
1958 SYNTHESIS AND CRYSTAL STRUCTURE OF DIAMAGNETIC ReP 4 

CROMER, D. T. & MANN, J. B. (1968). Acta Cryst. A24, 
321-324. 

DAVIS, B. R. & IBERS, J. A. (1971). Inorg. Chem. 10, 578- 
585. 

EL MASLOUT, A., ZANNE, M., JEANNOT, F. & GLEITZER, CH. 
(1975). J. Solid State Chem. 14, 85-90. 

GI~RARDIN, R., AUBRY, J., COURTOIS, A. & PROTAS, J. 
(1977). Acta Cryst. B33, 2091-2094. 

GIBII~SKI, Z., CISOWSKA, E., ZDANOWICZ, W., HENK1E, Z. & 
WOJAKOWSKI, A. (1974). Krist. Tech. 9, 161-163. 

HARALDSEN, H. (1935). Z. Anorg. Allg. Chem. 221, 397- 
417. 

JEITSCHKO, W..& BRAUN, D. J. (1977). Acta Cryst. B33, 
3401-3406. 

JE1TSCHKO, W. & BRAUN, D. J. (1978). Acta Cryst. B34, 
3196-320 I. 

JEITSCHKO, W. & DONOHUE, P. C. (1972). Acta Cryst. B28, 
1893-1898. 

JEITSCHKO, W. & DONOHUE, P. C. (1975). Acta Cryst. B31, 
574-580. 

JOHNSON, C. K. (1965). ORTEP. Report ORNL-3794. 
Oak Ridge National Laboratory, Tennessee. 

KREBS, H., MOLLER, K.-H. & ZORN, G. (1956). Z. Anorg. 
Allg. Chem. 285, 15-28. 

LA MONICA, G., CENINI, S., FORNI, E., MANASSERO, M. & 
ALaANO, V. G. (1976). J. Organomet. Chem. 112, 297- 
308. 

MERCER, M. (1974). J. Chem. Soc. Dalton Trans. pp. 1637- 
1640. 

ROTTINGER, E., KlJLLMER, V. • VAHRENKAMP, H. (1978). 
J. Organomet. Chem. 150, C6-C8. 

RUNDQVIST, S. (1961). Acta Chem. Scand. 15, 342-348. 
RUNDQVIST, S. (1966). Acta Chem. Scand. 20, 2075-2080. 
SCHAFER, H. & BINNEWIES, M. (1978). Z. Anorg. Allg. 

Chem. 441, 216-218. 
SCHNERING, H. G. VON & MENGE, G. (1976). Z. Anorg. 

Allg. Chem. 422, 219-225. 
SHELDRICK, G. M. (1976). SHELX 76. Program system for 

crystal structure determination. 
YVON, K., JEITSCHKO, W. & PARTHI~, E. (1977). J. Appl. 

Cryst. 10, 73-74. 

Acta Cryst. (1979). B35, 1958-1963 

The Crystal Structure of Tetraaqua-cis-dichloroiron(lll) Tetrachloroferrate(lll) Mono- 
hydrate (Ferric Chloride 2½-Hydrate)* 

BY J. T. SZYMAI~SKI 

Mineral Sciences Laboratories, CANMET, Department o f  Energy, Mines and Resources, 555 Booth Street, 
Ottawa, Canada 

(Received 27 February 1979; accepted 22 May 1979) 

Abstract 
The crystal structure of ferric chloride 2~-hydrate, 
FeC13. 2½H20, [FeCI2(H20)4 ]+. [FeCIa]-.H20, has 
been determined from single-crystal X-ray diffractom- 
eter data using an average of three equivalent data sets, 
and refined to R = 0.035 for the 1617 unique 
reflections collected using Mo Ka radiation. The struc- 
ture is orthorhombic, space group Pbc2~, with a = 
6.272 (3), b -- 12.945 (3) and c = 16.654 (4) A, Z = 4, 
and consists of a somewhat distorted tetrahedral FeCl 4 
anion, a distorted octahedral tetraaqua-cis-dichloro- 
iron(III) cation and a single solvate water molecule. 
The tetrahedral Fe -C l  bonds range from 2.169 (4) to 
2.220(4) /~. The octahedral Fe -C l  bonds are 
2.236 (4) and 2.251 (4)/l,, and the Fe-water distances 
range from 2.004 (8) to 2.116 (7) ,/k. An extensive 
network of hydrogen bonds links the ions and the 
solvate water molecule. 

