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Structure  of the Monocl inic  Form of p -Dich lorobenzene  at Low T e m p e r a t u r e  
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The structure of the monoclinic form of p-dichlorobenzene has been determined at low temperature. 
Within the limits of experimental error it has been found that  the benzene ring is a plane regular 
hexagon with side 1.39 A. An anisotropic thermal vibration is found for the atoms C1 and C 1. 

Introduct ion 

The s tandard  error of an atomic coordinate in struc- 
tura l  analysis is not  only a function of the reliability 
index, but  also diminishes with the increase of the 
curvature  of the  electron densi ty a t  peak centers 
(Cruickshank, 1949). I t  is evident  tha t ,  in order to 
reduce the s t andard  error in the final coordinates, the 

t e m p e r a t u r e  a t  which diffracted intensities are col- 
lected should be lowered. This has been experimental ly  
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Fig. I. (-Fo--Fc) projection on (001) showing the anisotropic 
vibration of the C1 atom. Contours are drawn at intervals 
of 0.2 e./~ -2, starting with 0.2 e./~ -2 (dotted lines). 

demons t ra ted  by  Burbank  (1953) and later  by  
Hirschfeld & Sehmidt  (1956). Using the advan tages  
of low-temperature  s t ructural  analysis,  we have  re- 
examined the monoclinic modification of the p- 
dichlorobenzene a l ready described by Croatto,  Bezzi 
& Bua  (1952), in order to carry  out the ref inement  to 
the limits of possibility. 

During the course of ref inement  a note by H o u s t y  
& Clastre (1957) appeared,  regarding the s t ructure  of 
the triclinic form of p-diclflorobenzene existing a t  
30.8 °C. The authors,  in agreement  with Croatto,  
Bezzi & Bua (1952) find t ha t  the molecule is not  planar ,  
and has angles of 4 ° between bonds C-C and the  mean  
plane of the molecule and tha t  various bonds C-C of 
the benzene ring have appreciably unequal  lengths. 

E x p e r i m e n t a l  and crystal  data 

The p-dichlorobenzene crystals were obtained from the 
melt  in L indemann  glass. The experimentM da t a  were 
collected a t  a t empera tu re  of - 1 4 0  °C. using the  
technique described by  Post,  Schwartz  & Fankuchen  
(1951). 

The crystal  belongs to the  space group C~h-P21/a 
with two molecules in the  unit  cell and has the follow- 
ing latt ice constants :  

a t  t ° -- --140 °C. 

a = 14.63±0.06 
b = 5.66+0.03 A 
c = 3.89±0.02 A 
fi = l l l  ° 45 '±20 '  

a t  t ° - -  + 2 0 ° C .  

a = 14.80±0.06 _~ 
b = 5.78±0.03 A 
c = 3 .99±0-02/~ 
fl = 113 ° 0 '±20 '  

The hO1 and hk0 intensities have been collected in 
the precession camera with radiat ion Mo K s  and  in 
the Weissenberg camera with Cu K s  radiat ion.  The 
intensities were integrated in a photometer  and  cor- 
rected by the usual Lorentz and polarization factors.  
The Fo have been pu t  on an absolute scale using the  
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s t ruc ture  factors calculated by  Croatto,  Bezzi & Bua  
(1952). The coordinates derived from the first maps  
of electron densi ty  gave a reliabili ty index 0.19 for 
the projection on (001) and 0-18 for the  projection on 
(010). For  the  calculation of Fc, atomic scat ter ing 
factors given by McWeeny (1951) were used. 

R e f i n e m e n t  of pro jec t ion  on (001) 

The ref inement  of this projection has been carried out 
by  successive Fourier  difference syntheses. In  the  first 
three stages corrections were introduced in the co- 
ordinates of the carbon atoms.  Wi th  these adjust-  
ments  R was reduced to 0.15. F rom Fig. 1 it  can be 
seen t h a t  there was evidence of an anisotropic thermal  
v ibra t ion of the C1 a tom with m a x i m u m  vibrat ion in 
a direction near ly  parallel  to the y axis of the cell. 
Therefore an exper imental  atomic scat ter ing factor  
was calculated on the  basis of the formula derived by 
Helmholtz  (1936). 

