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The crystal structure of [OCr3(CH3COO)6.3H20]+C1 -. 6H20 has been determined from three-dimen- 
sional diffractometer data using Cu Ke radiation. The configuration of the complex cation consists of 
three chromium atoms linked to a central oxygen atom in a planar configuration. Each chromium atom 
is coordinated octahedrally by the central oxygen atom, one from each of four acetate groups and a 
water molecule. The acetate groups link the vertices of the three octahedra in the complex cation. The 
anions and those water molecules not included in the cations are disordered and lie in channels along 
the twofold axes. Their structure is ill-defined, but a reasonable model can be presented in which the 
cations are linked by a system of hydrogen bonds into zigzag layer3 perpendicular to the c axis. 

Introduction 

The chemistry of a number of polynuclear basic chro- 
mium and iron carbonato compounds was studied by 
Weinland (1919). This particular compound was given 
the formula [Cr3(OH)z(CH3COO)6]C1.8H20, and oth- 
ers were described in which one, two or all three metal 
atoms were replaced by ferric ion. The acetate groups 
were also replaced by other carbonato ions such as 
formate, propionate, benzoate. There were reported, 
in addition, a variety of anions and hydrates. 

The magnetic properties of some thirty of these 
crystalline materials were studied by Welo (1928) in 
a paper which was quite remarkable for that time. The 
magnetic susceptibility versus temperature measure- 
ments, which led to a large negative Curie-Weiss 
temperature, were interpreted in terms of intramolec- 
ular magnetic dipole interactions involving coupled 
clusters of paramagnetic ions. Although Welo's model 
is certainly incorrect, this structural concept corre- 
sponds remarkably with the actual structure of the 
chromium complex. Some twenty years later Kambe 
(1950) postulated a quantum mechanical explanation 
also assuming triangular clusters of paramagnetic ions 
but with antiferromagnetic exchange. Independently, 
Abragam, Horowitz & Yvan (1952) used the same mod- 
el to explain the temperature dependence of the sus- 
ceptibilities and specific heats at low temperatures. 
Further experimental measurements on this Cr3 com- 
pound and the corresponding CrzFe compound have 
been reported by Wucher & Gijsman (1954), Gijsman, 
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Karantassis & Wucher (1954) and Wucher & Wasscher 
(1954). Owing to the large negative value of 0 in the 
Curie-Weiss relationship, Z changes only slightly with 
temperature. It is believed that the magnetic exchange 
interactions are confined within small clusters of the 
metal ions and tend to conceal each other, hence the 
name 'feeble paramagnetism' (Bates, 1961). 

Following the preliminary reports of the structure 
of the complex cation by Chang & Jeffrey (1965) and 
Figgis & Robertson (1965), Uryfi & Friedberg (1965) 
made a theoretical investigation of the possibility of 
accounting for the paramagnetic properties on the 
basis of a model with the observed symmetry of the 
complex cation. 

Experimental 

Material, originally prepared by Dr A.Weiss of the 
Physics Department, Carnegie-Mellon University, was 
recrystallized by slow evaporation of aqueous solution. 
Dark green orthorhombic crystals were obtained as 
needles, thin plates and prisms. The prisms which had 
a pseudo-hexagonal morphology were used in this 
investigation. Two chemical analyses gave: Cr, 21.5 
and 21.7; C1, 4.9 and 5"2; C, 21.3; H, 4.93; O, 38.6; 
H20, 20.1 and 19.9; acetate, 48.8; calculated for the 
formula [OCr3(CH3COO)6.3H20]+C1 - • 6H20: Cr, 21"6; 
Cl, 4-9; C, 19-9; H, 4-98; O, 48-6; H20, 22.5; acetate, 
48.9. Only the oxygen results were in substantial dis- 
agreement with the formula. The space group was deter- 
mined from the systematic extinctions (h00) absent h 
odd, (0k0) absent k odd. The unit-cell dimensions were 
measured with Cu K~ radiation on a General Electric 
single-crystal orienter and XRD-3 diffractometer using 
a cos 2 0 extrapolation of the principal axial 20 values. 



674 C R Y S T A L  S T R U C T U R E  O F  A B A S I C  C H R O M I U M  A C E T A T E  C O M P O U N D  

The  densi ty was measured  by f lota t ion in a mix ture  of  
ca rbon  te t rachlor ide  and  b r o m o f o r m .  

