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The structure of the fibrillar ammonium trimolybdate monohy-
drate (NH;),Mo0,0,¢ + H;O was solved by the Direct Method and
Powder Diffraction package POWSIM, and refined by the Riet-
veld method to Re = 6.4 and R,,, = 17.1%. Distorted edge-shared
MoOyg octahedra (Mo-O = 1.71-2.62) form infinite chains, built
up of MoyQOyp units, parallel to the (0101 axis. The space group is
P2,/m (11), with lattice parameters a = 9.638(1), b = 7.577(2),
c=8.5371)A, B= 112891, V = 5T4.42 A, Z=2. eims
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INTRODUCTION

Most trimolybdates obtained by precipitation from so-
lutions form fibrillar crystals not suitable for single crys-
tal analysis. Sometimes, if crystals grow into bundles of
numerous fibers, Weissenberg photographs of zero and
next layers can be obtained (1-3). Using a bunch of paral-
lel oriented fibers of ammonium trimolybdate monohy-
drate (NHa):Mo0;044 - H;0, a projection of the Patterson
function on a plane perpendicular to the fiber axis was
calculated (3), and approximate positions of the heavy
atoms and of a few oxygen atoms were deduced from it.
Recently, the structure of a high pressure form of anhy-
drous ammonium trimolybdate obtained by high-pres-
sure--high-temperature  decomposition of ammonium
heptamolybdate was solved (4). The space group, den-
sity, and calculated diffraction pattern of this salt differ
from the same data from trimolybdate monohydrate (3),
even though the Mo-C chains appear to be very similar.
However, a full comparison of the two structures is not
possible, since the structure of the monchydrate is only
partiailty known. A new form of (NH,);Mo0;0, - xH;0
was detected recently by us in fresh, wet precipitate of
ammonium trimolybdate (5). The diffraction pattern of
this compound changes very quickly with loss of watcer.
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All observations encouraged us to undertake the redeter-
mination of the (NH4);Mo0:0. - H,O crystal structure,
using modern powder diffraction procedures. -

EXPERIMENTAL

Fibrillar ammonivm {rimolybdate monohydrate was
obtained by slow crystallization from acidified solution of
ammonium heptamolybdate according to a published pro-
cedure (3). Sample was pressed into holder according to
the so-called “‘back-packed technique’ to minimize tex-
ture. Intensity data were collected with a Philips APD
3720 diffractometer system cquipped with a sample spin-
ner, compensating slit and diffracted beam graphite
monochromator. Data collection details are given in Ta-
ble 1. The measured intensity data were maltiplied by the
factor 1/sin @ to correct for the @ compensating siit (6).

STRUCTURE SOLUTION AND REFINEMENT

The pattern decomposition was done by the program
LSQPROF (7). For the structure determination £ range
from 8 to 70° was used. The R factor of pattern decompo-
sition was 2.24%. Assuming 0.5 FWHM (full-width at
haif maximum) as a separation limit, the single reflections
file contained 85 intensities while in the overlapping re-
flections file there were 198 lines. In each cycle of the
successive intensity estimation procedure DOREES (8),
5 strong and 10 weak reflections were added to the single
reflection file. In cycles 1 and 2 the Patterson map crite-
rionn was not applied. After four cycles of the intensity
estimating procedure the file of single intensities con-
tained 167 reflections, 61 with E values greater than 1. At
this stage the structure solution program SIMPELSS (9)
was run. Only reflections with |E| = | were used for the
triplets calculations by TRIQUA (9). On the resulting E-
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TABLE 1
Details of Data Collection and Structure Refinement

Diffractometer PW 3720
Wavelength Cuk,

24 range 8-86
Step scan increment 0.025
Count time [sec/step]} i4
Standard peak: hkl, 26 100, 9.94
R for standard peak (%] 2.8
Space group P2/m (11)
a [A] 9.638 (1)
b [A} 7.577 {2)
¢ 1Al 8.537 (1)
B[ 112.89 (1)
v [A%] 574.4 (2)
Number of observations 3024
Number of structural parameters refined 37
Number of reflections 450
Number of profile parameters 10

