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The structures of the compounds AjMozC19, A = K, NH4, Rb, Cs, Me4N; A3M02Br9, A = K, Rb, Cs, 
Me4N; CsgMo219, and Cs~W#& have been refined by Rietveld analysis of powder X-ray diffraction 
data. The results have been used to analyze the effect of change of the A cation on the geometry of the 
(&X9)3- complex anion, which comprises two octahedra sharing a common face. The observed 
increase in the M-M separation with increasing size of the A cation is interpreted in terms of a balance 
between attractive M-M bonding forces, which draw the metals together, and strong covalent 
M-terminal halogen bonds which, together with elongation of (MrX$ due to packing effects, cause a 
net lengthening of M-M. In the series A3M02C19, for example, the MO-MO separation increases from 
2.524(S) to 2.778(8) A when the A cation changes from K to Me4N. o 1987 Academic PKSS, IW. 

Introduction 

The enneahalodimetalates, AjMlX9, of 
trivalent Cr, MO, and W form an interesting 
class of compounds for the study of mag- 
netic interactions (I). The compounds con- 
tain isolated binuclear complex anions, 
(M2X9)3-, formed by two octahedra sharing 
a face, and magnetic interactions can occur 
by direct exchange due to overlap of metal 
orbits and by super exchange via the bridg- 
ing halogen atoms. In K3W$& strong 
metal-metal bonding occurs, resulting in a 
very short W-W separation of 2.41 A (2) 
and paired-electron, temperature-indepen- 
dent magnetic behavior. In contrast, 
Cs3Cr2C19 has a long Cr-Cr separation of 
3.12 A (3), corresponding to a net repulsion 
of the Cr atoms, and the magnetic exchange 
is very weak. 

The corresponding molybdenum com- 
pounds display intermediate bonding and 
magnetic behavior. The reported Moo-M0 
separation in Cs~Mo2C19 is 2.66 A (4), 
which represents a small net attraction of 
the MO atoms towards each other. The 
electronic spectra for A3M02X9 can be inter- 
preted in terms of a model in which one d 
electron per MO is paired in a a-bond, and 
the other two d electrons per MO are in- 
volved in weaker r-interactions (5). From 
magnetic measurements on series of chlo- 
ride and bromide compounds, we have pre- 
viously determined the magnetic exchange 
integral, -J, and have attempted to relate 
the exchange to the variation in MO-MO 
separation (1). The latter was calculated 
from the unit cell parameters for different 
A3M02X9 by assuming that the fractional co- 
ordinates for MO remained unchanged at 
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the values for the cesium compound (6). 
The plot of -J versus MO-MO showed an 
exponential form, with increasing MO-MO 
separation related to increasing A cation 
size in the series with A = K, Cs, Me4N, 
and Et4N. 

Recent single-crystal refinements and 
magnetic measurements have been re- 
ported for enneachlorodimolybdates with 
pyridinium and piperidinium cations (7). 
The resulting values of -J and MO-MO did 
not lie on our previously determined curve, 
and this raised doubts on the validity of our 
assumption of transferable MO atomic coor- 
dinates to large A cations in the A3M02X9 
series. Structural data had not previously 
been available for compounds with a range 
of A cations because of the difficulty in 
growing single crystals. However, with the 
development of the Rietveld profile refine- 
ment method (8), accurate structural pa- 
rameters can now be routinely obtained by 
refinement of powder data. We report here 
the results of Rietveld refinement of pow- 
der X-ray diffraction data for the com- 
pounds A3M02C19, A = K, NH4, Rb, Cs, 
Me4N; A3M02Br9, A = K, Rb, Cs, Me4N; 
and Cs3M0219, as well as the tungsten com- 
pound Cs3W2C19. 

Experimental 

The preparation methods for the alkali 
and alkyl ammonium salts of M,X;- have 
been previously reported (9, 20). 

