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Hexachlorobenzene, C6C16: The Crystal and Molecular Structure 
from Least-Squares Refinement with New X-ray Data* 

BY G. M. BROWN AND O. A, W. STRYDOMt 
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, U.S.A. 

(Received 11 September 1973; accepted 5 November 1973) 

P21/n, a= 8.0476 (8), b= 3.8363 (5), c= 14.8208 (29) A,/3= 92.134 (14) °, Z=  2 [23.5 + 1.0°C, 2(Mo Ks)= 
0-71069 A]; 1457 Mo Kc~ intensities corrected for absorption. Starting parameters were from Strel'tsova 
& Struchkov [Zh. Strukt. Khim. (1961). 2, 312-326]; R(F)= 0"046 for 1174 FZo's > cr(F2o). The C-C bond 
lengths average 1.393 A; r.m.s, deviation = 0.002, e.s.d, for individual C-C = 0.003 A. The C-CI lengths 
average 1.715 ~; r.m.s, deviation = 0-002, individual e.s.d. = 0.002 A. The average corrected bond lengths 
are 1-401 and 1.722 A. Angles C-C-C have individual e.s.d.'s ~ 0.17 ° and r.m.s, deviation of 0" 12 ° from 
the average 120.00 °. Angles C-C-CI have e.s.d.'s~0.15 ° and r.m.s, deviation of 0.30 ° from the average 
120.00 °. The maximum deviation of a carbon atom from the best plane through the C6 ring is 0.0008 A; 
the three independent C1 atoms deviate 0.014, 0.020 and 0.015 A, adjacent atoms being displaced in 
opposite directions. The perpendicular spacing between adjacent molecules along b is 3.52 A. The 
molecular plane makes an angle 23.3 ° with the ac plane. Shortest intermolecular C.. • C, C . . .  CI, and 
CI...CI distances are 3.56, 3.59, and 3.52 A. Intramolecular near-neighbor CI...CI distances are all 
3.11 A. 

Introduction 

The three-dimensional structure of crystalline hexa- 
chlorobenzene has been known only approximately 
from the X-ray analysis of Strel'tsova & Struchkov 
(1961), which was based on hOl and hll reflections 
only.:I: The structure parameters have been used in cal- 
culating the equilibrium intermolecular atomic separa- 
tions, the lattice energy, and the frequencies of lattice 
vibrations (Strel'tsova & Struchkov, 1961; Reynolds, 
Kjems & White, 1972; Bonadeo & D'Alessio, 1973). 
We undertook refinement of the structure to provide 
a firmer experimental basis for similar calculations in 
this laboratory by Bates & Busing (1974). 

Data and refinement 

Prismatic crystals displaying the same faces as recorded 
by Lonsdale (1931) and by Groth (1917) were grown 
by slow evaporation of a benzene solution by J. B. 
Bates. A specimen about 0-15 x 0.3 x 0-4 mm in dimen- 
sions was cut from a prism. The previously reported 
space group, P2t/c, was verified, and the cell param- 
eters were redetermined by the least-squares method 
from observations at 23.5 + 1.0°C of the 20 angles of 
12 unresolved Mo K0c reflections in the range 36 to 44 °. 
The new cell parameters for the setting P21/c are: a = 
8.0476 (8), b=3.8363 (5), c=16.5992 (20)A, fl= 
116.844 (14) ° [2(Mo Ke)=0.71069 A]. These are in 
good agreement with the parameters ~eported previ- 
ously but are more precisely determined. In our 
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.~ For earlier, two-dimensional analyses see Lonsdale (1931) 
and Tulinsky & White (1958). 

description of the structure we use the setting P21/n, 
for which e changes to 14.8208(29) A and fl to 
92.134 (14)°; we prefer the fl near 90 °. The prefactor 
matrix M=(T00/0T0/101), which is its own reciprocal, 
transforms the crystal base vectors and the face and 
reflection indices from one setting to the other. The 
transposed matrix 1VI=(T01/0T0/001) transforms the 
fractional coordinates. 

Mo KT. radiation was used with the Oak Ridge com- 
puter-controlled diffractometer (Busing, Ellison, Levy, 
King & Roseberry, 1968) to record the 1457 sym- 
metrically nonequivalent reflections in the 20 range 0 
to 62 °. Because the mosaic spread was large (1.4 to 2.3 ° 
about various axes through the specimen), it was 
necessary to use an m-scan technique to achieve proper 
integration of the reflection intensities. The technique 
used (Levy, 1966, unpublished), involving for each 
reflection one step-scan through the peak plus an upper 
and a lower background scan through the streak, has 
been described briefly (Brown, 1969) for recording 
low-angle data in the determination of the structure of 
6-mercaptopurine monohydrate. A niobium filter was 
used in the 20 range 25 to 55°; no filter was used either 
below or above that range. The critical consideration 
in the co-scan technique with a crystal of wide mosaic 
spread is whether the height of the receiving aperture 
(dimension along the 0-20 axis) can be set large enough 
to integrate properly at the higher Bragg angles. 
Fortunately, the hexachlorobenzene crystal was moun- 
ted in such a way that the maximum height (1.6 °) 
was sufficient. It was shown by actual testing that the 
reflection intensities were independent of the height 
within experimental error in the range near the maxi- 
mum height, at which the aperture was always set. 

