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Rigid-Body Torsional Vibrations in Three Typical Members  
of a Class of Benzene Derivatives* 

BY A. TULINSKY t AND J. G. WHITE:~ 

Frick Chemical Laboratory, Princeton University, Princeton, N.J . ,  U.S.A.  

(Received 13 May 1957 and in revised form l0 June 1957) 

Quantitative X-ray crystallographic structure analyses have been carried out on 1,2 dichlorotetra- 
methylbenzene and hexachlorobenzene. In addition, the analysis of Brockway & l~obertson's data  
on hexamethylbenzene has been extended through difference syntheses. The interatomic distances 
and the interbond angles, the intermolecular distances and the molecular packing are those expected 
for such molecules. 

Dielectric and heat-capacity data  of these compounds indicate tha t  a considerable amount of 
molecular freedom exists in the crystalline solid at  room temperatures. The present analyses have 
clearly established the nature of this freedom. In the three members studied, a pronounced rigid- 
body torsional vibration has been observed in the plane of the molecule. In addition, 1,2 dichloro- 
tetramethylbenzene possesses an orientational disorder: the chlorine atoms and the methyl groups 
are distributed randomly among three crystallographically non-equivalent positions. The orien- 
rational disorder has been interpreted in terms of discontinuous molecular reorientations of nu/3, 
the reorientations being a consequence of the relatively large rigid-body torsional vibrations. 

Introduction 

For  some time, it has been known tha t  certain penta-  
and  hexa-subs t i tu ted  benzene derivatives possess 
properties t ha t  suggest disorder in the crystalline 
solid a t  room temperatures .  This class of compounds 
includes the chlorine and/or  methyl  derivatives.  The 
t empera tu re  dependence of the  disorder has received 
extensive heat -capaci ty ,  dielectric and  dilatometric 
studies (Huffman,  Pa rks  & Daniels, 1930; White,  
Biggs & Morgan, 1940; Morgan & ¥ager ,  1940; 
Chihara & Seki, 1948; Seki & Chihara,  1949). The 
results show pronounced second-order transit ions.  

Originally, these t ransi t ions were in terpre ted as 
representing the  onset or the  te rminat ion  of rotat ion.  
In the ro ta tor  state,  the  molecules were assumed to be 
ro ta t ing  freely in their  plane about  an axis passing 
through the  center of the  molecule. However,  such 
transi t ions do not  occur in te t ra -subs t i tu ted  deriva- 
tives or in higher members  if some or all of the sub- 
s t i tuent  positions contain larger a toms or bulkier 
groups. F rom this, it  was concluded t h a t  the  molecules 
had to possess an approx imate  disc-like s y m m e t r y  in 
order for ro ta t ion to occur. 

Wi th  the  demonst ra t ion  of localized a toms by  the 
s t ruc ture  determinat ion of hexamethylbenzene  (Brock- 
way  & Robertson,  1939), it  became clear t ha t  some of 
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the foregoing ideas had to be modified. This was done 
by  K a u z m a n n  (1942) when a t t empt ing  to describe the  
observed distr ibution of dielectric relaxat ion t imes of 
the polar molecules of the ro ta t ing  class. Essentially,  
K a u z m a n n  suggested t h a t  in the  ro ta to r  state,  discon- 
t inuous molecular reorientat ions of n~r/3 occurred in 
the  plane of the  molecule, the integer n permit t ing  
higher-order reorientations.  In  the non-ro ta tor  state,  
such reorientat ions were assumed to be non-existent.  

Now, since the X - r a y  method  is the  most  direct  
approach to the  unders tanding of the foregoing phe- 
nomena,  room- tempera ture  s t ructure  analyses of three 
typical  members  of the  ro ta t ing  class were under taken.  
The general example,  1,2 dichlorotetramethylbenzene,  
proved to be of the  most  interest.  The others, hexa- 
chlorobenzene (Lonsdale, 1931) and  hexamethyl -  
benzene, were chosen for convenience. The s t ructure  
of the former  has been completely redetermined;  the 
analysis of the la t ter  has been extended through dif- 
ference syntheses*. 

Experimental  

Good single crystals of 1,2 dichlorote t ramethylbenzene 
and  hexachlorobenzene were grown either by  slow 
evaporat ion of benzene or by  slow cooling of ethanol.  
They were elongated along the  monoclinic b axis and 
displayed a pseudo-hexagonal  face development.  E n d  
faces were seldom observed, the  crystals usual ly  
te rminat ing  with irregular  fractures.  Cleavage oc- 
curred easily parallel to b, especially with hexachloro- 
benzene. 

* We should like to express here our appreciation to Prof. 
J. M. Robertson, who kindly furnished us with his data on 
hexamethylbenzene. 
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Nickel-filtered Cu K radiation was employed in all 
the X-ray experiments. The crystal specimens were 
chosen so as to have a cross-section of about 0.1mm. 
x0.1 mm. and the length of the needle axis was cut 
to less than 0.5 ram. Crystallographic data were ob- 
tained from oscillation, rotation and Weissenberg 
photographs. Density measurements were made by 
flotation in aqueous silver nitrate solutions. Some of 
the relevar~t data collected are shown below. 