sin e 0 
f~ = fo exp { -  i (A + B cos~ q~) - - ~  ] } 

in which .ft is the experimental  atomic scat ter ing 
factor  and f0 is the scat ter ing factor  of a s ta t ionary  
a tom,  A and B are constants  for reflecting planes 
parallel and perpendicular  to the direction of max imum 
vibrat ion respectively, and 9 is the angle between the 
direction of m a x i m u m  vibrat ion and the reciprocal- 
lat t ice vector. Values of the constants  A and B were 
found by calculation of the one-dimensional Fourier  
t ransform of the electron densi ty  in the directions of 
minimum and max imum vibrat ion respectively. Re- 

calculation of s t ruc ture  factors on this basis reduced 
R to 0.12. For  the  C a tom bonded directly to C1, the  
difference synthesis can be interpreted by  assuming 
the existence of m a x i m u m  vibrat ion parallel to that  
of the  C1 atoms. The introduct ion of an exper imental  
atomic scat ter ing factor  did not  give appreciable im- 
provement  of the reliabili ty index. A four th  difference 
synthesis contained m a x i m a  which have been inter- 
preted as positions of the  two hydrogen atoms, and 
the introduct ion of the contribution of hydrogen atoms 
and some adjus tments  of the  carbon a toms reduced 
R to the final value of 0.09. 

R e f i n e m e n t  of projec t ion  on (010)  

From the coordinates calculated from the first  electron- 
densi ty  map  the  signs of four F ' s  (out of 62) were 
changed. Wi th  these sign changes and the  use of the  
calculated value for the very  strong 001 reflection, 
for which it was impossible to deduce the experimental  
value, a new Fourier  synthesis was calculated and this 
gave new coordinates with which R fell to 0.14. This 
synthesis in spite of the low t empera tu re  factor  did 
not  resolve the  carbon a toms C1 and C 2. Therefore it 
was decided to calculate fur ther  difference syntheses,  

Table 1. Final atomic coordinates 
Atom x/a y/b z/c 

C11 0.167 0.172 0.973 
C 1 0.074 0.357 0.991 
C 2 0.098 0.559 0.187 
C a 0.023 0.712 0.191 
H 2 0.155 0.594 0.346 
H 3 0.034 0.843 0.337 
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Fig. 2. Projection of the p-dichlorobenzene molecule on its mean plane. 
Bond lengths, angles and distances ~ from this plane are also drawn. 



128 S T R U C T U R E  OF THE MOI~OCLII~IC FORM OF p-DICHLOI~OBEltTZE:N'E 

hkl 

Table 2. Observed and calculated structure factors for p-dichlorobenzene 

F 6 F e h k I F ° F c h k I F ° F 
C 

2 
4 
6 
8 

lO 
12 
14 
16 

0 0 8,8 + 9,4 
0 0 25, 0 -27, 5 
0 0 28, 9 +30,1 
0 0 20,4 -21,1 
o 0 8,9 - 8,1 
0 0 32, 8 +33, 0 
0 0 13,4 -13,7 
0 0 15, 5 -14, 9 

I I 0 13,4 -13,1 
2 1 0 41,6 +41,0 
3 1 0 19,0 -21,2 
4 1 0 33,1 -33,3 
5 1 0 23,9 +22,7 
6 1 0 1,9 - 1,5 
7 1 0 17,6 +15,3 
8 1 0 13,9 +17,6 
9 1 0 18,0 -17,3 

I0 1 0 34,3 -32,8 
II I 0 - + 0, I 
12 1 0 9,7 - 9,3 
13 1 0 2,8 + 3,1 
14 1 0 ll,3 +12,6 
15 1 0 9,2 -7, 6 
16 1 0 13,5 -15,1 

0 
1 
2 

3 
4 
5 
6 
7 
8 
9 

lO 
ll 
12 
13 
1 
2 
3 
4 

5 
6 
7 
8 

i 9 

lO 
ll 

0 23, 9 -29, 1 
0 34, 2 +34, 3 
0 - + 2~I 
0 -- -- 

0 2,8 - 2,9 
0 32, 0 -28, I 
0 28,7 -26,6 
0 22, 9 +23,1 
0 9, 5 + 8,4 
0 4,0 + 5,1 
0 ll, 1 +lO, 8 
0 10,4 - 8,8 
0 lO, 9 -ll, 9 
0 24, 6 +23, 5 
0 3,3 - 6,9 
0 4,2 - 6,1 
0 38, I +38, 3 
0 5,3 + 9,7 
0 12,~ "13,0 
0 6,7 + 8,7 
0 17,4 -15, 8 
0 7, 5 + 6,4 
0 21, 5 +2.1, 5 
0 5,1 + 4,8 
0 12,0 -ll,5 