Step-scan X-ray powder intensity data 
were obtained at 24°C with a Philips 
PWIOSO goniometerYPW1710 controller. In- 
tensity measurements in the range 7 to 90”, 
28, were made at intervals of 0.04”, using 
CuK, radiation and a step-counting time of 
5 sec. The X-ray tube was operated at 45 
kV and 30 mA, with a 1” divergence slit, a 
0.2-mm receiving slit, a 1” scatter slit and 
soller slits. For angles less than 14”, 28, a 
geometrical correction was made for the 
spread of the beam beyond the specimen. 

The reported atomic coordinates for Cs3 
Mo$& , given in Table I, were used to initi- 
ate refinement, in P6jlmmc, of the data for 
all compounds except the potassium salts. 
These were refined in P63/m, using the re- 
ported coordinates for K3WzC19 (2) as start- 
ing values. Least-squares structure refine- 
ments were carried out with the Rietveld 
analysis program DBW 3.2 (II), which has 
been modified to include of 28-variable 
pseudo-Voigt peak shape function (12). 
The method of extraction of “observed” 
integrated peak intensities for the calcula- 
tion of Fourier coefficients and Bragg 
agreement indices has also been improved. 
Profile refinement parameters included a 
scale factor, two pseudo-Voigt shape pa- 
rameters, a 28 zero parameter, a peak full- 
width at half-maximum (FWHM) function 
of the form FWHM* = U tan28 + V tan 8 + 
W, when U, V, and Ware refinable parame- 
ters (13), calculated for 5.0 half-widths on 
either side of the peak maximum, a peak 
asymmetry parameter (8) for reflections 
with d > 2.2 A, and the unit cell parame- 
ters. For some refinements of the data for 
Cs3M02C19, the background was evaluated 
by linear interpolation between measured 
points distributed over the whole pattern, 
All other refinements included a refinement 
of the background using a six-parameter 
polynomial in 28”, where n has values from 
- 1 to 4 inclusive. An experimentally deter- 
mined value of 0.91 was used for the mono- 
chromator polarization correction (14). 

TABLE I 

STRUCTURE DATA FOR Cs,Mo2Clg FROM 
REFERENCE (4)4 

Point 
Atom Site symmetry x Y z 

Wl) 2(b) 6m2 0 0 f 
cm 4(f) 3m i 0.0743(2) 

&, 
4(f) 
6(h) ii: 

f f 0.8257(3) 
0.5016(11) 1.0032 t 

aa 12(k) m 0.8208(8) 1.6415 0.0973(5) 

u a = 7.357(S), c = 17.545(12) A. 
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Neutral atom X-ray scattering factors, in- 
cluding anomalous dispersion corrections, 
were taken from “International Tables for 
X-Ray Crystallography” (15). 

Results and Discussion 

1. Precision and Accuracy of Re$nements 

For the compound Cs3M02C19, five sepa- 
rate Rietveld refinements were carried out 
to test the precision with which the parame- 
ters could be reproduced and their accu- 
racy relative to the published parameters 
from a single-crystal refinement (4). The re- 
fined parameters included the profile pa- 
rameters described under Experimental, 
coordinates, and anisotropic thermal pa- 
rameters. Convergence was considered to 
be achieved when the parameter shifts were 
less than 25% of the associated esd’s. The 
refined cell parameters and coordinates are 
given in Table II. Thermal parameters and 
lists of step intensity data may be obtained 
from the authors. The observed, calcu- 
lated, and difference diffraction profiles for 
one of the samples (run E in Table II) is 
given in Fig. 1. 