1,2 Dichlorotetramethylbenzene, C10H1~C12 

a = 8.16+-0.02, b = 3.98+0.01, c = 16.95+-0.03 A, 
fl = 116-4+-0.2% 

Space group, P21/c; do = 1.34 g.cm. -a, d c = 1.360 g.cm .-a; 
2 molecules/unit cell. 

Hexachlorobenzene, CdC16 

a = 8.08+0.02, b = 3.87+-0.01, c = 16.65+-0.03 A, 
= 117.0±0.2 °. 

Space group, P2~/c; do = 2.03 g.cm. -3, d~ = 2.041 g.cm. -3 ; 
2 molecules/unit cell. 

Hexamethylbenzene, C12Hls 
(Brockway & Robertson, 1939) 

a = 8.924-0.02, b = 8.86+0.02, c = 5.30+-0.01 A.  
c~=44.5 ° , f l =  116.7 ° , y =  119"6 ° . 

Space group, P1; do= 1.042 g.cm. -a, d~= 1.061 g.cm.-3; 
1 molecule/unit cell. 

In collecting intensity data two exposures were 
taken of each crystal, one being prolonged so that  the 
weaker reflections could be observed. The intensities 
were estimated visually, employing the multiple-film 
technique in order to correlate the weak and the strong 
reflections. The total range of intensities covered was 
about several thousand to one. The estimations were 
carried out with the aid of a standard scale prepared 
from the crystal in question and, in general, two in- 
dependent estimates were in good agreement. The 
intensities were modified with Lorentz and polariza- 
tion factors and placed on an approximate absolute 
scale by Wilson's method. This scale was changed 
repeatedly throughout the analysis by comparing ob- 
served and calculated structure factors. 

The present intensity data on hexachlorobenzene 
(133 observed reflections) are in good agreement with 
those of Lonsdale (65 observed reflections). 

Structure analysis 

The structures of 1,2 dichlorotetramethylbenzene and 
hexachlorobenzene are nearly isomorphous. They were 
solved by trial-and-error methods and, since similar 
techniques were employed, only the former will be 
described in any detail. 

At the onset, an unexpected observation was made: 

there were only two molecules of 1,2 dichlorotetra- 
methylbenzene in the unit cell. Space-group require- 
ments fix the positions of these molecules at centers 
of symmetry. However, it is quite apparent that  
1,2 dichlorotetramethylbenzene is not centrosym- 
metrical. Therefore, it was assumed that the chlorine 
atoms and the methyl groups are distributed at ran- 
dom through the crystal among three crystallogra- 
phically non-equivalent positions. The justification of 
such an assumption was the fact that  the effective 
radii of the chlorine atom and the methyl group are 
approximately the same (about 2 A). Somewhat 
similar behaviour has been encountered in the past. 
Among these examples are p-bromoiodobenzene 
(Hendricks, 1933; Klug, 1947) and certain chloro- 
methyl pyrimidine derivatives (Clews & Cochran, 
1948). 

The possibility of there being a fault structure pre- 
sent was also considered, for some mosaic blocks may 
have contained molecules oriented in one direction 
while others may have contained them oriented in 
other directions. However, prolonged rotation photo- 
graphs failed to show any additional layer lines so 
that  it was concluded that  the distribution was truly 
random and homogeneous. 

The orientation of the molecules was obtained 
through the consideration of outstandingly strong re- 
flections. An understanding of the three most intense 
low-order reflections proved to be of the utmost im- 
portance. These reflections are (10T), (202) and (304), 
and they make approximate 60 ° angles with one 
another. Furthermore, their second orders are out- 
standingly strong for their region in reciprocal space. 
Now, it can easily be shown that the signs of the first 
orders are the same. If this were not so, then the inter- 
sections of these planes on (010) would correspond to 
a severely distorted hexagon. This, however, would 
imply that the molecules are steeply inclined ~4th 
respect to (010), a fact that  is not consistent with the 
cell dimensions. Therefore, the signs must be the same 
and these were fixed as positive from approximate 
molecular dimensions; only the substituent positions 
can lie near the intersections of the first positive 
maxima (after the origin) of these planes. Such an 
orientation and inclination give the substituent posi- 
tions a geometrical structure factor approximating 
unity for all orders so that  the signs of the higher 
orders are also fixed and any decrease in intensity of 
the higher orders must be due primarily to the fall-off 
of the atomic scattering factor. 

Approximate carbon positions were determined by 
considering outstandingly_strong reflections from 
small-spacing planes" (2,0,12), (404), (608), (3,0,14), 
(406) and (7,0,10). Their traces were d r a ~  on the 
(010) plane and their signs fixed by requiring the 
orientation of the benzene ring to correspond with 
that  determined by the substituent positions. The 
final result is shown in Fig. 1 and it will be seen that  
the atoms group themselves close to these planes. 
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Fig. 1. 1,2 Dichlorotetramethylbenzene. Traces of the 
outstanding (hOl) planes. 

