occupy 164 (1/2, 1/2,
1/2), 32¢ (0.43, x, x), and 8b (3/8, 3/8, 3/8) sites. The Riet-
veld refinements of both pyrochlore structures NHJ (A)
and MA (B) were carried out. The difference Fourier syn-
thesis and the following refinement of the occupation fac-
tors made it possible to find a distribution of the cations.
The results are shown in Table 2, and are consistent with
earlier reports (8-10). A more complete discussion of the
pyrochlore and hexagonal bronze structure investigation
can be found elsewhere (11).

Unlike relatively small NHj and MA cations, use of the
larger cations, such as ammonium substituted by two to
four methyl groups, does not lead to formation of the
“expected” open framework structures. Only in some
cases, at higher temperature, the formation of the hexago-
nal bronze in the form of a slightly crystalline blue powder
can be observed (Table 1). We conclude that formation is
not determined by large ammonium cations, but by tem-
perature and pH in the same way as in the case of relatively
small cations. The regular products of this kind of interac-
tion are well-shaped crystals of C—E compounds, that are
different shades of blue, or even colorless. Their IR spectra
clearly show the formation of the dodecatungstate cluster.
That anion presents the well-known cluster the structure
of which has been reported for the first time in 1934 by
Keggin (12). Usually, the Keggin cluster [XW;,04] " holds
a heteroatom X such as Si in TMA,[SiW,04] (13), P in
(H50%)3[PW1,053] (14), and many other small cations (15,
p. 58), as well as two protons (12, 15-17), or even the Cu*?
cation in a statistic couple with two hydrogen atoms (19).
The structure with three hydrogen atoms per cluster
[H3W,0,40] 7 was also reported (18), but this composition
was based on charge balance, and not on complete struc-
ture determination. NMR studies (15, p. 52, 16) prove that
the Keggin anion holds two hydrogen atoms. This fact
allows the use of the polyanion cluster formula
[HW1,040]® and TG A weight losses to calculate our novel
compounds’ composition (Table 2).
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FIG. 3.

The formation of Keggin compounds, when DMA,
TrMA, and TMA are used, shows that these large cations
no longer play a role as template ions in the interaction
with tungsten oxide. They are large enough to provide a
positive charge balance to the thermodynamically stable
polyanionic tungsten cluster [H;W,04]¢. In contrast, the
TMA cation reacts with molybdenum oxide to form the
layered monoclinic bronze, TMA[Mo0,01,], that is de-
scribed in our previous work (4). Moreover, our attempt to
use long chain amines, such as dodecyltrimethylammonium
(DTA), CH;(CH,){;N(CH3;)3, yields the formation of
tungsten Keggin clusters in the same ratio 1 dodecatung-
state anion per 6 DTA cations (20, 21), while an interaction
of the molybdenum oxide with this amine leads again to
a layered structure (20, 21).

The quality of the crystals obtained only allowed us to
do a full structure determination from single crystal data
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The Keggin cluster represented by W polyhedra (a) and thermal motion ellipsoids (b) with 50% probability.

for only two of the novel compounds, DMAg
[H2W12040] . ~4H20 (D) and TMA6[H2W12040] . 2H20
(G). In the case of the F compound with TTMA, the space
group, cell parameters, composition (Table 2), and powder
diffraction patterns (Figs. 2d, 2e) indicate it is isostructural
to the G compound. The E compound, that was formed
at lower temperature, has a different, twice smaller unit
cell. According to the IR spectra and structures, all those
compounds are built as ionic crystals by packing huge tung-
sten polyanions and substituted ammonium cations in a
ratio of 1:6.

The dodecatungstate cluster of the title compounds ex-
ists in its most common « form, that can be described
as a cubo-octahedral framework of tungsten atoms. The
oxygen atoms form an almost close packed structure with
a tetrahedral cavity inside the cluster, which is usually
occupied by a heteroatom. The structure of the cluster is