packings and data collections for the same 
sample. The data collection and refinement 
conditions were the same for these three 
samples. The precision in the refined pa- 
rameters is excellent. The coordinates from 
the three refinements agree within one com- 
bined Rietveld esd and the cell parameters 
agree within two combined esd’s. Run D 
was made using the same sample and dif- 
fers only in that the background was refined 
rather than determined from interpolation 
between measured values. Both the 
weighted profile R factor and the Bragg R 
factor are much lower for run D than for the 
first three runs. However, some of the re- 
fined parameters differ considerably. The 
final refinement, run E, was carried out on a 
different sample, of higher crystallinity 
(FWHM at 40” (28) = 0.16” compared with 
0.40” for the first sample). A scatter slit was 
used in the data collection for this sample, 
which considerably improved the peak-to- 
background ratio, especially at the lower 
angles. The narrower peaks for this sample 
were more difficult to fit, as illustrated by 
the higher value of R,, in Table II, although 
the structure refinement was very good, 
with RB = 3.15%. 

Runs A to C correspond to separate The average parameter values from the 

TABLE II 

RIETVELD REFINEMENT DATA FOR Cs3MoZClg 

Run A” Run Ba Run C0 Run D* Run EC Average 

a (A) 
c (‘4 

z (MO) 
z cm) 
x v-xl)) 
x (CU)) 
z (c1(2)) 

0.8265(2) 
0.0745(2) 
0.4995(5) 
0.8246(4) 
0.0948(2) 

0.8264(2) 
0.0745(2) 
0.5004(5) 
0.8242(4) 
0.0946(2) 

0.8262(2) 
0.0745(2) 
0.5006(S) 
0.8241(4) 
0.0950(2) 

0.8256(l) 
0.0752(l) 
0.5042(4) 
0.8187(3) 
0.0957(2) 

0.8263(2) 0.8262(3) 
0.0740(l) 0.0745(3) 
0.4995(5) 0.501(2) 
0.8254(4) 0.823(3) 
0.0976(2) 0.096(l) 

R, (%I 6.43 6.22 6.30 4.22 10.13 

RB (%I 7.33 5.43 5.59 1.50 3.15 

7.3300(5) 
17.518(l) 

7.3281(4) 
17.516(l) 

7.3298(5) 
17.520(l) 

7.3255(4) 
17.513(l) 

7.3395(2) 7.330(5) 
17.4997(6) 17.513(8) 

a Interpolated backgrounds, no scatter slit. 
b Same sample as a, refined backgrounds, no scatter slit. 
c New sample, refined background, scatter slit used. 
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FIG. 1. Observed, calculated, and difference X-ray powder diffraction profile for Cs3M02C19. The 
observed data are indicated by points and the calculated profile by the continuous line. The short 
vertical lines below the profile represent the positions of all possible Bragg reflections. 

five refinements are given in Table II, to- 
gether with calculated esd’s. The latter are 
higher, by factors of 1.5 to 10, than the indi- 
vidual Rietveld esd’s. The accuracy of the 
parameters obtained from the Rietveld re- 
finements is indicated by a comparison of 
the average values in Table II with the cor- 
responding reported values from the single- 
crystal refinement (4) (Table I). The coordi- 
nates agree within one combined esd and 
the cell parameters are within three com- 
bined esd’s. 

2. Refinement of Structures in P6Jmmc 

Single-crystal studies on the cesium com- 
pounds, CS~MOZX~, X = Cl, Br (4), have 
previously shown that the correct space 
group is P6Jmmc. Using this space group, 
we obtained satisfactory refinements of all 
compounds except the potassium salts (see 
below). For the alkali-metal compounds, 
the reported coordinates for Cs3M02C19 (4) 
were used to initiate the Rietveld refine- 
ments. In the case of the alkylammonium 
salts, the maintaining of a relatively con- 
stant (M2X9)3- geometry in a much larger 
cell meant that the coordinates for the halo- 
gens could not be simply transferred from 
those of the alkali-metal compounds. Ini- 

tial coordinates for MO, N, and X were esti- 
mated geometrically from packing consid- 
erations. The positions of the carbon atoms 
were located in difference Fourier maps. 
They were assigned a group thermal vibra- 
tion parameter and included in the refine- 
ment. However, in the presence of the 
heavy molybdenum and halogen X-ray 
scatterers, the contributions of the carbon 
atoms to the refinement were very low and 
the resulting refined coordinates reported in 
Table III give unrealistic C-N and C-C dis- 
tances. The problem is accentuated for the 
Me4N group located in the plane of the 
bridging halogens at z = 4. This is a mirror 
plane in P6Jmmc and the Me4N is disor- 
dered by reflection across the mirror, as re- 
ported for the related linear chain com- 
pound, (Me4N)MnC13 (16). 