Structure analysis proper began with the coor- 
dinates thus derived. An approximate  substi tuent-  
position scattering curve was synthesized as follows. 
The empirical  carbon scattering curve derived from 
anthracene da ta  was scaled to 9 (the number  of elec- 
trons in a me thy l  group) and an isotropic temperature  
factor, B = 3.5 A 2, was applied to a Hartree chlorine 
a tom at rest. Since the distr ibution of the chlorine 
atoms and  the me thy l  groups was assumed to be 
random, two-thirds of the 'methyl '  curve was added 
to one-third of the result ing chlorine curve and  the 
totals were taken  to represent the scattering power 
of a subst i tuent  position. This scattering factor proved 
to be sufficient in the early stages of analysis.  How- 
ever, as ref inement  progressed, it was changed con- 
siderably. 

The work of refining the atomic coordinates pro- 
ceeded by  a s traight-forward applicat ion of double 
Fourier  series methods.  Electron- and  difference- 
densi ty  projections were investigated.  During refine- 
ment ,  the a and c axes were subdivided into 30 and 
60 parts,  respectively, and computat ions were per- 
formed with the aid of Robertson strips. F inal  elec- 
t ron and  difference densities were computed with an 
IBM Type 650 Magnetic Drum Data  Processing Ma- 
chine. At this t ime, the a and  c axes were divided into 
50ths and 100ths respectively. A general two-dimen- 
sional program was employed. I t  evaluated a 150- 
term series over 1326 points in the asymmetr ic  uni t  
in approximate ly  15 min. The results obtained em- 
ploying the two grids were pract ical ly  identical.  

After  each cycle of refinement,  the substi tuent-  
position scattering curve was adjus ted by calculating 
~n emph'ical scattering curve. Such a procedure as- 
sumed atomic coordinates and the carbon scattering 
curve. These two were obtained from electron and/or  
difference densities in the immedia te  vicini ty  of atoms. 
The empir ical  scattering curve derived always re- 
mained  wi th in  reasonable bounds and the whole 
procedure proved to be quite satisfactory. 

The electron densi ty  of 1,2 dichlorotetramethyl-  
benzene refined from R = 0.55 to R = 0.24 in five 
cycles; R =.~I[Fo[-]FcII--X]Fo]. The large ini t ial  
value of R was due, in most part,  to the uncer ta in ty  
associated with the subst i tuent-posi t ion scattering 
power. Two addit ional  isotropie difference cycles re- 
duced R to 0.21". At  this stage, it  was quite apparent  
tha t  fur ther  ref inement  would require the  considera- 
t ion of anisotropic thermal  vibrations.  However, the 
object of this  invest igat ion centered upon, at least, 
the  qual i ta t ive demonst ra t ion  of the type of disorder 
existing in the crystall ine solid and this was a l ready 
amply  borne out by  the electron and isotropic dif- 
ference densities. Therefore, the analysis  was ter- 
mina ted  at this point. 

The ref inement  of hexachlorobenzene commenced 
at R = 0.40 and proceeded at R = 0.21 in three 
cycles. The smaller  ini t ial  R and the speedier refine- 
ment  were due to the more precise nature  of the 
subst i tuent  positions and  also to their  greater scat- 
tering power. Two addi t ional  isotropic difference cycles 
reduced R to 0.17. 

The structure analysis  of hexamethy lbenzene  was 
extended in this invest igat ion because: hexamethyl -  
benzene is closely related to the  other compounds 
studied;  the solid possesses a discont inui ty  in heat  
capaci ty  at low tempera tures ;  the observed electron 
densi ty  vaguely suggests anisotropic thermal  motion. 
In order to verify the latter, the electron densi ty was 
recomputed on a smaller  grid (50ths×50ths)  em- 
ploying Brockway & Robertson 's  signs and structure 
factors. Contours of constant  densi ty were drawn by 
graphical  interpolat ion of line sections. However, the 
results proved to be inconclusive al though in close 
agreement  with Brockway & Robertson. 

In order to facil i tate the in terpreta t ion of difference 
densities of hexamethylbenzene ,  Rober tson 's  em- 
pirical scattering curve was replaced by a McWeeny 
carbon atom tha t  was modified, in the first instance,  
with a mean molecular isotropic tempera ture  factort .  
This tempera ture  factor was obtained along with 
an approximate  absolute scale constant  from 
In (IFo[/[Fc]) versus (sin <0>/~t) 2, [Fc] here representing 
structure factors calculated for atoms at rest. In  
subsequent  cycles, the carbon atoms and the me thy l  
groups were assigned different isotropic tempera ture  
factors. The ini t ial  value of R was 0.32. I t  reduced 
to 0-23 in three isotropic difference cycles. At this  
stage, a parameter  var ia t ion was performed on the 
tempera ture  factors. Variat ions of up to [AB] = 0.5/~2 
from the f inal  B values were without  appreciable 

* The term isotropic difference cycle is used to denote 
that the calculated atoms were assumed to be undergoing 
isotropic thermal motions. 