12 3 0 2,6 - 1,7 0 0 2 27,8 
13 3 0 6,8 - 6,0 2 0 2 15,4 
14 3 0 - - 1,0 4 0 2 26,8 
15 3 0 18,1 +20,8 6 0 2 15,6 

8 0 2 8,6 
0 4 0 13,2 -13,1 I0 0 2 15,6 
I 4 0 15,1 -15,9 12 0 2 8,6 
2 4 0 2,5 + 3,8 
3 4 0 6,9 + 6,1 0 0 3 15,4 
4 4 0 8,4 + 9,1 2 0 8 --- 
5 4 0 19,4 +16,8 4 0 3 11,9 
6 4 0 - - 1,9 6 0 3 11,4 
7 4 0 26,7 -27,1 8 0 3 3,6 
8 4 0 6,2 +9 ,8 lO 0 3 13,9 
9 4 0 6,6 - 9,3 

lO 4 0 6,3 + 4,6 0 0 4 14,1 
ll 4 0 13,1 +ll,3 2 0 4 890 
12 4 0 10,5 -10,4 4 0 4 6,2 
13 4 0 I1,7 -12,9 

1 9 o  
2 5 0  
3 9 o  
4 5 o  
9 5 o  
6 5 o  
7 9 o  
8 9 o  

l O 9 O  
1 1 9 o  

0 
I 
2 
3 
4 
5 
6 
7 
8 

0 
2 

6 
8 

I0 
12 
14 
16 

2 0 1 7,2 
2,8 + 4,0 ~ 0 1 7,2 

22,5 -22,6 6 0 1 28,9 
19, 2 -17, 6 ~ 0 1 24, 3 
2,8 + 3,1 I0 0 1 --- 
-- - O,1 12 0 1 37,0 

-- - 1,1 1-~ 0 I --- 
- -  + 1,9 1-~ 0;I 5,5 
6,4 - 6,0 --- 

12,¥ -lo,7 ~ 0 2 23,8 
II,6 -13,6 ~ 0 2 4,0 
7,2 + 6,5 ~ 0 2 21,0 

8 0 2 31,9 
16,9 +13,5 I_~0 0 2 8,7 
7,9 + 6,7 12 0 2 31,5 
8,9 - 6,9 1-~ 0 2 --- 
8,7 + 8,3 1-~ 0 2 2,4 
8,5 - 5,6 
2,% + 3,0 ~ 0 3 25,0 

13,5 -12,8 ~ 0 3 7,2 
3,2 + 2,7 ~ 0 3 14,5 
9,3 - 9,6 ~ 0 3 25,5 

I__O o 3 8,6 
72, 5 +72, 5 12 0 3 16, 3 
21, 9 -19, I I-~ 0 3 8, 7 
39,5 -37,3 ~ 0 3 4,8 
17,6 +19, 5 
13, 9 -13, I 
14, 5 -17, 0 
12,2 +13,0 
7,8 - 7,0 
9,6 - 7,9 

2 0 4 14,7 
o 4 3,4 

~'0 4 6,5 
8 0 4 16,7 
lOO4 - - -  
12 0 4 9,6 

+26,2 
-12,7 
-26,8 
+16, 8 
- 8,3 
-17, 7 
+lO, O 

+16, I 
+ 0,3 
-14, 0 
+12,4 
- 3,9 
-II,4 

+15,2 
+ 9,1 
+ 7,8 

+ 3,0 
- 4,0 
+30, 2 
-24, 7 
- 1,1 
+35,1 
- 1,0 
- 6,2 

-23,6 
- 3,8 
+24, 8 
-31,2 
- 6,4 
+30,4 
- 0,9 
+ 2,4 

-26,0 
- 9,8 
+16,4 
-25,5 
- 6,9 
+15, 7 
- 8,0 
+ 4,9 

"17,7 
- 3,4 

+ 8,8 
-17,7 
- 0,3 
+ 8,1 
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subt rac t ing  from the exper imental  values the  contri- 
butions of C1 and  C2. B y  this R was reduced to 0.13. 
F u r t h e r  ad jus tments  and the introduct ion of hydrogen 
a toms reduced R to the final value of 0.09. The final 
a tomic coordinates are listed in Table 1. 