The final refined unit cell parameters and 
atomic coordinates, as well as the weighted 
profile and Bragg R factors, R,, and Rs, are 
listed in Table III. 

3. Rejinement of K3A402X9, X = Cl, Br 

The powder patterns for the potassium 
salts contain peaks of the type (hh - 2hl) 
with 1 = 2n + 1, which violate the extinc- 
tion conditions for P63lmmc. 
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TABLE III 

RIETVELD REFINEMENT RESULTS FOR AjMo2X9 AND Cs,W$& IN P6,1mmc 

A = NH4 Rb Me4N Rb cs Me4N cs cs 
x = Cl Cl Cl Br Br Br I w2c19 

a (4 7.1351(2) 7.1622(3) 9.2374(7) 7.5217(6) 7.6296(5) 9.5093(9) 8.137(l) 7.3840(5) 
c (A) 16.9926(7) 17.015(l) 20.459(l) 17.930(2) 18.365(2) 21.366(2) 19.619(4) 17.093(l) 

z (MO) 0.8265(l) 0.8261(l) 0.8179(2) 0.8262(3) 0.8278(3) 0.8231(3) 0.8283(6) 0.8231(2) 
z (42)) 0.0692(g) 0.0723(2) 0.082( 1) 0.0733(4) 0.0753(3) 0.117(2) 0.0767(5) 0.0761(3) 
x (x(l)) 0.4966(4) 0.4962(3) 0.5383(5) 0.4956(3) 0.5006(4) 0.5356(4) 0.5053(7) 0.5021(g) 
x Gw)) 0.8265(3) 0.8270(2) 0.7868(3) 0.8276(3) 0.8260(3) 0.7932(3) 0.8296(7) 0.8236(7) 
z wm 0.0935(2) 0.0938(2) 0.1149(3) 0.0927(l) 0.0930(2) 0.1102(2) 0.0924(2) 0.0991(5) 

Rw, (%I 9.74 5.81 9.57 7.06 6.49 9.69 6.52 9.43 
Re (%I 3.98 1.87 3.84 1.92 2.47 5.26 1.58 3.22 

x = Cl X = Br 

Methyl carbon refined coordinates for (Me4N)IMoZX9 : c,, (0 0 z) z = 0.171(3) 0.159(4) 
Cl2 (x 2x z) x = 0.084(l) 0.091(4) 

z = 0.227(2) 0.223(3) 

c2, (f 3 z) z = 0.143(2) 0.160(2) 
c22 (x 2x 2) x = 0.251(l) 0.263(l) 

z = 0.067(l) 0.041(l) 

We have previously carried out a single- 
crystal structure analysis for K3M02C19 (6) 
which confirmed that the space group was 
P6Jm, as reported for the corresponding 
tungsten compound (2). The Rietveld re- 
finement results for K3M02C19 in P6Jm are 
compared with the (previously unpub- 
lished) results of the single-crystal refine- 
ment in Table IV. The coordinates agree 
within one combined esd and the cell pa- 
rameters are within three combined esd’s. 
The powder sample contained a minor 
amount of KC1 and this was included as a 
second phase in the Rietveld refinement. 