* Minerals Research Program, Processing Contribution No. 74. 

Introduction 

The ferric chloride-water phase diagram (Roozeboom, 
1892) reveals four hydrates: FeCI 3 . 2H20, 
FeC13.2½H20, FeCIa.3½H20 and FeCla.6H20. The 
last of these has been examined crystallographicaUy by 
Lind (1967), and shown to consist of tetraaqua-trans- 
dichloroiron(III) ions, with a C1- ion and two solvate 
water molecules. The crystal structure of ferric chloride 
2~-hydrate was determined to provide a known 
structural background for the interpretation and use of 
parameters determined from infrared, M6ssbauer and 
ultraviolet-visible absorption spectra of both the solid 
compound and the acidic ferric chloride solutions used 
to leach sulfide ores. Concentration and structural 
information about the complexes in these solutions is a 
necessary first step in the study of reaction mechanisms 
of these leaching reactions. This paper reports the 
results of the first of three crystal structure deter- 
minations of the three lower ferric chloride hydrates. 
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Experimental 

Ferric chloride 2~-hydrate melts at 329 K, and is 
extremely deliquescent. Even crystals mounted in 
sealed glass capillaries acquired a liquid layer around 
them within a period of a few days, and this contributed 
to crystal movement within the capillaries making them 
unsuitable for X-ray data collection. Eventually, dried 
fused silica tubes were used, and when. sealed in these 
the crystals remained dry. The crystals themselves 
appeared to decompose under X-ray bombardment, 
however, as evidenced by the decrease in intensities of 
monitored standard reflections after about a week. 
Comparable experimental difficulties, in terms of both 
deliquescence and crystal decomposition, were reported 
in the structure determination of hexaaquairon(III) 
nitrate trihydrate (Hair & Beattie, 1977). Fuller details 
of the experimental procedures used in preparing, 
analyzing and loading of the crystals will be given in a 
separate paper (Francis & Wiles, 1979). 

Preliminary examination of the compound with a 
precession camera revealed that the structure was 
orthorhombic, space group Pbcm or Pbc2 r A single- 
crystal fragment, approximately 0.3 mm across, and 
roughly equidimensional, was set in a silica tube and 
mounted in a general orientation on a Picker four-circle 
diffractometer. The cell dimensions given below were 
determined from a least-squares refinement (Busing, 
1970) of the 20, X and 09 angles of 34 reflections. The 
parameters were refined as a triclinic cell, and it was 
found that the maximum deviation from orthogonality 
was about l '  of arc, and well within one standard 
deviation. 

Intensity data were collected to a limit of 20 - -  55 °, 
using graphite-monochromated Mo Ka radiation, and a 
0-20 scan mode. A scan speed of 2 ° min -1 was used, 
with a 20 peak width of 2 °, increasing with 20 to 
account for al-Ot 2 dispersion. Backgrounds were 
measured for l0 s on each side of the peak. The hkl, 
hkl, hkl and /ikl octants of data were collected 
(equivalent in the noncentrosymmetric space group 
Pbc21). Three standard reflections were measured every 
fifty reflections to maintain a check on crystal align- 
ment, instrument stability and decomposition of the 
crystal. The standard reflections remained constant 
during the collection of the first three segments of data, 
but started decreasing sig_nificantly during the collection 
of the fourth segment, hkl, and these data were con- 
sequently discarded. Spherical absorption corrections 
were applied to the intensity data (~ = 3.36 mm -~) but 
no corrections for the absorption by the silica tube were 
attempted. The three useable segments of data were 
averaged, and standard deviations were calculated for 
each reflection from counting statistics and the relative 
agreement of the three measurements. Of the 1617 
unique reflections examined, 326 were considered 
unobserved on the criterion that I < 1.65o(1). The 

agreement factor between the three segments of data 
[~ (1 - i ) /Y  1] was 0.034 for all reflections and 0.029 
for the observed data. Structure factors were derived by 
the application of Lorentz and polarization corrections, 
with a(F)  set to ½o(1)(1 Lp) -1/2. The subsequent least- 
squares refinements were weighted by w = 1/o2(F). 
Unobserved reflections were included at the minimum 
observable threshold, and used in the refinement only if 
F(calc.) > F(threshold) for a given hkL 