t Grenville-Wells (1956) compares the empirical naph- 
thalene scattering curve to a McWeeny carbon atom and 
shows how the two can be correlated. If, however, such correla- 
tions are ignored, the transform of the empirical scattering 
curve resembles a Gaussian rather than a Hartree or l~[eWeeny 
atom. 
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(a) (b) 

:Fig. 2. 1,2 Dieh loro te t ramethy lbenzene .  (a) (010) e[ectron dens i ty ;  contours  a t  intervals  of 1 e.A -~ for carbon and 2 e./~ -2 
for the  subs t i tuen t  group;  one-electron line broken.  (b) (010) difference dens i ty ;  contours  a t  intervals  of 0-25 e./~-~; nega- 
t ive contours  broken;  zero contour  omit ted .  

(o) (b) 

:Fig. 3. Hexachlorobenzene .  (a) (010) electron dens i ty ;  contours  a t  interva.ls of 1 e./~ -~ for carbon and  at  2, 4, 8, 12, . . . ,  
e .A -2 for chlorine; one-electron line broken. (b) (010) difference dens i ty ;  contours  a t  intervals  of 0.5 e .A-2;  nega t ive  
contours  broken;  zero contour  omit ted .  

I ........... 

~. a sin/g (a) ~. a s i n ~  (b) 

Fig.  4. Hexame thy lbenzene .  (a) c-axis projec t ion  of e lectron densi ty ;  contours  a t  intervals of 1 e./~-2; one-electron line broken.  
(b) c-axis project ion of difference dens i ty ;  contours  a t  intervals  of 0-25 e.A-~'; negat ive  contours  broken;  zero con tour  omi t ted .  
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effect. Furthermore, placing hydrogen atoms at  
physically plausible positions (every other methyl 
.group having the same orientation, the first with two 
hydrogens and the second with one hydrogen above 
the plane of the benzene ring) improved agreement in 
,some of the very low-order reflections but no signifi- 
cant overall agreement was effected. 

Resul ts  

The final electron and isotropic difference density 
projections are shown in Figs. 2-4. All the reflections 
within the limiting sphere for Cu K s  were included 
in the difference syntheses. As a first approximation, 
accidentally unobserved reflections were taken to be 
{Imin., where Imin. is the weakest observed intensity. 
Hamilton (1955) has suggested the use of ½Imi.. in the 
centrosymmetrical case; however, this value was 
constantly low when compared to calculated structure 
factors. 

A common and striking characteristic of the electron 
and difference densities is the ellipticity of the sub- 
s t i tuent  atoms, immediately suggesting that  the atoms 
are undergoing relatively large anisotropic thermal 
vibrations. In addition, the lines of maximum vibra- 
tion possess an approximate hexagonal distribution. 

Another feature, common to the difference densities, 
is the large negative minimum at the center of the 
benzene rings. Such behaviour has been observed 
before in other benzene derivatives, and also in other 
aromatic systems. The possibility of it  being due to 
diffraction effects in the calculated structure was 
considered, but it was found tha t  the first diffraction 
maximum of the ring carbons occurs approximately 
0-3-0.4 _~ away from the center of the benzene ring. 

From the electron density of 1,2 dichlorotetra- 
methylbenzene, Fig. 2 (a), it will be seen tha t  the peak 
heights of the substi tuent positions are about the 
same. The transform of a twelve-electron atom, with 
appropriate thermal motion, corresponds closely to the 
electron density of an isolated substituent atom. 
Since the sum of two-thirds of a methyl group and 
one-third of a chlorine atom synthesizes approximately 
a twelve-electron atom, the original assumption of a 
random distribution over six positions seems amply 
verified. 

The positions of the atoms in the hO1 projection of 
1,2 dichlorotetramethylbenzene are consistent with a 
regular planar hexagon of carbon atoms, 1.39±0.01 A, 
with a carbon-substituent distance of 1.68±0.03 A. 
The uncertainty in the lat ter  distance is due to the 
disorder which affects the substi tuent atoms. Actually, 
the distance is somewhat meaningless in a crystallo- 
graphic sense, since it is a weighted mean of carbon- 
methyl and carbon-chlorine distances. The distances 
of closest approach between neighboring molecules and 
the lines of maximum and minimum molecular tilt 
are shown in Fig. 5(a). The molecules are inclined 
about 21.5 ° to (010) along Lmax.- Table 1 lists the final 

coordinates of the atoms, the y coordinates being 
deduced from the inclination of the molecules as- 
suming strict planarity. 

" I \ L  .... 

(a) 

~~J~,~.~.4.17 ~ . ~ ~  

\ \   -0s A 3 64 't I \ 

/ 

(b) 
Fig.  5. D i s t a n c e s  of c loses t  a p p r o a c h  b e t w e e n  n e i g h b o r i n g  

molecu les .  (a) 1,2 D i c h l o r o t e t r a m e t h y l b e n z e n e .  (b) H e x a -  
c b l o r o b e n z e n e .  