The X-ray powder profile data for the 
bromide compound, K3MozBr9, was also 
refined in P6Jm, and the results are in- 
cluded in Table IV. The higher weighted 
profile R factor is a consequence of poorer 
fitting to narrow peaks for this highly crys- 
talline phase (FWHM at 40”, 28 = 0.14”; cf. 
Cs~Mo~Clg , run E in Table II), as well as the 

TABLE IV 

RIETVELD REFINEMENT RESULTS FOR K3MoZX9 
IN P63lm 

K,Mo2C19 

a (A) 
c (A) 

z (MO) 
z (KG!)) 
x (X(l)) 
Y (X(l)) 
x W(2)) 
Y W(2)) 
z (X(2)) 

R, (%I 
RB (%I 

Rietveld 
ref. Single crystal K3M02Br9 

7.0989(3) 7.115(5) 7.4808(3) 
16.623(l) 16.63(l) 17.5678(9) 

0.3259(3) 0.3261(4) 0.3233(3) 
0.5677(7) 0.5694(11) 0.5648(9) 
0.459(2) 0.462(8) 0.4578(9) 
0.446(2) 0.451(3) 0.4451(9) 
0.137(l) 0.129(8) 0.1257(7) 
0.349(l) 0.346(3) 0.3458(7) 
0.4983(4) 0.4075(12) 0.4066(2) 

10.91 13.20 
2.79 4.11 
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presence of a minor amount of a second 
phase that could not be identified. 

4. Structure Systematics in A~MzX~ 

For A and X atoms of similar size, the 
structure of A3M2X9 can be adequately de- 
scribed in terms of close packing of (0001) 
layers of composition AX3, according to a 
six-layer stacking sequence hcchcc (17). 
The anion packing and the coordination of 
the M cations is illustrated in Fig. 2. The 
sites occupied by the two independent A 
cations are shown on the diagram. A(1) lies 
in the plane of the (M2X9)3p bridging halo- 
gens, whereas A(2) is displaced slightly 
from the plane of the (M~XV)~- terminal 
halogens. Both A cations are 12-coordi- 
nated but the geometry is different because 
of the change in layer-stacking sequence, 
from h (hexagonal) for Cs(1) (identical lay- 
ers on either side) to c (cubic) for Cs(2) 
(cuboctahedral coordination) (17). 

The effect of the relative sizes of A and X 
on their packing arrangement is shown in 
Fig. 3 for the h layer, containing the bridg- 

FIG. 2. Packing of anions in A3MzXg, viewed along 
[ 1 l?O]. Groups of anions are separated slightly to em- 
phasize the (M2X$ complex anions. The A(1) and 
A(2) sites in the anion layers are indicated. The anion 
layer stacking sequence is shown. One (M*X$ anion 
is shown as a ball and spoke model to illustrate the M 
coordination and sharing of an octahedral face. 

lbi 

FIG. 3. The h layer of composition AX3 in A,MzX9, 
showing the effect of different A cation sizes. (a) Cs, 
MoQ, (b) K3MozC19, and (c) (Me4N)3M02C19. 
Shaded circles represent A, open circles are Cl, and 
solid circles are MO, which he above and below the 
layer. Triangular Cl3 groupings associated with the 
(Mo#&)~+ complex anion are connected by dashed 
lines. The unit cell outline is shown, drawn to a com- 
mon size to facilitate comparison. 

ing halogens. In Cs3M02C19, shown in Fig. 
3a, the cesium and chloride ions are similar 
in size, with ionic radii 1.88 and 1.81 A, 
respectively (18). These ions form an al- 
most perfect hexagonal closest-packed 
layer. Figure 3b shows the effect of de- 
creasing the size of the cation relative to the 
anion, for the case of K3M02C19. The space 
group symmetry is lowered from P63/mmc 
to P63/m and the point group symmetry of 
the (M2X9)3- complex anion reduces from 
6m2 to 6. This allows the triangular group- 
ings of halogens in (M2X9)3- to rotate about 
the 6 axis towards the A(1) anion sites, to 
reduce the A( 1)-X bond lengths. The equa- 
torial bonding geometry of A(1) to X(1) 
changes from a regular hexagon towards an 
edge-centered triangle, creating three short 
A( 1)-X( 1) bonds. 