Crystal data 

Molecular formula: [FeCI2(H20)4] +.[FeCI4]- .H20; 
formula weight: 414.49; crystal system: ortho- 
rhombic; systematic absences: Okl, k = 2n + 1; hOl, l = 
2n + 1; possible space groups: Pbcm (No. 57), or 
Pb¢21 (No. 29, Pea21 with b,a,O), Pbe21 confirmed by 
the structure analysis; cell dimensions: a -- 6.272 (3), 
b = 12.954 (3), e = 16.654 (4) A at 298 K; 2Mo Kal) = 
0-70930 A; linear absorption coefficient:/t(Mo Ka) = 
3.36 mm-l;  density: Dcalc -- 2.05 Mg m-3; Z = 4 
(density was not measured); intensity data: 1617 
reflections measured three times (20 < 55°); 1293 
observed with I > 1.65o(1). 

Structure solution and refinement 

The Fe atom positions were determined from an E 2 -- 1 
map assuming the centrosymmetric space group Pbcm. 
This showed that there were two different Fe atoms in 
the asymmetric unit, and their positions were approxi- 
mately [Fe(1)] 11 0.05,~,~, and [Fe(2)l 0. 54,0.01,~. 
Phasing the data from these positions revealed the 
tetrahedrally bonded [FeC14]- molecule and a water 
molecule on the mirror plane at z = ], but the inclusion 
of the one O and four CI atoms did not clearly reveal 
the coordination around the second Fe atom. Even the 
successive choice of possible coordination sites did not 
lower the reliability factor R to below 0.24. 

Examination of the statistics of the normalized struc- 
ture factors (E) suggested that the true space group 
might be noncentrosymmetric, Pbc21, but with pseudo- 
symmetry approximating the centrosymmetric Pbcm. 
The constraints of the mirror plane at z = ¼ and the 
twofold axis through Fe(l)  were released, and suc- 
cessive least squares and Fourier maps revealed the 
complete structure. The anisotropic refinement con- 
verged to R = 0.039. 

At this stage, examination of the model of the 
structure indicated the probable hydrogen-bonding 
network, and a comparison of the calculated positions 
of the H atoms with a difference synthesis revealed 
resolved peaks at all of the ten H positions. Attempts to 
refine these positions were unsuccessful, probably due 
to the inaccuracies of the data, resulting from the use of 
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spherical absorption corrections and the absence of 
absorption corrections for the silica tube. The positions 
of the H atoms quoted in Table 3 are thus the presumed 
positions with no refinement. 

The effect of scattering curves for the Fe and CI 
atoms was examined. With H atoms included but not 
refined, the structure refined to R = 0.0352 using the 
curves of Cromer & Mann (1968) for the neutral 
atomic species Fe, CI and O, and the anomalous- 
dispersion corrections of Cromer & Liberman (1970) 
for these same atoms. A difference synthesis showed 
negative troughs at the Fe positions, and positive peaks 
at the CI positions. The refinement was continued using 
the ionic-species curves Fe 3+ and CI- from the same 
source, instead of the neutral species. The temperature 
factors changed, as expected, but the resultant dif- 
ference synthesis was considerably more featureless 
around the Fe and CI atoms. Although the final 
residual was only fractionally better (R = 0.0346), the 
evidence of the difference syntheses was taken to favor 
the use of ionic curves. For H atoms, the curve of 
Stewart, Davidson & Simpson (1965) was used. 

All the structural computations were performed 
using the XRAY system of programs (Stewart, Kruger, 
Ammon, Dickinson & Hall, 1972). The refinements 
were carried out using the full-matrix least-squares 
program CR YLSQ (written for the XRAY system by 
F. Kundell) with anisotropic thermal parameters for all 
atoms heavier than H. The mean parameter shift in the 
last cycle was less than 0. lo, with a maximum shift of 
about 0.3tr in one of the thermal parameters. 