Crystal data 
trans-lt3-Oxo-tris ( b i s a c e t a t  o a q u o c h r o m i u m ( I I I )  ) 
chlor ide  hexahydra te ,  
[OCr3(CH3COO)6.3H20]+C1 - • 6H20.  Or tho rhombic"  

a =  13.677 + 0"01 A 

b=23-141 +0.018 

c =  9 .142+0 .007  

Space g roup  P21212 

/xCu K~ = 112.7 cm -x 

V = 2893.44 + 0 .04 /k  3 

D~ = 1.662 + 0.003 g .cm -3 

Dm= 1"654 + 0"008 g .cm -3 

Z = 4  

F o r m u l a  wt. = 723-907 
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Fig. 1. (a) Diagrammatic representation of the complex cation [OCr3(CH3COO)6.3H20] +. (b) Actual view of the complex cation 
in the direction of the a axis. 
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(c) Coordination octahedra of  the chromium ions. 
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Fig.2. Schematic pattern of the molecular packing and hydrogen bonding as viewed down the c axis. 
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T a b l e  2. Structure factors for [ O C r 3 ( C H 3 C O O ) 6 . 3 H 2 0 ] + C I  - . 6 H z O  

* Indicates unobserved reflections. 
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Table 2 (cont.) 
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Although the absorption coefficient for Cu radiation 
was largely due to fluorescence, the size of the unit cell 
and the diffuse scattering were such that no advantage 
could be obtained by using a shorter wave-length 
radiation. Initially the intensity data were eye-estimated 
from multiple-film taken with a Weissenberg camera. 
This gave 3586 independent structure amplitudes of 
which 433 were observed zero, which is 95 per cent of 
the reflections within the Cu Kc~ reflection sphere. 
Later, another set of data was taken on a Picker four- 
circle automatic diffractometer. This gave 2794 inde- 
pendent structure amplitudes of which 138 were un- 
observed. These intensities were corrected for absorp- 
tion using the absorption program of Busing & Levy 
(1957). 

Determination and general description 
of the structure 

The positions of the three chromium atoms were deter- 
mined from the Harker sections of a three-dimensional 
Patterson synthesis. The interpretation is not unam- 
biguous (Buerger, 1960) in this space group, due to 

choices involving translations of b/2. One in which the 
three chromium atoms formed an equilateral triangle 
with reasonable interatomic distances was tested and 
confirmed by seeking and finding the non-Harker 
Cr-Cr  vectors in the synthesis. No peaks correspon- 
ding to Cr-C1 vectors could be found. However, the 
chromium positions alone gave reasonably good struc- 
ture factor agreement and an R value of 0.33 with no 
other atoms included. 

A three-dimensional Fourier synthesis based on the 
chromium phases revealed sixteen atoms (Nos. 4-19) 
of height appropriate to those of oxygen atoms around 
the three chromiums (Nos. 1, 2, 3) in the configura- 
tion shown in Fig. 1. The Cr-O distances ranged from 
1.91 to 2.05 A and the coordination around each 
chromium atom was approximately octahedral. The 
second Fourier synthesis phased with the three chro- 
mium and sixteen oxygen atoms per asymmetric unit 
revealed the carbon atoms of the acetate groups. These 
are atom Nos. 20-31 in Figs. 1 and 2. A third Fourier 
synthesis was computed including these atoms in the 
phase calculations, in order to locate the remaining 
chloride ion and six water oxygen atoms. Eight diffuse 

0 

Cr 

.,,. 
0,  

Cr 

Fig. 3. Details of the polynuclear OCr.3 structure, 
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peaks of height appropriate for oxygen atoms with 
large temperature factors were obtained, but there was 
no indication of the position of the chloride ions. 

The notation for the structure as shown in the Fig- 
ures and referred to in the Tables is as follows: the 
chromium atoms are 1, 2, 3; the central oxygen atom is 
4; the three oxygen octahedra are respectively (4, 5, 6, 
7, 8, 9), (4, 10, 11, 12, 13, 14), (4, 15, 16, 17, 18, 19); the 
twelve oxygen atoms and twelve carbons atoms of the 
six acetate groups are (7, 11, 20, 21), (8, 10, 22, 23), 
(12, 16, 24, 25), (13, 15, 26, 27), (17, 6, 28, 29,),(18, 5, 
30, 31). The three water molecules contained in the 
complex correspond therefore to oxygen atoms 9, 14 
and 19. The remaining eight electron density peaks 
were numbered 32 to 39. 