The effect of increasing the size of the 
cation relative to the anion is illustrated in 
Fig. 3c for the case of (Me4N)3M02C19. The 
space group P631mmc is maintained but the 
increase in the x coordinate for X(1) from 
the ideal value of 4 results in a movement of 
the triangular clusters of bridging halogens 
away from each other. This opens up 
a large cavity to accommodate the A(1) 
cation. 
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The effect of change of A cation on the 
geometry of the (i%f~X~)~- complex anion is 
shown by the changes in interatomic dis- 
tances and angles in Table V. The results 
for the chloride and bromide series both 
show the same trends. With increase in A 
cation size there is a progressive increase in 
the M-M separation across the shared oc- 
tahedral face with accompanying increases 
in the M-X(1)-M bridging angles, de- 
creases in the X(1)-M-X( 1) angles, and de- 
creases in the X(1)-X(l) separations. In 
contrast, the geometry of the terminal halo- 
gens, X(2), is hardly altered; the X(2)-X(2) 
distances and X(2)-M-X(2’) angles do not 
vary significantly with change of A cation. 
The distances from the octahedral cations 
to the bridging and terminal halogens also 
remain essentially constant with average 
values of MO-Cl( 1) = 2.48(l) and MO-Cl(2) 
= 2.40(2) A for the series of chlorides. The 
corresponding average values for the bro- 
mide series are 2.63(2) and 2.54(l) A, re- 
spectively. The longer bonds to the bridging 
halogens are expected on electrostatic 
grounds because X(2) is coordinated to two 
M3+, whereas X(1) coordinates to only one 
M3+. In this regard the results for Cs3M0219 
are unexpected in that MO-I(~) is slightly 
shorter than MO-I(~) although within the 
associated esd’s there is no significant dif- 
ference between the two distances of 
2.74(l) and 2.77(l) A, respectively. An in- 
teresting feature of the iodide is the close 
approach to regular octahedral symmetry 
of the (MoI~)~- octahedra. In addition to the 
almost equal MO-I bond lengths, the I(l)- 
I( 1) and 1(2)-I(2) distances agree within the 
associated esd’s, as do the X(l)-MO-X(1’) 
and X(2)-MO-X(2’) angles. The only dis- 
tortion is a slight compression of the octa- 
hedra along z to accommodate the packing 
of cs+, which is smaller than I-. Thus the 
geometry of the (Mo&,)~- octahedra is es- 
sentially that of an isolated octahedra and is 
not noticeably altered by face-sharing, as 
occurs for the chlorides and bromides. 

The sequence of AX3 and M layers along 
c is c-M-h-M-c-c-M-h-M-c. The cations 
thus occupy octahedral sites between h and 
c layers and share a common octahedral 
face across h layers. There are no occupied 
octahedral sites between pairs of c layers. 
The h and c layers are held tightly together 
by covalent M-X bonds and direct M-M 
bonding, whereas the pairs of c layers are 
held together only by relatively weak A-X 
bonds. The change of A cation size is ac- 
commodated along c almost exclusively by 
a change in the separation of the c layers. 
This is shown by the results for layer sepa- 
rations in Table VI. For the chloride series, 
from the K to the Me4N salt, there is an 
increase in the c-c layer separation of 1.65 
A, whereas the c-h layer separation in- 
creases by only 0.13 A. This latter increase 
is taken up exclusively in the separation of 
M from the plane of bridging halogens, i.e., 
M-h, shown in the third column of Table 
VI. The distance from M to the plane of 
terminal halogens, M-c, remains constant 
with change of A cation. The same observa- 
tions apply to the bromide series. This con- 
stant M-c separation, together with un- 
changing X(2)-M-X(2’) angles, is reflected 
in an almost constant value of M-X(2), 
which is 2.40(2) A for the chlorides. This 
corresponds to the shortest MO-Cl distance 
of 2.40(3) A in the totally bridged com- 
pound ar-MoC13 (19), and the MO-terminal 
Cl distance of 2.38(l) A in the [Mo&&]~~ 
anion (20). 