I n  Fig. 2 the  projection of the molecule on the  mean  
plane is shown; the  coordinate ~ represents the  dis- 
p lacement  of the atomic positions from the mean  plane. 
The bond lengths and  bond angles calculated are listed 
in Table 4. 

E s t i m a t i o n  of a c c u r a c y  

The s t anda rd  deviat ion of the  atomic coordinates was 
es t imated  by  the method  of Cruickshank (1949) from 
the  relat ionship:  

2~ (Zmh~ AF')½ 
a~A 

~ ( x ~ )  = 
2p~0 

The values obtained were:  

~(x) _~ ~(y) _~ 0-008 A for C a toms 
and 

a(x) _~ a(y) _~ a(z) __ 0.002 _~ for C1 atom. 

The application of Cruickshank's  method  to the  
hOl reflections for the de terminat ion  of a(z) for carbon 
atoms is ruled out by  the  overlapping of a toms which 
occurs in t ha t  projection. For  the  C1 atom, the s t anda rd  
deviat ion is only slightly influenced by the  anisotropic 
thermal  factor  owing to the  smallness of the effect 
(20% difference in the  direction of m a x i m u m  and 
min imum vibration).  Values of the s t andard  deviat ion 
for bond distances are of 0-011 J~ for bonds C-C and  
of 0.008 / l  for the  bond C-Cl. 

S h a p e  of m o l e c u l e  

The mean  plane of the molecule of p-dichlorobenzene 
was derived and a new group of atomic coordinates 
calculated on a set of three orthogonal axes ~, ~, ~, 
with the origin a t  the  centre of the molecule. Axes 

and  ~7 lay in the  mean  plane of the  molecule, the  
axis ~ being normal  to this plane. In  Table 3 values 
of the  coordinates in /~ are shown. 

Table 3. Coordinates of the atoms of the molecule of 
p-dichlorobenzene referred to the axes ~, ~, 

Atom ~ ~] 
C11 --3.097 /~ --0.159 A --0.007 /~ 
C 1 -- 1.361 --0.059 -50.001 
C s --0.761 -5 1.167 -50.014 
C S -50.627 -5 1.235 --0-015 

Table 4. Intramolecular distances and bond angles 

Bond lenghts 
Cll-C I 1.744-0.01 A 
C1-C s 1.374-0.01 
Cs-C S 1-394-0.01 
Ga-C ~ 1.39 4- 0.01 

Bond angles 
C1-C1-C ~ 120 ° 4- 40' 
CI-C1-C ~ 118 ° 30'4- 40' 
C~-C1-C 2 121 o 30' 4- 40' 
C1-Cs-C s 119° 10' ± 40' 
C2-Cs-G ~ 119 ° 20' 4- 40' 

The bonds C1-C1, C1-C2, Cg.-Ca form angles of 0 ° 14', 
0 ° 34' and  1 ° 12' respectively with the mean  plane;  
a t  a t empera tu re  of - 1 4 0  ° C. the  molecule m a y  there- 
fore be t aken  as plane. Distances C-C, within the  limits 
of error, are equal one to the other  and  also to those 
usual ly found in the benzene ring (1-39 /l). I t  is 
possible t h a t  the  slight differences are due to in- 
accurate  placing of the C1 atoms,  for which it was not  
possible to derive corrections for the  probable  aniso- 
tropic the rmal  v ibra t ion and which are not  close to 
the  lines C1-C1. 

I t  is necessary to note t h a t  if a tom C1 is assumed 
to lie on the  line C1-C1 ro ta t ing  the bond C1-C~ round 
C~, all distances in the  benzene ring become equal to 
1.39 / l  and all angles become about  120 °. 

We are working on the  ref inement  with exper imental  
d a t a  obtained a t  room tempera ture .  
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