Attempts to re-refine the structure in the centro- 
symmetric space group Pbcm, starting from the 
appropriate mean positions of the atoms in space group 
Pbc21, were totally unsuccessful. The R value did not 
fall below 0.20, with the thermal parameters of all 
atoms around Fe(1) ever increasing and unreasonably 

Table 1. Atomic fractional coordinates with standard 
deviations 

x y z 

Fe(2) 0.4624 (2) 0.5139 (1) 0.2470 (1) 
O(1) 0-0765 (8) 0.7637 (4) 0.2524 (6) 
CI(I) 0.1143 (3) 0.5096 (2) 0.2573 (2) 
C1(2) 0.5775 (3) 0.6736 (2) 0.2477 (3) 
C1(3) 0.5658 (5) 0.4406 (3) 0.1365 (2) 
C1(4) 0.5901 (5) 0.4296 (2) 0.3527 (2) 
Fe(l) 0.0542 (2) 0.2484 (2) 0.5* 
C1(5 )  -0.2279 (5) 0.1666 (2) 0.4481 (2) 
C1(6) -0.1106 (5) 0.3852 (2) 0.5558 (2) 
0(2) 0.1229 (14) 0-3133 (7) 0.3938 (4) 
0(3) 0.2483 (13) 0.1241 (6) 0-4662 (5) 
0(4) 0.0622 (14) 0-1708 (7) 0.6062 (5) 
0(5) 0.3522(11) 0.3118(7) 0.5334(5) 

* The z coordinate of Fe(1) was fixed at { 
the polar space group. 

to define the origin of 

large. The values of the refined positional parameters in 
space group Pbc2~ are given in Table 1.* 

Description of the structure 

Fig. 1 shows the structure viewed in the bc plane, and 
clearly indicates the two different ions stacked in 
alternate layers. The layers at z ~ 0, { are tetraaqua-cis- 
dichloroiron(III) cations in a somewhat distorted octa- 
hedral coordination. A very approximate twofold axis 
of rotation, through the Fe atoms, relates C1(5) to 
C1(6), 0(2)  to O(4), and 0(3)  to 0(5). The H atoms are 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 34479 (7 pp.). Copies may be 
obtained through The Executive Secretary, International Union of 
Crystallography, 5 Abbey Square, Chester CH 1 2HU, England. 

Fig. 1. The projection of the unit cell along a. The thermal ellipsoids 
are drawn to include 50% probability, and the atoms of the 
asymmetric unit are labelled. H atoms are indicated as circles, 
and numbered in accordance with Table 3. Part of the hydrogen- 
bonding network is indicated by broken lines. 

i 2 
• z [~Cl 5 Cl 6 

Fig. 2. The tetraaqua-cis-dichloroiron(lll) cation, viewed along the 
y direction. 
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also similarly related. This relationship would be exact 
if the structure were centrosymmetric. The molecule, 
showing the bond lengths, is illustrated in Fig. 2. 

Between the cation layers at z ~ 0, ½, there are layers 
of tetrahedrally coordinated [FeCI4]- anions and 
solvate water molecules at z ~ ~, ]. The tetrahedra are 
somewhat distorted, the individual bond lengths vary- 
ing from 2.169 (4) to 2.220 (4) /k, and the angles 
varying from 106.6 (1) to 110.7 (2) °. The molecule is 
illustrated in Fig. 3, which also gives the bond lengths. 
Table 2 gives the details of the angular geometry of 
both anion and cation. 