Rg 6.4

R, 10.6

Ry 17.1

Rexp 8.1

Preferred orientation, vector and factor
Max. shift/error

[0103, —0.23(2)
0.02

map 2 molybdenum atoms and 5 oxygen atoms were eas-
ily located. The structure solution procedure was contin-
ued by the Rietveld method using a PC version of the
XRS-82 program (10). Because the Rietveld refinement
was unstable the soft constraints on some Mo-0 and O-
O bond lengths had to be introduced. After a few cycles
of constrained refinement missing atoms were sought on
difference Fourier maps. This procedure was repeated
until all nonhydrogen atoms were found. Discrepancy
factors were high: Rr = 15.8, R, = 25.4, Ry, = 18.0%.
Relevant plots can be found in Fig. 1A,

It was surprising that although the structure is solved
easily, it is difficult to refine by the Rietveld method, This
could be caused by the appearance of two very strong
peaks at 9.94° and [1.21°, whereas at higher angles there
are only weak and very weak peaks (see Fig. 1A). Asa
result the minimizing quantity in the Rietveld refinement
is dominated by two peaks, and thus constraints are nec-
essary. In addition we assume that the presence of the LP
factor in the quantity minimized by the least-squares pro-
cedure is unfavorable for high angular range of diffraction
pattern. The LP factor can obscure even large differences
between F, and F., because for high angles (e.g., 20 =
60) the observed intensities are usually very small and the
difference pattern (important for the least-squares algo-
rithm) is accordingly flattered. In order to check this hy-
pothesis in a second approach with Rietveld refinement a
pattern corrected for the LP factor was used, in which
the pattern was no longer dominated by any peak. Now
the structure could be refined without any geometrical
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constraints. The R factors are Rr = 6.4, Ry = 10.6, Ry, =
17.1%. The observed, calculated, and difference plots for
refinement of the data (corrected by the LP factor) are
presented in Fig. IB. Since the LP-corrected diffraction
pattern is more noisy than the original pattern, R., is
slightly lower than in the case of the previous refinement,
but Ry and R are much better.

The largest differences between the observed and cal-
culated patterns occur for the 040 reflection. However,
its intensity and the value of its structure factor are repro-
duced with errors of 3.9 and 1.7%, respectively, The
source of error is that the 040 line is narrower than the
other lines, as [010] is the needle axis and the direction of
preferred orientation. Refinement of individual tempera-
ture factors for oxygen atoms did not improve the R fac-
tors and caused the refinement to be unstable. Thus, two
temperature factors for oxygen in the Mo-0 chains were
refined, one for shared and one for unshared oxygen at-
oms. The positions of the NH; ions and the water mole-
cule were not distinguished by the X-ray methods; their
positions were assigned so that the ammonium was sur-
rounded by oxygen atoms only. Disorder or partial occu-
pancy of positions occupied by water molecules, ob-
served in similar compounds (11, 12), is possible, as
suggested by the high value of its temperature factor.

STRUCTURE DESCRIPTION AND DISCUSSION

Final atomic coordinates and selected interatomic dis-
tances are listed in Table 2. Figure 2A presents the pro-
jection of the structure on the (010) plane. The structure
consist of distorted MoQOg octahedra which are edge-
shared to form Mo,0% units, linked together to form infi-
nite chains parallel to [010]. The Mo;0%; chains in polyhe-
dral representation are presented in Fig. 3A. Each
molybdenum atom has two terminal oxygen atoms in cis
position to one another. The Mo(1)-0 and Mo(2)-0 dis-
tances range from 1.71 to 2.62 and from 1.78 to 2.51 A.
Distortions of MoQg octahedra, reflected by the bond-
length dispersion, are rather prominent, but are only par-
tially caused by the low precision of powder experi-
ments. As in most structures built up of linked MoOjg
octahedra, distortions are caused by mutual reputsion of
metal atoms. In a group of two octahedra linked by a
common edge the Mo atoms diverge towards the terminal
atoms, that is, from one another, by 0.3-0.6 A (13). Be-
tween parallel chains there are water molecules and NH7
cations,