As shown in Fig. 2, the complex cations are grouped 
around channels along the twofold axes in the c direc- 

tion. The water molecules which are not part of the 
complex and the disordered anions lie within these 
channels. 

Since no further interpretation was possible by in- 
spection of the Fourier synthesis, least-squares refine- 
ment was attempted. Successive cycles of full-matrix 
anisotropic calculations gave the atomic parameters 
shown in Table 1 and an R value of 0-128. As expected, 
the cationic atoms refined normally, while oxygen 
atoms placed in positions 32 to 39 showed abnormally 
large temperature factors. The occupation factors of 
these atoms were also allowed to vary and some of 
them exceeded unity. These results confirmed those of 
the Fourier syntheses and suggested that the anions 
were distributed over the hydrate water sites, but not 
necessarily in equal ratios. On the basis of the nearest 
neighbour geometry of these atoms, which is discussed 
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Fig.4. Details of the hydrogen bonding structure viewed down the c axis. 
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later, a model was proposed with the assumed occu- 
• pancy factors also given in Table 1. The structure fac- 
tor agreement for this model (R=0.13) was not sig- 
nificantly inferior to that obtained when the occupancy 
factors were allowed to vary. The structure factors 
corresponding t o  the model are given in Table 2. 
Clearly there is no unique solution for this part of the 
structure, since there is no way of distinguishing from 
the diffraction data between this and the many other 
possible ways of distributing the anions and water 
molecules to give a similar electon density distribution. 

This structure is probably identical with that repor- 
ted briefly by Figgis & Robertson (1965) for the com- 
pound [Cr3. (CH3COO)6 . O . 3H20]C1.2H20. They 
also failed to locate the anions. Since they did not 
measure the crystal density or report a chemical anal- 
ysis, the water content in the crystal they used was not 
determined other than from their interpretation of their 
Fourier syntheses. The possibility of variable hydration 
cannot be excluded, but the discrepancy between 
calculated and observed density of the crystals we ex- 
amined corresponds to less than 0-2 mole of H20 per 
formula unit. 

The configuration of the cation 

The important interatomic distances and angles are 
given in Table 3. The structure around the central 

oxygen atom (4) is shown in Fig. 3. Within experimen- 
tal error, the chromium atoms form an equilateral tri- 
angle at the center of which lies the oxygen atom. The 
mean Cr-O(4) distance is significantly shorter, by about 
0.1 A, than those to the water oxygen atoms, 9, 14 and 
19. The small departure from non-linearity of the 
O-Cr-OH2 bonds shows that the octahedra around the 
chromium atoms are slightly distorted by the steric 
requirements of the acetate groups. The least-squares 
plane containing the chromium atoms, central oxygen 
atom (4) and water oxygen atoms (9, 14, and 19) is 
found to be 0"718X+O.666Y+O.203Z=4.80, with X, 
Y, and Z in Angstrom units. The chromium atoms and 
0(4) are below the plane by 0.02 A and the water oxy- 
gen atoms are above the plane by 0.025 A. The acetate 
groups are planar with a mean and greatest deviation 
from planarity of 0.01 and 0.04/k respectively. The 
C-CH3 bond lengths vary from 1.47 to 1.55/~, with a 
mean of 1.50 A. The C-O bonds vary from 1.22 to 
1.31 ~ with a mean of 1.26 A_. The C-C-O angles are 
systematically less than the O-C-O  angles with mean 
values of 117 ° versus 125 °. There is a systematic trend 
for each acetate group to have one long and one short 
C-O bond differing by 0.07 ./~, which implies that the 
structure of the cation in the crystal may be 
[OCr3(CH3COOH)3(CH3COO)3(OH)3] + or some inter- 
mediate form. In the absence of information concern- 

_._ 

(0,2c) /~ ""- ¼ 

6 

Fig. 5. The layered packing structure as viewed down the a axis. 
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ing the hydrogen atom positions it is not possible to 
resolve this ambiguity. 

The nearest neighbour distances of the [CrO6] octa- 
hedra additional to those given in Fig. 3 are shown in 
Table 3. Excluding the central Cr-O(4) bonds, the Cr-O 
distances range from 1.92 to 2.04 A, with a mean of 
1.985 A. The angles subtended by the ligands at the 
chromium atom vary from 82 to 99 °. 