In the determination of the hydrogen-bond network, 
the O - H  distance was taken as 0.95 /l,, and the 
H - O - H  angles were taken as 104.5 °. The hydrogen- 
bond network was deduced as follows. The O atom of 
the lone solvate molecule, O(1), is in close proximity to 
Cl(1) (3.30/k) and C1(2) (3.35/~), and to 0(2) (2.74 
/k) and 0(4) (2.72/k), in an approximately tetrahedral 
environment (see Fig. 4). This solvate O must, there- 
fore, act as a donor to the two C1 atoms, and as an 
acceptor from the other two bonded water molecules. 
The four hydrogen bonds around O(1) are thus close to 
tetrahedral. Now, referring to Fig. 1, if it is accepted 
that a bonded water molecule [say O(4), H(3), H(4)], 
which acts as a donor to O(1) [O(4)-H(4). . .O(1)1,  
will have a second donor H related to the first [H(4)] by 

a twofold axis along the Fe(1)-O(4) bond, it is found 
that this second H atom [H(3)] is positioned to act as 
an intermolecular bridge, binding C1(3) of the adjacent 
anion to the cation. Similarly, the water molecule O(2), 
H(5), H(6) [trans to O(4), H(3), H(4)I is related by the 
approximate mirror planes at z = ], ] to the symmetry- 
related water molecule O(4), H(3), H(4), and the H 
atoms bind an adjacent anion via O(2)-H(5). . .C1(4) 
and another symmetry-related solvate O atom [O(1)] 
via O(2)-H(6) . . .O(1) .  

The remaining two bonded water molecules O(3), 
H(9), H(10) and O(5), H(7), H(8) are cis to each other 
and are close to C1(5) and C1(6) of the cation related by 
the translation x = + 1. This gives rise to the inter- 
molecular bonds Fe(1) -O(5) -H(7) . . .CI (6) -Fe(1)  
and Fe(1) -O(3) -H(9) . . .CI (5) -Fe(1) ,  which bind 
cation to cation in the x direction. Finally, if the 
positions of H(7) and H(9) are fixed, and the Fe(1)-  
O - H  fragments are rotated by 180 ° about the 
Fe(1)--O bonds, the last two H atoms are found in 
positions to bind adjacent anions Fe (1 ) -O(5) -  
H(8)...C1(3) and Fe(1)--O(3)-H(10). . .CI(4).  As 
previously explained, resolved peaks were found in the 
difference synthesis in all the proposed H positions, but 
refinement of these parameters was not found possible. 

Table 3 gives the calculated H positions and the 
details of the hydrogen-bonding network. 

Table 2. Bond angles (o)with standard deviations 

(1) Tetrahedral FeC1; anion; angles around Fe(2) 

C1(2) C1(3) C1(4) 

El(l) 110.6 (1) 110.7 (1) 106.6 (1) 
C1(2) - -  108.6 (2) 110.0 (2) 
C1(3) - -  - -  110.5 (1) 

(2) Octahedral [FeC12(H20)4] + cation; angles around Fe(l) 

C1(6) 0(2) 0(3) 0(4) 0(5) 

C1(5) 99.7 (1) 91.6 (3) 89.6 (2) 97.0 (3) 169.9 (2) 
C1(6) - -  97.7 (3) 169.1 (2) 92.3 (3) 89.5 (2) 
0(2) - -  - -  87.7 (3) 165.5 (4) 83.1 (3) 
0(3) - -  - -  - -  80.8 (3) 81.7 (3) 
0(4) . . . .  86.6 (3) 

CI 2 

i ~90(31 

,z CI1 
Fig. 3. The tetrachloroferrate(III) anion, viewed along the y 

direction. 

Discussion 

Hair & Beattie (1977) in their discussion of hexaaqua- 
iron(III) nitrate trihydrate have presented a compre- 
hensive review of metal-ligand distances in Fe ll and 
Fe III solvated complexes. They note that both the Fem 
structures containing the [FeCI2(H20)4] + ion so far 
examined (Lind, 1967; Ferrari, Cavalca & Tani, 1957) 
are trans-dichloro, though both the Fem structures 

Cl 4 
CI 2 

\ \ \ \  

,,~0 Z 

Fig. 4. Hydrogen bonding around the solvate water molecule O(1), 
H(I), H(2). O(1) is surrounded by two donor and two acceptor 
H atoms, in approximately tetrahedral coordination. 
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Table 3. Proposed hydrogen-bonding network 

Donor Hydrogen- H. . .acceptor  Donor oxygen 
oxygen bonded distance -acceptor O - H - . .  acceptor 

x y z atom atom CA) distance CA) angle (°) 

