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the dominant contributors to the intensity of the
diffuse streaks (as shown by Welberry), it is the
organic groups which determine the correlation range
between the cations, as seen by the fact that the widths
of the streaks are very similar in both DBP and DBC.

KS wishes to thank the E. P. Abraham Fund of the
University of Oxford for a grant to support this
research, and AMG is grateful to the Jagiellonian
University for computing facilities and for an invita-
tion to carry out some of this work in Poland.
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Abstract

[(CH3);NH;],M0¢0,,.2H,0 is monoclinic, space
group P2,, with a=19-800(8), b=10-294(2), c=
7-605(3) A, B=90-68(4)°, V=1549-9 (9) A%, Z=2
and D, =2-39 gcm>. It crystallizes in the form of a
bundle composed of a number of fibrous crystals
having their ¢ axes along the needle axis. The con-
stituent crystals are in completely random orientation
around the needle axis. The crystal structure has been
determined from photographic intensity data collec-
ted with a polycrystalline needle in the equi-inclina-
tion Weissenberg geometry around the needle axis.
The pattern-fitting technique was applied to obtain
structure factors of overlapping reflections. The struc-
ture was refined to a final R value of 0-15 for 944
reflections. The structure is composed of infinite
chains of polymolybdate anions, [M0gO%g ], running
along the c¢ axis, dimethylammonium cations and
water molecules, connecting the chains laterally.
[MosO3 ) is a new type of isopolymolybdate anion.

0108-7681/84/020145-06$01.50

Introduction

Alkylammonium polymolybdates(VI) and polytung-
states(VI) have received considerable attention in
view of their interesting photochemical properties.
Recent findings on their ability to photoelectrolyze
water stimulated extensive studies on the crystal and
molecular structures and photoreactivity of poly-
molybdate complexes in their +6 oxidation state. We
have already reported some aspects of structures,
photoreduction (Mo"' to Mo") properties, and appli-
cation to water decomposition (Isobe, Marumo,
Yamase & lkawa, 1978; Yamase, 1978; Yamase,
Ikawa, Ohhashi & Sasada, 1979; Yamase & lkawa,
1979, 1980; Yamase, Sasaki & Ikawa, 1981). As part
of a systematic study, we synthesized crystals of the
title compound, which shows excellent photochromic
property (Yamase, lkawa, Kokado & Inoue, 1973;
Yamase & lkawa, 1974; Arnaud-New & Schwing-
Weill, 1973). We then attempted to analyze the crystal
structure with particular interest in elucidating the

© 1984 International Union of Crystallography
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essential difference in the molybdenum-oxygen
frameworks from the well known structure of
[MogOs]°~ (Allcock, Bissel & Shawl, 1973). Crystals
of [(CH;),NH,]sMo0¢0,,.2H,0, however, grow only
in fibrous forms, and the structure determination was
infeasible by the single-crystal X-ray diffraction tech-
nique. The pattern-fitting method (Rietveld, 1969) can
be used to refine a structure with powder diffraction
data regardless of overlapping of reflections. How-
ever, it is impracticable to apply this method to such
a complex crystal as the present one. Fortunately,
however, some crystals of this compound grow into
bundles of numerous fibers, and they give sharp
diffraction spots on rotation photographs when the
specimen is rotated around the fiber axis. Overlap-
pings of reflections are unavoidable, but much
reduced on the Weissenberg photographs taken
around the fiber axis compared to the ordinary pow-
der diffraction pattern. Thus we adopted the following
procedure to solve and refine the structure. The
approximate arrangement of the heavy atoms was
found from the Patterson map synthesized with
non-overlapping reflections only. The intensities of
overlapping reflections were then decomposed into
contributions of individual reflections in the calcu-
lated intensity ratios using the pattern-fitting method
applied for the individual layer patterns, and the
structure factors thus obtained were used for structure
refinement with the difference Fourier and least-
squares methods. The procedure was repeated until
reasonable convergence was obtained.