Periodic observations of a strong reference reflec- 
tion, 008, showed only the expected statistical fluctua- 
tions in intensity. Absorption corrections (Busing & 
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Levy, 1957) were appl ied  (/z = 17.9 cm-1) ;  the m i n i m u m  
and  m a x i m u m  abso rp t ion  correc t ions  were 1-28 and  
1.68, respectively. Fo r  the subsequent  least-squares 
ref inement  the weight o f  each observa t ion  F 2 was t aken  
to be 1/a2(F2o), where o2(Fo 2) includes an empir ical  cor- 
rect ion (0-03 F2) 2 added  to the purely statistical vari- 
ance (Peterson & Levy, 1957). 

Least-squares  ref inement  was s tar ted with the a tomic  
parameters  repor ted  by Strel ' t sova & St ruchkov  
( t ransformed for our  P21/n setting) and  it p roceeded 
smooth ly .  The  largest coord ina te  shift was 0.066 A 
a long  axis b for  a t om C1(3). The final goodness-of-f i t  
indicators ,*  based on  all 1457 observat ions ,  are as fol- 
lows : R(F)  = 0-064; R(F  2) = 0-047; R,v(F 2) = 0-080; al  = 
1.312. For  the 1174 reflections with Fo 2 > cr(Fo2), R(F) = 
0.046. There  was no  evidence of  ext inct ion.  The  a tomic  
scat ter ing factors of  Hanson ,  He rman ,  Lea & Ski l lman 
(1964) were used, with dispersion correc t ions  for 
chlor ine  ( A f ' = 0 . 1 3 2 ,  A f " = 0 . 1 5 9 )  f rom Cromer  & 

* The indicators R(F) and R(F') are the usual discrepancy 
indices calculated on the basis of Fand F z values, respectively; 
R,,(F 2) is the weighted index for F 2 values; o1 is the standard 
deviation of fit. For explicit definitions, see Brown (1969), 
among others. 

L ibe rman  (1970). In the final cycle of  ref inement  no  
coord ina te  or an iso t rop ic  thermal  pa rame te r  fl~ 
changed in magn i tude  by as much  as 10-5; the scale 
fac tor  changed  by 1 par t  in l0 s, abou t  0.005 t imes the 
co r respond ing  s t andard  error.  A final difference m a p  
showed no significant detail.  The largest excursions of  
density were +0 .59  and  - 0 . 5 9  e A - 3 ;  for compar i son ,  
the peak heights in a final electron densi ty m a p  were 
abou t  12 and  35 e /k -3 for  the ca rbon  and  chlor ine  
a toms,  respectively. The final a tomic  paramete rs  are 
given in Table  1; a table of  observed and  calcula ted 
IFl 's and  s t andard  errors is ava i lab le . t  There  are nine 
values of  LIF2/a(F2o) greater  than  4, o f  which the largest 
is 5.1. 

D i s c u s s i o n  

A r igid-body analysis  (Cru ickshank ,  1956; S c h o m a k e r  
& Trueb lood ,  1968) made  with J o h n s o n ' s  (1970a) 
segmented-body  p r o g r a m  O R S B A ,  gave a good  fit of  

I" This table has been deposited with the British Library 
Lending Division as Supplementary Publication No. SUP 
30268 (10 pp.). Copies may be obtained through the Executive 
Secretary, International Union of Crystallography, 13 White 
Friars, Chester CH1 I NZ, England. 