H(I) 0.0371 0.6929 0.2544 O(1) Cl(l) 2.42 3.300 (6) 153 
H(2) 0.2277 0.7630 0.2504 O(1) C1(2) 2.48 3.353 (6) 153 
H(3) 0.1885 0-1328 0.6161 0(4) C1(3) t 2.57 3.509 (9) 170 
H(4) 0.0165 0.1928 0.6580 0(4) O(1) 6 1.77 2.722 (12) 178 
H(5) 0.2568 0.3466 0.3879 0(2) Cl(4) 2.42 3.365 (9) 172 
H(6) 0.0760 0.3016 0.3402 0(2) O(1) 2 1.81 2.743 (11) 164 
H(7) 0.5034 0.3106 0-5306 0(5) C1(6) 3 2.64 3-521 (8) 154 
H(8) 0.3197 0.3745 0.5604 0(5) C1(3) 4 2.80 3-673 (9) 153 
H(9) 0.3893 0.1505 0.4690 0(3) C1(5) 3 2.43 3-344 (9) 160 
H(10) 0.2600 0.0639 0.4338 O(3) CI(4) 5 2-39 3.308 (9) 161 

The superscripts for hydrogen-bonded atoms refer to equivalent positions which may be generated from the atomic coordinates in Table 1 
by the following symmetry operations: 

(1) x, ½-y ,  ½+z (4) l - x ,  l - y ,  ½+z 
(2) -x ,  -½ + y, z (5) 1 - x, --~ + y, z 
(3) 1 +x,  y, z (6) - x ,  l - y ,  ½+z. 

found containing the [Fe(H20)4(SO4) 2] molecule 
(Thomas, Robinson & Fang, 1974; Fanfani, Nunzi & 
Zanazzi, 1970) are cis. The present structure departs 
from this pattern, in that the ion is clearly a somewhat 
distorted eis-dichloro octahedron. Hair & Beattie 
further state that their F e m - O  distance of 1.986 (7) A 
in hexaaquairon(III) nitrate trihydrate, and the iden- 
tical distance [1.98 (2) A] in paracoquimbite (Robin- 
son & Fang, 1971), represents the shortest F e m - O  
distance for coordinated water molecules, and that 
these shortest distances occur in [Fe(H20)6] a+ octa- 
hedra. With coordinated chloride ions, this distance 
increases to 2.07-2.08 A. 

In the present structure, due to the cis-dichloro 
ligands, the F e m - O  distances should not be averaged, 
but rather considered individually in terms of the well 
known trans effect of ligands.* There are two longer 
F e - O  distances, and two shorter ones. The longer ones 
are both trans to C1, and the shorter ones are trans to 
each other, as expected, since CI has a greater trans 
effect than water. The shorter Fe -CI  bond [2-236 (4) 
A] is trans to the longest F e - O  distance [2.116 (7) A], 
and the longer Fe-C1 bond [2.251 (4) A] is trans to 
the next-longest F e - O  distance [2.095 (8) A]. It is 
probably valid to consider the average [2.02 (2) A] of 
the shortest Fe--O distances [2.004 (8), 2.035 (8) A] 
as being representative of the 'unaffected' F e - O  
distance. Comparison of this average bond distance 
with the Fern-water distance in tetraaqua-trans- 
dichloroiron(III) chloride dihydrate (ferric chloride 
hexahydrate) (Lind, 1967) shows the latter to be longer 
[2.07 (2) A]. This difference may well be due to the 

* For a detailed discussion of the t r a n s  effect, and the many 
theories used to explain it, see Basolo & Pearson (1958). The 
electrostatic theory of the t r a n s  effect predicts and explains the 
weakening (and hence presumably lengthening) of bonds t r a n s  to 
strongly electronegative ligands. 

different hydrogen bonding around the two ions. 
Similarly, both FeUl--Cl distances in the present struc- 
ture are shorter than in ferric chloride hexahydrate 
[2.30 (2) A], again presumably because in the latter 
case the trans bond-lengthening effect of each Fe -CI  
bond acts on the other, whereas in the present struc- 
ture it is manifested in the lengthening of the two longer 
F e - O  bonds. 