TABLE 7
Bond Length (A) Comparison in the Keggin Clusters
COmpOundS W—O(a) W—O(b) W—O(C) W—O(d) Ref.
DMA([H,W,,0,] - ~4H,0 1.70-1.75(5) 1.88-1.99(5) 1.84-1.97(4) 2.12-2.24(4) this work
TMA[H,W;,04] * 2H,0 1.68-1.73(3) 1.90-1.92(2) 1.91-1.97(2) 2.15-2.27(2) this work
TMA[(Cu, Hy)W;,04] - SH,O 1.70(5) 1.88(4) 1.94(4) 2.22(4) (16)
TMA[H,W;,04] - 9H,0 1.71(4) 1.91(5) 1.96(9) 2.22(9) (14)
TMA [SiW1,0.4] 1.69-1.74(2) 1.88-1.98(2) 1.86-1.95(2) 2.33-2.37(2) (10)
Rb,Hg[H,W,,0,] - ~18H,0 1.69(2) 1.97(2) 1.91(2) 2.32(2) (13)
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i

FIG. 4. The close packed layers of the dodecatungstate clusters in (a) DMA4[H,W1,04] - ~4H,O, (b) TMA[H,W,04] - 2H,0, (c) TMA4[(Cu,

Hy)W1504] - SH,O, and (d) TrBAs[H;W,04].

represented by W polyhedra in Fig. 3b. This cluster can
be shown as the usual arrangement of four W;04; groups,
each of them in association with three edge-sharing WOq
octahedra. Four kinds of oxygen atoms are present. The
first O(a) is double bonded with one tungsten atom. The
second and third, O(b) and O(c), are neighbored with two
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FIG. 5.
H,)W,,04] - SH,0, and (d) TrBAs[H;W;,0,]-

o

tungsten atoms, but O(b) is shared by different W;03
groups. The last, O(d), is common to three tungsten octahe-
dra in the range of the same W;0;; group. Accordingly,
they have different W-O distances that are compared for
different Keggin compounds in Table 7. The shortest W-
O(a) distances agree with the W-O double bond length.

45
F R R

& o

Different packing of the Keggin cluster layers in (a) DMAGH,W,04] - ~4H,0, (b) TMA(H,W,04] - 2H,0, (c) TMA4[(Cu,
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The O(d) atoms have the longest distances, and form a
tetrahedron inside the cluster. This empty tetrahedron is
usually occupied in heterotungstates. The three ranges of
W-0 distances distribution agree with the IR absorption
peaks, which are in the accepted range for W-O vibrations.

There are three different compounds in the system
TMA-Keggin cluster-water with the same 6:1 ratio
TMA/W cluster, but with different content of water—
nanohydrate (17), pentahydrate (5), and the title G com-
pound—dihydrate. The difference between them is packing
of the ions and the connection of anions by H bonds.
The much larger and heavier cluster anions play the most
important role in the formation of the structure. In all
those cases, as well as in the case of the D compound with
DMA, the Keggin clusters form the close packed layers
that are present in Fig. 4. This causes the specific 1:V3
ratio between the two cell parameters that are parallel to
the layer. The stacking of those layers depends on how
much of the filling material, such as cations and water,
they include. A hexagonal close packing of the cluster
layers is clearly seen in Figs. 5a—5c, but in the case of
TrBAg[HsW,040] (18), where a huge tributylammonium
cation (TrBA) is present, the layers are packed differently
(Fig. 5d). The tungstate cluster of the G structure is sur-
rounded by 12 cations in such a way that each of them is
placed in front of the square or triangular face of a cubo-
octahedron. At the same time, the TMA cations are located
around the center of triangles, that are formed by W clus-
ters, but not in the tetrahedral or octahedral cavities.

The crystalline water present yields some additional H
bonding of the anionic clusters in the layers. In the case
of the G compound, the lone water molecule connects the
W cluster along the ¢ axis by two strong H bonds with the
terminal oxygen atoms (Oy4 - -+ O,, = 2.80(3), Os - - -
O, = 2.84(3) A, angle 0,—0,,—0s = 101.9(9)°). This fact
and the absence of distances to oxygen atoms short enough
validate the presence of water molecules, but not that of
H;0", hydroxonium ions.

Powder reflections listings (kkl, intensities, d s, dc) and
tables of anisotropic thermal parameters are available.!

! See NAPS document No. 05298 for 08 pages of supplementary materi-
als. Order from ASIS/NAPS, Microfiche Publications, P.O. Box 3513,
Grand Central Station, New York, NY 10163. Remit in advance $4.00
for microfiche copy or for photocopy, $7.75 up to 20 pages plus $.30
for each additional page. All orders must be prepaid. Institutions and
Organizations may order by purchase order. However, there is a billing
and handling charge for this service of $15. Foreign orders add $4.50 for
postage and handling, for the first 20 pages, and $1.00 for additional 10
pages of material, $1.50 for postage of any microfiche orders.
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