Table 1. Final atomic coordinates, 
1,2 dichlorotetramethylbenzene 

Atom x/a y/b z/c 

C 1 0.192 0 . ]03  0.072 
C 2 0-128 0.000 0.183 
C a - - 0 . 067  - -0 .103  0"] 14 
X I 0 .408 0.258 0 .156 
X 2 0-256 0.000 0.397 
X 3 - -0 .145  - -0 .258  0-250 

Hexachlorobenzene was first described quantita- 
t ively in a celebrated paper by Lonsdale (1931). 
However, Lonsdale's data were limited and, further- 
more, the structure was not refined. The present 
analysis confirms the ellipticity of the chlorine atoms 
originally observed by Lonsdale but in addition de- 
termines the positions and the shapes of the carbon 
atoms much more precisely. From the hO1 projection, 
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the molecule approximates a regular planar hexagon, 
1.39+0.02 /~, with a carbon-chlorine distance of 
1.70+0.02 ~.  The distances of closest approach be- 
tween neighboring molecules and the lines of maximum 
and minimum molecular tilt are shown in Fig. 5(b). 
The molecules are inclined about 20.0 ° to (010) along 
Lm~x.. Table 2 lists the final atomic coordinates of the 
atoms, the y coordinates being deduced from the 
molecular inclination as above. 

Table 2. Final atomic coordinates, hexachlorobenzene 
A t o m  x/a y/b z/c 

C t 0 . 1 8 9  0 . 0 7 2  0 . 0 6 1  

C 2 0" 128  -- 0 . 0 7 2  0" 189 
C a - - 0 . 0 5 8  - - 0 . 1 2 8  0 . 1 2 8  

C l l  0 . 4 0 3  0 . 1 5 3  0 . 1 3 1  
Cl~ 0 - 2 7 8  - -  O- 153  0 - 4 0 8  

C1 a - - 0 - 1 2 8  - - 0 . 2 7 5  0 . 2 8 1  

The final isotropic difference density of hexamethyl- 
benzene, Fig. 4(b), removes any doubt, Fig. 4(a), as 
to the ellipticity of the methyl groups. Anomolous 
regions in the difference density can be easily cor- 

Table 3. 1,2 Dichlorotetramethylbenzene 

h0 £ F o F¢ h0 ~ F o F o h0 £ F o F o 

i00 37 29 
200 32 -28 
300 26 -29 
400 22 -17 
5OO 6 5 
600 i0 -ii 
700 4 5 
800 4 2 
900 4 - 4 
002 35 31 
004 31 -36 
006 30 -39 
OO8 3O -31 

00,i0 14 i0 
00,12 12 - 9 
00,14 4 i 
00,16 * 2 2 
00,18 4 - 6 

102 20 -17 
104 4 - 9 
106 44 -35 
108 20 20 

i0,I0 5 6 
1%12 12 -17 
10,14 * 1 - 0 
10,16 6 - 4 

i%o ~ 4 
38 32 

10T 18 -16 
i0~ 53 62 
1 0 8  i0 - 2 

10,:K 0" 16 -21 
10,i-2- * 2 - 
lO iT 

i0,~ 3 
202 56 65 
204 * i 3 
206 19 -26 
208 * 2 - 3 

20,10 II - 8 
20,12 * 2 i 
20,14 4 - 4 
20,16 * i 3 

20~ 15 -17 
20~ 29 -30 
20E i0 -Ii 
~0~ 7 i0 

20,I'~ 16 -13 
20,1"2" 30 29 
20,121" 13 18 
20,I~ * - 
20,I~ * ~ 
20,1r~ 5 - 7 

302 5 - 3 
304 19 -i0 
306 ii 12 
308 * 2 i 

30, I0 6 8 
30.12 4 5 
3%14 5 - 7 

302 ii -16 
307 50 62 
30~ 26 -22 
30~ 36 -37 

30, ~ 18 -20 
30,12 9 7 
30, I'T 24 30 
30,1"E * 2 7 
30, I-~ 4 4 
30,~"ff * I 0 

402 14 -i0 
404 30 36 
406 22 26 
408 * 2 - 2 

40,10 3 - 3 
40,12 6 - 7 
40,14 * 0 - i 

402 40 -35 
407 4 3 
40~ * i 2 
40~ 25 -23 

40,__~_ 14 19 
40,i~ * 2 - 2 
40 14 * - 4o:_ . ~ 
40,18 * 2 2 
40,20 4 7 

502 * 2 - i 
504 16 16 
506 ~2 -i 
508 * 2 i 

50, i0 13 - 6 
50,12 * 0 - 

50~" 16 22 
507 19 -16 
50E 14 -ii 
50~ 15 -14 

50, I'0" 7 4 
50,12 i 50,i"7 99 -i 
50,1-6" 
50 , I~ "  * ~ _ 0 
5 0 , ~  3 

602 * 2 0 
604 * 2 - i 
606 4 6 
608 3 5 

60,10 3 - 8 

60~ 6 4 
607 * 2 - 3 
60~ 6 5 
60~ 23 31 

60 l-ff *2 3 
6O l-~ 8 -8 
60 I~" Ii -13 
60rff * 2 - 4 
60: I"C 5 7 
6 o : Y f f  5 - 6 