Experimental

Preparation: a solution of Na,M00,.2H,0 (24-2 g,
0-10 mol) and (CH;),NCS,.2H,0 (35-8 g, 0-20 mol)
in 300 ml of water on slow acidification with [-2 M
hydrochloric acid formed a copious precipitate,
which was filtered, washed and air-dried to yield
36-4 g of yellow powder (99% yield). Slow decompo-
sition of this material at room temperature gave fine,
white needles of the crystal after one year. Analysis:
calculated for [(CH;),NH,];M040,,.2H,0: C 8:59, H
3-26, N 5-01, Mo 51:6 wt%; found: C 9-22, H 3-27,
N 5-27, Mo 50:7 wt%. Each needle was, however,
not a single crystal, but consisted of numerous fibers
neatly aligned in the direction of the needle axis.
The cell dimension along the needle axis, which
turned out to be the ¢ axis, was measured on an
oscillation photograph taken with one of the needle-
like specimens by oscillating around the needle axis.
On powder diffraction diagrams, hk0Q reflections
could be easily distinguished from other reflections
by their conspicuous variations in intensities observed
when the degree of preferred orientation of the sample
was changed. After a few trials, the cell dimensions
were found completely. The indexing of powder
diffraction peaks based on these cell dimensions
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revealed systematic absences 0k0 for k odd, giving
possible space groups P2, and P2,/m. The cell
dimensions were further refined by the least-squares
procedure based on 24 26 values measured with a
powder diffractometer (Philips PW 1050) in the range
15°=26 = 70° with Cu Ka radiation monochromated
with pyrolytic graphite. Crystal data are given in the
Abstract.

For intensity measurements, a needle of approxi-
mately cylindrical shape with diameter 0-05 mm was
selected. The specimen gave sharp diffraction spots
on oscillation photographs when it was oscillated
around the ¢ axis. Intensities of reflections on odd
layers were much weaker than those on even layers.
The diffraction patterns of up to the fourth layer were
recorded on films with Ni-filtered Cu Ka radiation
in the equi-inclination Weissenberg geometry, by
employing the multiple-film technique. In Fig. 1, the
oscillation and hkl (I1=0, 1, 2, 3, 4) Weissenberg
photographs are presented. All the diffraction spots
on oscillation photographs appeared in streaks run-
ning parallel to the central line of the Weissenberg
photograph. The densities were measured across these
streaks at an interval of 25 pm with an automatic film
scanner (Joyce-Loebl, SCANDIG 2). Measurements
were carried out at 6000 points per one revolution of
the drum to which the film was attached, covering
the 20 range —150°=26=150° in the case of the
zeroth layer. The scan was repeated ten times for each
layer photograph, shifting the position of the scanning
photocell along the direction of the axis of the drum
by 25 um at each revolution. These 10 density data
at each step were averaged, giving 6000 intensity data
for each layer. Among them, those of the upper half
(0°=26) were utilized for the structure determination.
From these intensity data, integrated intensities were
derived for 61 hkO reflections and 70 hkl (I #0), by
integrating non-overlapping peaks. The integrated
intensity data were corrected for Lorentz and polariz-
ation factors.

Structure determination

To carry out the pattern fitting with such data as in
the present study, the pattern-fitting program PFLS
written by Toraya (Toraya & Marumo, 1980) was
partly revised. The photographic data are recorded
against the distance x from the central line of the
film. In the zero-level photograph, the value x rep-
resents the Bragg angle 6 when the standard film
cassette is used. Thus, each reflection can be easily
allocated on the diffraction pattern. In higher-level
photographs, however, the discrepancy between x
and 6 arising from the inclination angle must be taken
into account.

The decomposition of overlapping reflections was
executed after the last cycle in each run of the refine-
ment of the profile parameters, which should be deter-
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calc

mined for the respective layers. The contribution yj;
from the kth reflection to the profile intensity at 26;
is expressed as,

calec __ cale
Yik = nj"k s

where (2, is a profile function scaled to have unit
area, and I$"° is the calculated intensity of the kth
reflection. The observed integrated intensity of the

obs

kth reflection I7™ is approximated by the formula,
"2135 L Z yf;lcy?ha/y:alc’
J

where y¢™* and y;*'“ are observed and calculated pro-
file intensities at 20, respectively, and the summation
is taken over a proper 26 range where the value of
yii' is appreciable (Rietveld, 1969). The observed
structure factor F, is obtained as a square root of
15" after the corrections for Lorentz and polarization
factors and for multiplicity of the reflection.