The central oxygen atom which is a common vertex 
of the three octahedra (see Fig. 1) has twelve second 
neighbour oxygen atoms (5 to 18, excluding 9, 14 and 
19) at distances between 2.77 and 2-95 A. No informa- 
tion is available concerning the location of the hydro- 
gen atoms and the hydrogen-bonding of the water 
molecules. The O-O distances involving oxygen atoms 
9, 14 and 19 lie in the range 2.62 to 2.78 A, and are 
indistinguishable in length from the non-bonded dis- 
tances of 2.63 and 2.90 A, which form the edges of the 
octahedra. 

The water anion structure 

The complex cations form a pseudo-hexagonal packing 
arrangement, with well-defined electron density peaks, 
surrounding channels in which the atomic structure is 
much more diffuse. These channels contain the anions 
and the hydration water molecules, for which the near- 
est neighbour environment less than 3.2 A is shown in 
Fig.4. (This is the same view as in Fig.2, where the 
hydrogen-bond interactions are dotted lines.) The 
anions would be expected to lie at minima in the elec- 
trostatic potential of the cations close to the center of 
the channels (i. e. near the twofold axes along e, shown 
at (½a, 0) or (a, 0) in Fig. 2). Positions (35) and (39) are 
the more obvious choices since their nearest neighbours 
are about 3/~ away; however, the low electron density 
of these peaks, particularly that at 39, shows that these 
sites can only be occupied partially by the ions. With 
water molecules at the six other positions, a loosely 
packed arrangement of hydrogen-bonded atoms is 
obtained which links the cations through their water 
oxygen atoms, 9, 14 and 19, into zigzag layers perpen- 
dicular to the c axis. This is shown in Fig.5. In this 
anion/water structure, four-coordination is rare and 
most atoms have only one, two, or three nearest neigh- 
bours at hydrogen-bond O . . .  O or O . . .  CI- distances. 
The hydrophobic methyl groups of the acetato residues, 
which surround and penetrate into the channels, appear 
to leave no space available for the development of a 
complete four-coordinated water/anion structure. This, 
we believe, is an important structural factor giving rise 
to the observed disorder, which is envisaged as space- 
averaged, with the chloride ions at position 35 in about 
half of the crystal unit-cells and at 39 in a lesser pro- 
portion. In the remainder of the crystal, the anions 
alternate with the water molecules, as suggested by the 
assumed occupancy factors given in Table 1. The resul- 
ting adjustments in geometry would cause a space- 
averaged variation in atomic positions and a corres- 

ponding increase in the apparent temperature factors. 
Although the least-squares refinement suggested posi- 
tions 33 and 36 particularly for partial occupancy by 
the chloride ions, the geometry shown in Fig.4 indi- 
cates that most of the oxygen atoms in the main chain 
near the center of the hydration channel can be in- 
volved in this exchange, particularly that at position 38, 
where the electron density distribution is especially 
diffuse. A strongly exposed rotation photograph about 
the c axis showed diffuse layer lines intermediate be- 
tween the zero and first, and this is consistent with 
this model since the chloride ions are disordered within 
the hydrogen-bonded layers parallel to (001) as shown 
in Fig. 5. Since it is probable that the cations are hy- 
drated in aqueous solution by hydrogen-bonding 
through their water molecules, the formation of an 
ordered array in the initial stages of crystallization is 
likely to proceed by the alignment of the cations into 
layers through the two main hydrogen-bonded chains 
19-36-36'-19', and 19-37-34--33-14. The anions and 
additional water molecules would then attach them- 
selves to these layers. However, the presence of the 
methyl groups of the cations interferes with the devel- 
opment of the four-coordinated tetrahedral type of 
structure usually associated with water molecules and 
chloride ions. In consequence, the anion/water struc- 
ture is comparatively loosely bound and will have 
residual hydrogen atoms not involved in hydrogen- 
bonding. Under these circumstances, 'mistakes' can 
often occur and the structure can vary from one part 
of the crystal to another without a significant loss in 
lattice energy. Consequently the water/anion structure 
is semi-amorphous despite the well-ordered cationic 
structure in the crystal. There is an interesting analogy 
here with the disordered water which separates the 
comparatively well-structured arrangement of protein 
molecules in a crystal. 
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