The above results suggest that the ob- 
served increase of the M-M separation 
with increasing A cation size is due to the 
balance of three main factors: strong M-M 
bonding which draws the M atoms to- 
gether, separation of the h and c layers due 
to increasing size of A, and strong covalent 
M-X(2) bonds which maintain a constant 
M-c separation. The combination of the 
latter two factors results in increasing sepa- 
ration of M-M which acts against the M-M 
bonding and produces a net increase in 
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TABLE V 

INTERATOMIC DISTANCES AND ANGLES FOR A,MzX$ 

A M X M-X( 1) M-X(2) X(I)-X(1’)* X(2)-X(2’)h X(1)-X(2)’ 

K 
NH4 
Rb 
CS 
Me,N 

K 
Rb 
CS 
Me,N 

CS 

CS 

MO Cl 
MO Cl 
MO Cl 
MO Cl 
MO Cl 

MO Br 
MO Br 
MO Br 
MO Br 

MO I 

W Cl 

2.50(l) 
2.471(4) 
2.480(3) 
2.49(2)d 
2.480(7) 

2.61 l(8) 
2.614(4) 
2.618(S) 
2.664(7) 

2.74(l) 

2.448(9) 

2.400(7) 
2.398(4) 
2.41 l(3) 
2.41(3) 
2.363(6) 

2.567(5) 
2.551(4) 
2.559(4) 
2.525(6) 

2.77(l) 

2.407(9) 

3.742(2) 
3.640(9) 
3.663(6) 
3.64(4) 
3.56(l) 

3.93(2) 
3.860(7) 
3.801(S) 
3.74(l) 

3.94(2) 

3.299(g) 

3.41(l) 
3.421(6) 
3.445(5) 
3.44(6) 
3.329(8) 

3.652(7) 
3.630(7) 
3.647(6) 
3.610(9) 

3.98(2) 

3.47(2) 

3.37(l) 
3.353(4) 
3.360(3) 
3.39(2) 
3.407(8) 

3.510(6) 
3.556(4) 
3.597(4) 
3.664(6) 

3.845(8) 

3.30(l) 

A M X A(l)-X(l)b A(l)-X(2)’ A(2)-X( I)< A(2)-X(2)b A(2)-X(2)’ 

K MO Cl 3.213(8) 3.402(6) 3.63(l) 3.30(l) 3.31(l) 
NH4 MO Cl 3.568(4) 3.416(4) 3.68(l) 3.40(l) 3.594(4) 
Rb MO Cl 3.581(3) 3.416(3) 3.637(3) 3.455(3) 3.600(2) 
CS MO Cl 3.66(2) 3.51(3) 3.74(l) 3.58(3) 3.69(3) 
Me4N MO Cl 4.659(4) 4.390(5) 4.75(l) 4.46(2) 4.726(5) 

K MO Br 3.378(5) 3.565(4) 3.87(2) 3.425(6) 3.49(l) 
Rb MO Br 3.761(4) 3.606(3) 3.809(6) 3.640(6) 3.778(3) 
CS MO Br 3.X15(4) 3.687(3) 3.895(5) 3.741(5) 3.830(3) 
Me4N MO Br 4.791(5) 4.530(5) 4.38(3) 4.802(5) 4.802(4) 

CS MO 1 4.069(8) 3.915(7) 4.18(l) 4.03(l) 4.080(8) 

CS W Cl 3.692(9) 3.426(9) 3.673(7) 3.61(l) 3.715(7) 

Angles (“) 