Table  1. A tomic parameters ( × 10 s).for the hexachlorobenzene crystal structure (P21/n setting) 

The parameters ,Sij are for the temperature factor exp ( -  h2flll - kZf122 - 12,6'33 - 2hkf112 - 2hlf113 - 2k/~23). 

x y z flll fl22 fla3 fl12 fl,3 fl2a 
C(I) - 15272 (23) - 11190 (57) 3027 (13) 741 (25) 4356 (147) 318 (8) 108 (52) 14 (11) 176 (29) 
C(2) -3330 (23) 2262 (57) 9141 (12) 966 (28) 4835 (160) 248 (7) 404 (57) 15 (11) 61 (29) 
C(3) 11972 (24) 13409 (56) 6102 (13) 867 (27) 4252 (148) 297 (8) 83 (52) -103 (12) 34 (28) 
CI(1) -34074 (06) -25323 (20) 6742 (04) 888 (07) 9092 (060) 456 (3) -526  (19) 77 (03} 417 (11) 
C1(2) -7620 (08) 5380 (22) 20344 (03) 1526 (10) 11013 (070) 251 (2) 206 (22) 85 (03) - 7 4  (10) 
C!(3) 26662 (07) 29525 (18) 13671 (04) 1241 (09) 7620 (054) 398 (3) -462  (19) -227 (04) -232  (10) 

Table  2. Librational and translational motion O/" the hexachlorobenzene molecule f rom the segmented-body analysis 

Lext, Lint, and T are tensors for overall external libration, internal libration, and translational vibration respectively. Unit vector 
i of the reference Cartesian coordinate system is directed from C(1) to C(I)* (see Fig. 1): unit vector k has the direction of i^m, 
where m is a vector from C(2) to C(2)*: ] completes the right-handed system. 

Tensor elements ,(ix l0 s (standard errors x 105) 

Tensor 11 22 33 12 13 
Lext (rad z) 494 (5) 463 (5) 322 (2) - 9 6  (2) - 6 2  (3) 
Lln/~(r)ad z) 253 (20) 
T ( 2653 (16) 2585 (16) 2039 (43) 119 (13) 197 (17) 

Principal r.m.s, amplitudes and orientations of principal axes 

Lext r.m.s, amplitude (°) 
Direction cosines of axes K 

with respect to Cartesian 
base vectors 

Lint r.m.s, amplitude (o) 

T r.m.s, amplitude (/~) 
Direction cosines of axes K 

Principal axis K 
1 2 3 

4"53 3"60 2"92 
i 0"6583 0"7515 0"0428 
j -0.6519 0"5976 -0"4668 
k -0"3764 0"2794 0"8833 

2"88 

0"166 0"163 0"137 
i 0.8119 0"5124 0"2797 
j 0"5836 -0"7260 -0.3639 
k 0'0166 0"4587 -0"8886 

23 
112 (3) 

-254  (17) 
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rigid-body motional parameters to the 36 observed U U 
parameters;* the r.m.s, deviation between observed 
and calculated Ulfs was 0.0008 A 2. However, analysis 
of the residual ellipsoids suggested that there is excess 
motion of the carbon atoms which can be ascribed 
chiefly to libration of the ring about the normal to the 
ring plane through the center of the ring. A segmented- 

* The U~j's are vibrational tensor components referred to a 
molecular Cartesian coordinate system; they are simply 
related to the flu's of Table 1. The same weight was used for all 
18 U~j's of the chlorine atoms; this weight was 6.5 times the 
constant weight used for the 18 Ulfs of the carbon atoms, in 
accordance with the inverse ratio of the averages of the 
squares of the standard errors of the fltj's for the two kinds of 
atoms. 

~ ,  all (31... CI 
Cl (:3)* distances :5.1t ~. C~. (2)* 

• deviation ( ~,, x 10 3) 
,~c~ ~ ' , ~ X  ~ / _ ~ , _ ~  ,,'. from best plane .=... l(2)~.-f~J~'4ue I(n.~M ~19-8 _ . . 

uncorrected \ ~ : : ~ _  /t \ ~  J tlarougn ring 

c t ( t )  ( 

/ ~ "~1 ~ \ corre(,ted for 

0"t54(5) ~ ' ~  

0"216 (t) 

0"t64(3) 0"202(3) o.197(3) 0'2_42(t) 
0"224(1) 0"244(1) 
o.287(1) (b) 

Fig. 1. (a) The centrosymmetric molecule in crystalline hexa- 
chlorobenzene, nonperspective view perpendicular to the 
molecular plane. Atoms are represented by their ellipsoids 
of 50% probability. Atoms C(I) and C(1)*, and so forth, 
are related by inversion through the molecular symmetry 
center at the cell origin. Uncorrected bond lengths (A) and 
angles (°) calculated using the full least-squares covariance 
matrix, with standard errors in parentheses, are given in one 
half of the molecule; bond lengths and angles corrected for 
thermal motion are given in the other half. Deviations of 
atoms from the best least-squares plane through the six 
carbon atoms are shown inside the atom ellipsoids, in units 
of 10 -3 A. (b) View of the molecule in a direction 70 ° from 
that of (a). Principal axial r.m.s, vibrational amplitudes and 
standard errors (A) are attached to the six atoms of the 
asymmetric unit. 