The distance between two O atoms across the cation
in an MoOg octahedron is about 3:76 A, which is
half of the ¢ length of the present crystal. This coin-
cidence in dimensions indicates that a chain of corner-
sharing MoO, octahedra runs along the direction of
the ¢ axis, forming a fundamental structural unit. The
supposition is in good accordance with the crystal
habit.

Since the B angle is close to 90°, hkl and hkl (I # 0)
reflections always overlap with each other. However,
hk0 reflections are equivalent to hkO, and the
decomposition of the zeroth level is much easier than
those of the higher levels. Therefore, the structure
determination was first tried in two dimensions, utiliz-
ing hk0 reflection data.

Positions of the heavy atoms in the (001) projection
were derived from the two-dimensional Patterson
map synthesized from the 61 non-overlapping hk0
reflections. The space group P2, was first assumed.
Several cycles of the least-squares calculation and the
subsequent Fourier synthesis revealed most of the O
atoms coordinated to Mo atoms. Utilizing the struc-
ture factors calculated with these atoms, the pattern
fitting was carried out with intensities at 2131 datum
pointsinthe range 18-5°< 26 < 125°of the zeroth level.
In all, 212 independent hk0 reflection data were
obtained after the decomposition as an initial set of
data with approximate values. These reflection data
were then utilized to synthesize the Fourier map, and
several new O positions were found in the map. These
procedures were continued until the least-squares
calculation converged, giving an R factor of 0-116
for 212 hkO reflections. This two-dimensional analysis
revealed the general feature of the structure, where
two [MogO5] chains related by the 2, axis run along
the ¢ axis.

The z coordinates of the heavy atoms were then
derived from the three-dimensional Patterson maps
synthesized from 212 hkO reflections and 71 non-
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(a)
Fig. 1. (@) An oscillation photograph of [(CH,);NH;]4M0,0,,.2H,0 around the needle axis and (b) the Weissenberg photographs for levels 0, 1, 2, 3, 4. The bottom diagram
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is that of powdered Si.
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overlapping hkl (I # 0) reflections. The pattern fittings
were carried out with intensity data of the zeroth,
first, second and fourth levels, respectively. The 26
ranges of the intensity data were: 21-0°<26 < 120-5°
in hkl, 28:0°=260=122-0° in hk2, and 47-0°<260<
100-0° in hk4. The intensity data of the third layer
could not be used because of the low intensities and
poor resolution. The decomposition gave 401 hkl,
394 hk2 and 233 hk4 reflection data. Among them 44
reflections were discarded because of low intensities.
Further, 252 hkl reflections in the range 70-0°<260
were discarded, since resolution was very poor in this
range of the first layer. In all, 944 reflection data were
obtained for the subsequent least-squares refinement
and Fourier synthesis. Iterative application of the
procedure reduced the R value gradually to 0-164.
The three-dimensional Fourier maps synthesized at
this stage revealed the positions of N and C atoms.
Further refinements including these atoms reduced
the R value to 0-152 for 944 reflections. On the Fourier
maps at this stage, positive peaks were observed at
the position near the mid-point between O(3) and
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Fig. 2. X-ray diffraction profiles for (a) hk0, (b) hkl, (c) hk2, (d)
hk4. In each diagram, the upper curve is the calculated profile
with the observed values indicated by +, and the lower curve is
a plot of the difference on the same scale as above.
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Table 1. Final atomic parameters with e.s.d.’s
in parentheses