702 5 4 
704 * 2 - 7 
706 * i - i 
708 * 0 - 4 
70~" ii -13 
707 9 -Ii 
70E * 2 - 5 
70~ 23 22 

70, I'~ 18 21 
701= *2 i 
701H * 2 3 
70, ~-~ 4 - 7 
7olrff 4 - 6 
70~ ~ 12 - 4 

802 6 - 6 
804 4 - 6 
802" * 2 - 8 
807 * 2 - 4 
80E" 4 6 
808" * 2 0 

80 ,l-ff 
80,= * 24 - 5 

80, I'~ 
8o.  
80,Yff 

90~ 5 - 7 
90E" 5 4 
908" * i 0 

90r~ *2 -i 
901-'2- *2 5 
90i'~ *i -4 
901"6 *i -5 
90Yff 3 -5 
i0 0~ * 0 7 
1o o~ 4 - 6 
i0 0g" 4 - 6 

lO,O ,~ff 3 - 8 
i0,0 , i-"~" 4 4 
I0,0 ~ * i 2 
i0,0 i-6 * 0 - 7 

Table 4. Hexachlorobenzene 

h O t  F o F o hOt F o F c hOt F o F O 

i00 21 22 
200 30 -30 
300 20 -Ii 
400 37 -38 
500 8 -i0 
600 25 -24 
700 28 33 
800 * 7 16 
900 I0 -14 
002 21 19 
004 27 -28 
006 21 -15 
008 32 - 36  

00,i0 8 -ii 
00,12 22 -24 
00,14 27 38 
00,16 9 ii 
00,18 17 -ll 

102 28 -33 
104 30 -37 
106 50 -45 
108 55 68 

i0,I0 * 7 5 
10,12 20 -19 
10,14 * 7 i0 
10,16 17 -15 
i0,18 * 4 - 

i0~" 22 27~ 
i0~ 21 -28 
i0~ 103 113 
I08 * 5 - i 

10,tO 25 -20 
i0, l-?J 8 i0 
I0,i 8 -14 
10,16 8 - 5 
i0,1"8 21 -17 

202 105 iii 
204 17 -13 
206 21 -13 
208 8 12 

20,i0 25 -29 
20,12 * 7 -16 
2 0 , 1 4  18 -18 
20,16 20 25 

20~" 32 -33 
20~" 30 -29 
206" 32 -32 
20~ 8 -i0 

~0 ~ !--~ 36 -26  
20, I-~ 67 75 
20,i'~ 30 21 
20,1-6 15 -16 
20,!-~ * 6 - 2 
20, ~"~ 13 -14 

302 8 6 
304 35 -30 
306 * 7 -17 
308 21 -23 

30,10 32 38 
30,12 * 6 5 
30,14 8 - 6 

30~" 36 -33 
30~ i01 109 
30E 17 -20 
30~ 55 -49 

30,10 22 -17 
30,~ 8 -13 
30,14 27 14 
30,16 12 -13 
30,18 27 33 
30,20 12 13 

402 24 -22 
404 67 74 
40 6 13 ,8  
408 * 7 0 

40,10 8 15 
40,12 17 -17 
40,14 * 5 -ii 

40~" 52 -46 
40~" 17 - 9 
40g" * 4 6 
40g 37 -31 

40 ,i0 63 71 
40,i~ i0 5 
40,~ 28 -25 
40,16 . _7 - 
40, [-8 8 -i 
40, ~-O 8 

502 13 14 
504 24 22 
506 i0 -18 
508 * 7 -14 

50, i0 17 -18 
50,12 i0 19 

50~" 55 67 
50~" 20 -20 
50~ 39 -32 
508" 24 -20 

50,10 8 - 6 
50, i-~" i0 I0 
50, i~ 30 -21 
50, ~'6 33 38 
50, i'8 13 i0 
50, ~-O 21 -20 

602 8 -14 
604 9 -15 
606 24 28 
608 * 5 - i 

60,10 6o - : 11 
604 i0 14 
60E 8 -12 
60~ 69 68 

60, ~ 15 6 
601 ~ 30 -27 
60:YT 25 -16 
60', I"E 9 - lO 
6oi ~ 9 9 
60, ~-O 18 -13 

702 8 - 6 
704 . 7 5 
706 8 16 
70E 15 -19 
704" 25 -26  
70E 24 -23  
70~ 13 13 

70,i"0" 30 27 
70, i~ 9 -12 
70,I-~ 33 36 
70,i~ 8 4 
70, i-~ 24 -22 
70.~'~ 12 - 8 