There are distortions of the octahedral angles, and 
these can be qualitatively accounted for in the present 
structure. CI(5)-Fe-CI(6)  = 99.7 (1) °, C1(5)-Fe-  
0(2) = 91.6 (3) °, C I ( 5 ) - F e - O ( 4 ) =  97-0 (3) °, Cl(6)-  
Fe-O(2)  = 97.7 (3) ° and C l ( 6 ) - F e - O ( 4 ) =  92.3 (3) ° 
are all evidence of greater ligand-ligand repulsions 
when one or both ligands are CI. However, an 
explanation for the deviations from mm symmetry, 
found in this distorted ion, must be sought in the 
hydrogen-bonding network that holds the whole struc- 
ture together. 

If the hydrogen-bond potential-energy function, in 
terms of distance, is neither symmetrical about the 
minimum, nor linear with respect to distance (and there 
is no reason why it should be), then a twist of the cation 
from the centrosymmetric orientation will result in a 
lengthening of one O - H . . . C I  bond, and a shortening 
of its partner previously related by the twofold axis. 
This may result in a net gain of energy, depending on 
the shape of the potential-energy function for the 
O - H . . . C 1  and the O - H . . - O  bonds, and the 
distances involved. When this effect is summed over the 
eight hydrogen bonds in which the cation is involved, 
the result is an ion distorted away from the twofold 
axis, and with no molecular symmetry of its own. A 
detailed analysis of these factors, however, is beyond 
the scope of the present structure determination. 

Similarly, the distortions of the [FeC14]- anion from 
tetrahedral symmetry are difficult to explain by factors 
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other than the hydrogen-bonding forces discussed 
above. The variation in Fe-C1 bond distances found in 
this structure, 2.169 (4) to 2.220 (4) /k, are very 
significant, and much greater than in the [FeC14]- anion 
in [PC14][FeCI 4] (Kistenmacher & Stucky, 1968) 
where the agreement between the bonds is remarkable 
(2.185 + 0.003 /k). However, the deviations in the 
angles from tetrahedral in the latter structure (108.2 to 
113.5 o) are somewhat greater than in the present struc- 
ture (106.6 to 110.7°). It is worth pointing out that the 
two Fe-C1 bonds which are equal in this structure, 
Fe--Cl(1) [2.190(3) A] and Fe-Cl (2)  [2.190 (2) A], 
are nearly identically affected by the hydrogen-bonding 
network, as both C1 atoms are bound to the same 
solvate water molecule at very similar distances (Fig. 
4). This would seem to contradict the argument 
previously used to explain the distortions from the 
centrosymmetric structure. A possible explanation is 
that, in fact, these O - H . . .  CI distances are close to the 
minimum in the potential-energy function, and hence 
are stabilized. 

The author is grateful to Dr D. J. Francis, formerly 
of this Division, for presenting the problem, for useful 
discussions and for the crystal preparative work. 
Thanks are extended to Mr K. Bartels and Mr H. 
Noorzad, of this Division, for preparative work and for 
mounting the crystals. The diagrams were prepared 
using the plotting program ORTEP (Johnson, 1965), 
adapted to the XRAY system (Stewart et al., 1972) by 
J. F. Gu6don, S. R. Hall, P. Richard & S. Whitlow in 
1974. 
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Abstract 

Sb2Mol003t crystallizes in the space group Pma2 with 
a =  20.03 (2), b = 8.09 (1) and c = 7.17 (1) A (din= 
4.87 + 0.05, d e = 4.83 Mg m -3, Z = 2). The crystal 
structure has been determined by the Patterson method 
on the xOz and xyO projections. Least-squares 
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refinement with anisotropic temperature factors of the 
three-dimensional atomic parameters gives a final R of 
0.055. The Mo atoms have octahedral coordination 
and the environment of the Sb atoms can be considered 
as being similar to the classical AX3E (E = lone pair) 
polyhedra. Hexagonal tunnels formed by the MoO 6 
octahedra are occupied by the Sb atoms. 
© 1979 International Union of Crystallography 