x y z
Mo (1) 0-1542 (5) 0-216 0-280 (2)
Mo (2) 0-1629 (5) 0-244 (2) 0-772(2)
Mo (3) 0-3378 (5) 0-175(2) 0-275(3)
Mo (4) 0-3405 (5) 0-206 (1) 0-779 (2)
Mo (5) 0-2709 (5) 0-399 (1) 0-017(2)
Mo (6) 0-2502 (4) 0-411 (1) 0-519(2)
o0 012349 0097 5 0740
0(2) 0-123 (4) -097 (8) :
0@ 0-246 (3) 0-049 (8) 0-28 (1)
0(4) 0-244 (3) 0-121(8) 0-77 (1)
0(5) 0-363(4) 0-026 (8) 0-27(2)
0(6) 0-384 (4) 0-049 (8) 0-72(2)
o 0-177 (4) 0-260(7) 0-01 (2)
0(8) 0-163 (3) 0-304 (8) 0-55 (1)
09 0-333(3) 0-202 (8) -0.00(1)
0(10) 0-315(3) 0-209 (7) 0-55(1)
o 0-117 (4) 0-393(8) 0-29 (2)
0(12) 0-101 (4) 0-366 (8) 0-77(2)
0(13) 0-254 (4) 0-355(8) 0-29(2)
0(14) 0-259 (4) 0-374(8) 0-78 (2)
o(15) 0-395 (4) 0-300 (8) 0-32(2)
0(16) 0-394 (4) 0-328 (8) 0-69 (2)
oa7 0-205 (4) 0-510(8) 0-05 (2)
o(18) 0-182 (4) 0-547 (8) 0-53(2)
0(19) 0340 (4) 0-504 (8) -0-01(2)
0(20) 0-322 (4) 0-562 (8) 0-51 (2)
N (1) g-ggg (5) 0-5; 0 0-28 g;
N@) ~0-002 (5) 0-47 (1) 0-87
N(3) 0-498 (5) 0-43 (1) 0-25(2)
N(4) 0-518 (5) 0-40(1) 0-74(2)
c( ~0-013(6) 0-35(1) 0-28(2)
C(2) 0-047 (6) 0-64 (1) 0-30(3)
c3) —0-041 (6) 0-37(1) 0-92(2)
C4) 0-041 (6) 0-61 (1) 0-84 (3)
C(5) 0-521 (6) 0-29(1) 0-22(3)
C(6) 0-472(7) 0-57 (1) 0-22(3)
c () 0-529 (6) 0-25 (1) 0-76 (2)
C(®) 0-475(7) 0-54 (1) 0-70(3)

O(4) and at the point shifted by 0-5 along the ¢ axis
from the former. Though these peaks seemed to be
the water molecules, it was impossible to confirm the
supposition owing to large ripples around Mo atoms
caused by termination.

Temperature factors of 1-27 A for Mo, 1-13 A2 for
the shared O, 177 A% for the unshared O and 2-27 A2
for N and C atoms were assigned (Bdschen, Buss &
Krebs, 1974), and they were not varied throughout
the refinements. The distances between pairs of Mo
atoms, which line up along the ¢ axis, were con-
strained to be ¢/2 during the refinements of the struc-
ture parameters except in the last few cycles because
of the large correlations. The atomic scattering factors
for Mo, O, N and C atoms were taken from Inter-
national Tables for X-ray Crystallography (1974). Unit
weights were assigned for all the reflections. The final
atomic parameters are given in Table 1. The plots of
observed and calculated intensities, and their differ-
ences, are shown in Fig. 2.* All the computations

* A list of structure factors has been deposited with the British
Library Lending Division as Supplementary Publication No.
SUP 38857 (8 pp.). Copies may be obtained through The Executive
Secretary, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England.
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were carried out on a HITAC M-170 computer at the
Computer Center of Tokyo Institute of Technology.

Discussion

A projection of the structure along the ¢* direction
is shown in Fig. 3 together with the numbering scheme
of the atoms. Table 2 gives selected interatomic
distances.

The structure consists of two [MogO5]*~ anions,
eight [(CH;),NH,]" cations, and four water molecules
whose locations were not elucidated in the present
study, per unit cell. All the Mo atoms are octahedrally
surrounded by O atoms, and the MoO, octahedra are
joined together by sharing edges to form [Mos0%; ]«
infinite chains. Fig. 4 shows a schematic view of the
chain. These chains are held together by bridging
hydrogen bonds of the types O---NH,--O and
probably O-:-H,0---O.