802 17 -17 
804 8 -12 
80~ 8 Ii 
80~ 8 -14 
80~ 28 32 
80~' . 7 - 7  

80 Y~ 13 -19 
80 1-72" 12 -14 
8 o i ' ~ "  . 6 0 
80:I'5 15 16 
8 o : l - f f  17 - 1 2  

i~0~" 13 -13 
907 17 -18 
90~ . 7 if 
90~ 17 16 

90 I-6" 8 -12 
90 ]I r 25 26 
90 I'~ . 4 -2 
90 1-6 21 -20 
90 i"~ . 4 -ii 
I0 0~ . 7 19 
i0 0E 8 - 9 
I0,0~ 17 -15 

I0,0, I--0" 17 -16 
i0,0,~" . 4 6 
10,0,i'T 12 17 

related with the erratic fluctuation of the one-electron 
contour in the electron density. From projection, the 
benzene ring is approximately a planar hexagon 
1.39±0.01 X. The carbon-methyl distance is 1.54 
±0.01 A. In all respects, orientation, inclination, and 
intermolecular distances, the present structure is quite 
similar to that  of Brockway & Robertson. 

At this point, it should be pointed out tha t  rigid- 
body molecular oscillations cause displacements of 
electron-density peaks and, therefore, systematic 
errors in bond distances (Cruickshank, 1956a). To 
correct for this effect, a knowledge of the mean squ~re 
amplitudes of oscillation in the plane containing the 
oscillation is required. Since the present refinement 
was carried out employing isotropie atoms, these 
quantities have not been determined and, conse- 
quently, the forementioned effect has not been com- 
pensated for. 

The observed and calculated structure factors of 
1,2 diehlorotetramethylbenzene and hexaehloroben- 
zene are given in Tables 3 and 4, respectively. Ac- 
cidentally unobserved reflections are denoted with 
asterisks. 



A. T U L I N S K Y  AND J .  G. W H I T E  13 

D i s c u s s i o n  

The important  facts which have emerged from this 
investigation are the anisotropic disorder, observed 
in all the molecules studied, and the apparent ran- 
domness of the chlorine atoms and the methyl groups 
in 1,2 dichlorotetramethylbenzene. I t  will now be 
shown how these two observations can be correlated 
and also s h o ~  to be compatible with known dielectric 
behaviour. 

Dielectric behaviour suggests that  the unsym- 
metrical penta- and hexa-substituted chloro-methyl 
benzene derivatives possess considerable molecular 
freedom in the solid. They have relatively large di- 
electric constants at  higher temperatures (i.e. 25 ° C.) 
that  cannot be accounted for by atomic and electronic 
polarizations alone. Furthermore, they exhibit di- 
electric loss in the solid which, with the dielectric con- 
stant, is temperature and frequency dependent, the 
frequency dependence occurring in the kilocycle region. 

Now, although dielectric evidence seems to indicate 
freely rotating molecules in the solid, the present 
results preclude this possibility in a general way. The 
atoms of the molecules are localized about mean 
equilibrium positions. However, they possess large 
anisotropic thermal vibrations and the directions of 
maximum vibration form a pseudo-hexagonal array. 
These observations suggest that ,  in addition to the 
normal thermal motions of the atoms, the molecules 
undergo a rigid-body torsional vibration. Although 
interesting in itself, such an internal degree of freedom, 
alone, cannot successfully account for known dielectric 
behaviour. 

However, an additional molecular freedom has been 
observed in 1,2 dichlorotetramethylbenzene: the ran- 
dom distribution of the chlorine atoms and the methyl 
groups. On the basis of X-ray results alone, such a 
behaviour cannot be interpreted unambiguously since 
the X-ray method gives time-averaged results. Thus, 
according to the X-ray method, it is quite impossible 
to distinguish whether the random distribution is due 
to a static or a dynamic phenomenon. But, the fact 
that  the dielectric properties of this compound are 
frequency dependent in the kilocycle region imme- 
diately suggests tha t  the random distribution is due 
to a dynamic phenomenon. Since such a natural  ab- 
sorbing frequency is small compared to the frequency 
of atomic or molecular vibrations, the frequency 
dependence must be due to an entirely different type 
of process. One such process has been put  forth by 
Kauzmann (1942): the molecules undergo discon- 
tinuous molecular reorientations of nzt/3, when they 
are free to reorient to any of six equilibrium positions. 
However, the potential barriers restricting such re- 
orientations are somewhat larger than the average 
thermal energy of the crystal (about 15kT for 1,2 
dichlorotetramethylbenzene). Nevertheless, since the 
molecules have already been shown to possess rela- 
t ively large rigid-body torsional vibrations, it should 

be quite possible for any given molecule to acquire, 
through thermal fluctuations, a considerable amount 
of torsional energy in excess of the average and 
thereby be able to reorient itself. 

Now, such a dynamic model, when time-averaged, 
is found to be quite consistent with the X-ray results. 
For if the frequency dependence is due to a reorienta- 
tion process, the frequency of the process must be 
in the kilocycle range. Since such a period is small 
compared with the duration of an X-ray experiment, 
a completely random distribution of chlorine atoms 
and methyl groups would be expected in chloro-methyl 
substi tuted derivatives. In addition, the atoms would 
be localized about mean equilibrium positions because 
the time spent in transition is small compared to the 
average life-time near a given equilibrium position. 
Such a behaviour is, in fact, satisfied in 1,2 dichloro- 
tetramethylbenzene. 