body fit to the Uu's was made assuming that a rigid C6 
ring oscillates in this manner with reference to a rigid C16 
ring. The r.m.s. A U~j was reduced to 0.0004 A z. The 
internal r.m.s, librational amplitude was calculated to 
be 2.9°; the calculated molecular r.m.s, principal 
librational amplitudes, 2.9, 3.6, and 4.5 °, were almost 
exactly as calculated first on the assumption of a rigid 
molecule. The principal axial directions for molecular 
libration and translation (Table 2) were also almost the 
same as in the first calculation. It seems odd to de- 
scribe the six chlorine atoms as a rigid group while at 
the same time including the internal motion; however, 
the excellent fit suggests that the chlorine atoms do 
behave much as a rigid group. As far as in-plane 
motion is concerned, this may be rationalized on the 
basis that the chlorine atoms are heavy and their 
relative motion is restricted by the close intramolecular 
near-neighbor CI. --C1 contacts at 3.11 A. 

Use of the program ORSBA provided values of bond 
lengths and valence angles corrected for the overall 
external motion of the molecule but not for the internal 
motion of carbon atoms relative to chlorine atoms 
described above. The corrections were 0.005 to 0.006 A 
for the C-C bonds and 0.007 to 0.008 A for the C-CI 
bonds. An additional correction of 0.002 A was calcu- 
lated for the effects of the internal motion on each C-C 
bond length by use of the equation given by Busing & 
Levy (1964) under their section heading Molecular 
librarian. No such additional correction is required 
for the C-C1 bond lengths, since to the approximation 
that the carbon and chlorine atoms of each bond are 
rigidly linked the apparent positions of the two atoms 
will be shifted by the same vector as a result of the 
internal motion. 

The molecular structure is described in detail by the 
numerical data in Fig. I on bond lengths and valence 
angles (including values corrected for thermal motion, 
as described above) and on deviations from strict 
planarity. Fig. 1 shows the ellipsoids of 50 % probability 
(Johnson, 1970b) and includes the numerical values of 
the r.m.s, principal-axial atomic displacements. 

The molecule displays almost perfect 6/mmm sym- 
metry, the largest deviations being exhibited by the 
C-C-C1 angles and by the displacements of 0.014 to 
0.020 A of the chlorine atoms from the least-squares 
best plane through the nearly exactly coplanar ring 
of carbon atoms. The equation of this plane for the 
reference molecule at the origin is: 

2 .9625x-  3-5235y + 1.9429z = 0 ,  

where x, y, and z are fractional coordinates in the 
crystal system. A positive deviation in Fig. 1 has a 
negative y component. 

The average uncorrected and corrected bond lengths 
are: C-C 1.393 and 1.401 A; C-Cl 1.715 and 1.722 A. 
Root-mean-square deviations are about 0.002,~ for 
each kind of bond. The average corrected lengths are in 
excellent agreement with the lengths 1.404 (6) and 
1.717 (5) A [both ro(1 ) values in the notation of Barteil 
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HEXACHLOROBENZENE 

Fig.2. Stereoscopic view down the b axis of the crystal structure of hexachlorobenzene, showing the atomic ellipsoids of 75 % 
probability. 

(1955)] reported from a gas-phase electron-diffraction 
study (Strand & Cox, 1966). It is interesting that the 
C-C bond length in this benzene ring bearing six 
substituent chlorine atoms is not significantly different 
from the length in benzene itself as reported from vari- 
ous structural studies: gas-phase electron diffraction, 
1"3974 A (Bastiansen, 1957); Raman spectroscopy, 
1.3973 A (Langseth & Stoicheff, 1956); X-ray crystal- 
structure analysis, 1.392 (10) A* (Cox, Cruickshank & 
Smith, 1958); neutron crystal-structure analysis, 
1.398 (7) A* (Bacon, Curry & Wilson, 1964). 

The average C-C1 bond length is consistent with 
Rudman's (1971) inference from the available data 
that C-C1 bond lengths for bonds on aromatic and 
quinoid rings are significantly shorter (averaging 
1-709 A)'[" when the bonds are ortho to each other than 
when they are more widely separated or in isolation 
(averaging 1.737 A).'~ It is of interest that the C-C1 
bond lengths in decachlororuthenocene and in diethoxy- 
octachloroferrocene (Brown, Hedberg & Rosenberg, 
1972, 1973) are also short, averaging 1.703 and 1.709 A, 
respectively (uncorrected). 

A stereoscopic view of the crystal structure along the 
b axis is shown in Fig. 2. The molecular plane makes 
an angle 23.3 ° with the ac plane. The shortest inter- 
molecular C-C, C-C1, and CI-C1 distances are 3-56, 
3.59, and 3.52 A, respectively. 
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