The bond lengths between Mo and O atoms shared
by two or more neighboring Mo atoms are on average
longer than those between Mo and unshared O atoms.
When the large standard deviations are taken into
account, all the N-C bond lengths in the four
independent dimethylammonium ions can be said to
be normal within the experimental errors. The N-
H:--O hydrogen-bond lengths are shorter than found
in related compounds (Isobe, Marumo, Yamase &
Ikawa, 1978). Since the peaks of N and C atoms in
dimethylammonium ions are elongated along the
molecular axes on the Fourier maps, the molecular
ions have the possibility to take several positions in
disordered states.

Several kinds of isopolymolybdate anions have so
far been reported. Among them, [MogO,6]*~ (Lind-
qvist, 1950), [M0,0,,1°” (Evans, 1968), [M0,0,s]*
(Allcock, Bissell & Shawl, 1973) and [MogO,s]*~
(Isobe et al., 1978) are known as examples of discrete

Fig. 3. The crystal structure viewed down the ¢* axis.
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Table 2. Interatomic distances (A)

Mo (1)-0 (1) 1-66 (9) Mo (4)-O (4) 2:10(7)
-0(3) 2:51(7) -0(6). 188 (9)
-0(7) 2:19(11) -0 9" 1-66 (10)
-0(8) 2:22(11) -0(10) 1-81(11)
-0(11) 1-97(8) -0(14) 2:36 (8)
-0(13) 2:44(8) -0(16) 177 (9)

Mo (2)-0 (2) 1:72(9) Mo (5)-0 (7) 2-34(7)
-0@4). 2:04(7) -0(9) 2-38(8)
-0 (7') 1-80(12) -0(13) 2-17(16)
-0(8) 1:83(11) -0 (14") 1-85(15)
-0(12) 175 (8) -0(17) 1-75(8)
-0(14) 2:33(7) -0(19) 1-75(8)

Mo (3)-0 (3) 2:23(7) Mo (6)-O (8) 2-06 (7)
-0(5) 1-61 (8) -0(10) 2-45 (8)
-0(9) 2-14(10) -0(13) 1-83 (16)
-0 (10) 216 (11) -0(14) 2-01 (15)
-0 (13) 2:50(8) -0(18) 1-95(8)
-0(15) 1:74(8) -0(20) 2-11(8)

N (1)-C (1) 1-66 (18) N (3)-C (5) 1:52(18)

-C(2) 1-61(17) —C (6) 150 (18)

N (2-C (3) 1:39(17) N (4}-C(7) 159 (18)

-C4) 1-63(17) -C®) 1-67(18)

N()..0(11) 2:56(13) N (3)...0(15) 2:52(14)

N(1...0(2) 2:65(13) N (3")...0(6) 2:63(13)

N(2)...0(12) 2:45(13) N (4)...0(16) 2-60(12)

N(2)...0(1) 2:53(14) N (4)...0(5) 2:68(12)

Symmetry code

None x, y, z (iii) x, 3, 1+2z

(i) -x,—3+y1-z

(iv) x,y,-1+z
(i) 1-x,-3+y1-z

polyanions. Although the present crystal formally
contains a hexamolybdate anion, its structure is
entirely different from that of [Mos0,,]*", consisting
of the infinite chain [Mo40% ]. The chain also differs
from the infinite chain [MogO% ], in crystals of
(NH,)¢Mo30,,.4H,0 (Bbschen et al., 1974). Namely,
the structure of the present crystal is based on a new
type of polymolybdate anion, and the notable photo-
chromic property is probably related to this special
linkage of MoQOg octahedra.

In the present crystal, all the atoms are not far from
the plane z=n/4 parallel to (001). The intensities
were, therefore, weak on the odd layers, and the
decomposition of these layers was difficult. As a
result, only a small fraction of reflections with / odd
could be utilized in the structure refinements, making
the determination of z coordinates unreliable. Fur-
ther, the B angle close to 90° obliged hkl reflections
always to overlap with hkl in the present crystal,
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Fig. 4. A schematic drawing of the [Mo040,0]. chain.




150

introducing a complication in the decomposition of
the reflections. Notwithstanding these difficulties, the
approximate structure was elucidated, showing the
usefulness of the technique employed here to extract
structural information from diffraction data of fibrous
crystals.

The authors thank Professor Y. litaka of The
University of Tokyo for allowing them to use the
automatic film scanner.
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