From the foregoing discussions, it is clear tha t  a 
rigid-body torsional vibration coupled with discon- 
tinuous molecular reorientations of nzt/3 is capable of 
correlating the dielectric and X-ray behaviour of 
1,2 dichlorotetramethylbenzene. Although a dynamic 
model was employed in conjunction with time-aver- 
aged X-ray results, the time-averaged dynamic model 
has been shown to be quite compatible with the latter. 
However, it is difficult to say whether the fore- 
mentioned behaviour is a common phenomenon to all 
members of the class studied. On the basis of di- 
electric evidence, it would seem to be so, since many 
more members of the class have been shown to possess 
similar properties. On the basis of the X-ray method, 
generalizations would be unwarranted owing to the 
fact tha t  the class has not received a thorough study. 

In closing, it should be pointed out tha t  of late, an 
increasing body of evidence has been accumulating 
pointing out tha t  relatively small planar molecules 
undergo rigid-body torsional vibrations. Benzene, in 
preliminary communications (Cox & Smith, 1954; 
Cox, Cruickshank & Smith, 1955), has been reported 
to do so. In view of the present results, this is not 
unexpected since benzene can be considered to be the 
simplest example of the class studied. Other recent 
examples are acridine (Phillips, 1956) and anthracene 
(Cruickshank, 1956b); undoubtedly, many other un- 
investigated ones exist. 
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Crystal Structures of ZrsGe3, TasGe3 and CrsGe3 

:BY ERWIN :PAI~TH]~* AND JOHN T. NORTON t 

Massachusetts Institute of Technology, Cambridge, Mass., U.S.A.  

(Received 1 July 1957) 

The crystal structures of ZrsGe 3, TasG % and CrsG % have been examined by means of Debye- 
Scherrer diagrams and compared with the corresponding sflicides. CrsG % crystallizes in the T1 type 
structure with a = 9.413 A and c = 4.780 A. TasG % crystallizes in the T1 structure also, as pre- 
viously reported, but transforms to the Nowotny structure (DSs type) with a = 7"581 /~ and c = 
5-235 A if 5 % of carbon is added. ZrsG % crystallizes directly in the Nowotny structure (D8 s type) 
with a --~ 7-993 ~ and c = 5.59¢/~. Apparently the residual impurities are sufficient to stabilize this 
phase in the latter case. The germanide structures are thus the same as the corresponding silicide 
struct~res. 

Introduct ion 

A comparison of the structures of the silicides and 
germanides of the t ransi t ion metals,  in so far as the 
structures have  been determined,  shows a complete 
correspondence of structure types, in spite of the fact 
tha t  the germanium atom is considerably larger than  
the silicon atom. In  the case of the phases with the 
formula MsSi 3 it  is known tha t  the expected b inary  
phases are f requent ly  replaced by  the so-called 
Nowotny phase having a D8 s type structure, the 
stabil izat ion of the la t ter  apparen t ly  being brought 
about  by  the presence of atoms of carbon, boron, 
oxygen or nitrogen, often in very  small  amounts  
(Parth6, 1957). In  order to extend the analogy be- 
tween the silicides and germanides somewhat  further,  
the compounds ZrsG %, TasGe 3 and  CrsG % were ex- 
amined.  

Preparation of samples 
The specimens were prepared from powders of zir- 
conium hydride,  t an t a lum hydride,  chromium, and 
germanium.  The powders were mixed in proper por- 
t ions in t r ichlorethylene in a hard-meta l  ball-mill  and 
the dried powders were hot-pressed in graphite  dies. 
The temperature  was 1200 ° C. and t ime at tem- 
perature about  2 min.  Since this temperature  was 
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above the melt ing point  of germanium,  the pressure 
was applied slowly. 

CrsGe3 

The powder diagram of CrsG % could be indexed to 
correspond to a tetragonal  uni t  cell with the latt ice 
constants:  

a = 9 . 4 1 3 / ~ ,  c = 4 . 7 8 0 j ~ ,  c / a = 0 . 5 0 7 .  

The extinctions lead to the space group DS4h-I4/mcm. 
The agreement  between observed and calculated 
values of the intensities (Table 1) was obtained if the 
Cr atoms were placed in positions 4(b) and 16(k) with 
the parameter  x = 0.074 and y = 0-223, while the Ge 
atoms were in positions 4(a) and 8(h) with the para- 
meter  x = 0.17. Thus CrsG % has the same structure 
as CrsSi 3, which is of the T1 type. The lines of the phase 
Cr~Ge were also observed in the specimen. 

A second specimen to which 5 a tomic% carbon was 
added showed the same T1 structure of the b inary  
phase CrsG%. 

TasGe3 

The specimen prepared from t an t a lum hydr ide  and 
germanium confirmed the T1 structure of the b inary  
phase TasG % reported by Nowotny,  Searcy & Orr 
(1956). Wi th  the addit ion of 5 a tomic% carbon, how- 
ever, the powder pat tern  was different and recogniz- 