A 

K 
NH4 
Rb 
CS 

Me4N 

K 
Rb 
CS 
Me4N 

cs 

CS 

M X M-M M-X(1)-M 

MO Cl 2.524(8) 60.6(4) 
MO Cl 2.600(3) 63.5(l) 
MO Cl 2.590(4) 63.0(l) 
MO Cl 2.67(l) 64.8(6) 
MO Cl 2.778(8) 68.1(3) 

MO Br 2.57( 1) 59.1(3) 
MO Br 2.731(9) 63.0(2) 
MO Br 2.86(l) 66.1(2) 
MO Br 3.12(l) 71.8(3) 

MO I 3.07(2) 68.1(5) 

W Cl 2.500(7) 61.4(3) 

X(1)-M-X(1’) X(2)-M-X(2’) X(1)-M-X(2) 

96.8(2) 90.6(2) 
94.9(l) 91.0(l) 
95.2( 1) 91.2(l) 
94.0(4) 91.1(9) 
91.7(3) 89.6(2) 

97.8(2) 90.7(2) 
95.2(l) 90.7(2) 
93.1(l) 90.9(2) 
89.1(2) 91.3(2) 

91.7(3) 91.6(3) 

96.2(2) 92.4(3) 

85.4(3) 
87.0(I) 
86.7(l) 
87.4(7) 
89.4(2) 

85.9(2) 
87.0(l) 
88.0(l) 
89.8(l) 

88.3(2) 

85.6(3) 

u X-X distances and associated angles are for X within the same (M2X.$. 
b Both atoms in the same (0001) layer. 
c Distances between atoms in adjacent (0001) layers. 
d esd’s for CssMozClg from averaging of results for five independent Rietveld refinements. Other 

esd’s derived from Rietveld esd’s on coordinates. 
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TABLE VI have a marked effect on the relationship be- 
LAYER SEPARATIONS ALONG c IN A,M,X, tween the magnetic exchange integral, -J, 

and the MO-MO separation. A detailed 
A M X c-h c-c M-h M-c analysis of the magnetic interactions in 

K MO Cl 2.63 3.05 1.26 1.37 terms of refined (M2X9)3- the geometries 
NH., MO Cl 2.66 3.18 1.30 1.36 will be presented elsewhere. 
Rb MO Cl 2.66 3.19 1.29 1.36 
CS MO Cl 2.70 3.36 1.33 1.36 
Me4N MO Cl 2.76 4.70 1.39 1.37 

References 
K MO Br 2.75 3.28 1.29 1.46 
Rb MO Br 2.82 3.32 1.37 1.45 
CS MO Br 2.88 3.42 1.43 1.45 
Me4N MO Br 2.99 4.71 1.56 1.43 

cs MO I 3.09 3.62 1.54 1.55 

CS w Cl 2.58 3.39 1.25 1.33 
K W CP 2.55 3.00 1.21 1.35 

0 From Ref. (2). 

M-M with increasing A. In the correspond- 
ing tungsten compounds, the M-M bonding 
is stronger and the resistance against the 
M-M lengthening factors is greater. The in- 
crease in W-W from the K to the Cs salt is 
only 0.09 A, compared with an increase in 
MO-MO of 0.15 A for the corresponding 
molybdenum compounds. 

The results in Table VI show that in both 
the chloride and bromide series, there is a 
net attraction of the molybdenum atoms to- 
wards one another, from the octahedral 
centers, for cations up to Cs. For the MedN 
salts, the molybdenum atoms are displaced 
outwards from the octahedra centers, the 
displacement being greater for the bromide. 
As mentioned above, the molybdenum at- 
oms are centrally located in the octahedra 
in Cs3M0&. 

For the chloride series, the MO-MO sepa- 
rations obtained from the Rietveld refine- 
ments agree to within 0.01 A with the val- 
ues we previously reported, based on using 
a fixed MO z coordinate (1). However, the 
refined MO-MO for the Me4N salt, 2.778(8) 
A, is markedly shorter than the value previ- 
ously estimated of 3.13 A, and this will 
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