The same type of Mo;0Oyy chains are present in the
hydrated forms of rubidium, silver, and potassium trimo-
lybdate and in the high pressure form of the ammonium
analogue (4, 12, 14, 15). By X-ray diffraction methods it
was found that the structures of all known trimolybdates
are composed of infinite chains of polymolybdate anions.
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FIG. 1. Observed (0), calculated (c), and difference (d) pattern for (NH.),Mo0;0,, - H,O not corrected by LP factor (A), and after correction (B).
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TABLE 2
List of Atomic Parameters and Selected Interatomic Distances
Atom X ¥ z U
Mo(1) 0.134 (2) 0.2500 0.245 (2) 0.025(4)
Mo(2) 0.1667(9) -0.001 (2) —0.048(1) 0.022(2)
0(1) 0.886 (6) 0.030 (8) 0.820(6) 0.01 (1)
) 0.342 (%) 0.2560 0.36 (1) 0.012(9)
0(3) 0.10 (1) (0.2500 0.43 (1} 0.012
0(4) 0.148 (5) 0,02 (1) 0.725(6) 0.012
Q(5) 0.19 (1) 0.2500 0.01 (1) 0.01
0(6) 0.362 (6) ~0.026 (9) 1.080(6) 0.012
o 085 (D 0.2500 0.03 (1) 0.01
O(8)= 0.62 (3) 0.2500 0.30 (3) Q.11 9
N(1) 0.91 (1) 0.2560 0.59 (2) 0.01 (3)
N(2) 0.41 (1) 0.2500 0.71 (1) 0.00 (3)
Mo(1)-0(3) 173 (2 Mo(2}-C(6) .78 (5)
02) 186 (8) 04 1.88 (%)
o 218 (6 o(7) 1.90 (3
o) 218 (6) 0(5) 1.96 (3
a5 2.27 (1) [0]9)] 221 (6)
o 2.62  (8) o) 2.50 (35)
Mo(1)-Mo(2) 325 (D) Mo(2)-Mo(2) sl (D

Mo(2) 332 ()

* Water molecule.

Figure 3 presents the three types of polymolybdate an-
ions detected so far, in polyhedral representation. Am-
monium molybdate and similar compounds mentioned
above are shown in Fig. 3A. Only slightly different,
chains straight instead of =zigzag, is the anion of
[(CH3):NH;];Mo0¢Oz - 2H,0 (2} presented in Fig. 3B.
This compound described by authors as hexamolybdate
by stoichiometry belongs to the trimolybdates. The third
type of trimolybdate anion was detected in K:Mo;0,q,

FIG. 2, Projection of the structure of (NHg);Mo;0y - H:O along the
b axis. The small black circles represent molybdenum atoms. Large and
medium circles are nitrogen and oxygen atoms, respectively.
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FIG. 3. Polyhedral representation of anions: (A} (NH.);Mo;0y °
H;0 and compounds described in (4, 12, 14, 15: (B)
[{CH;);NH;13Mo04 - 2H;0 (2): (C) K;Mo,0y4 (16).

obtained by fusion of K;CO; and MoO; (16). Its structure
contains distorted MoQs octahedra and MoOs square
pyramids which share edges to form infinite chains, Fig.
3C.

Though they have the same type of anion, the crystal
structures of monoclinic (NH;);M0;0;;, - H;0 and the
high pressure form (NHg);Mo0;0,, are different. In the
high pressure form, infinite chains form a rectangular net-
work, having the same chain in the centers of the rectan-
gles twisted about 90° and translated by b, to assure the
best fit to neighboring zigzag chains. The space group of
the high pressure form is Pama (62), which is the minimal
nonisomorphic supergroup of P2//m. However, com-
pounds have different compositions and have been syn-
thesized following different methods. So even though re-
lations between lattices can be found (e.g., the same b
period), the problem of their mutual transformations was
not investigated in detail.
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