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4,4'-dichlorodiphenyl sulfone forms monoclinie crystals, space group I2/a, in a cell with 

a = 20.204 ± 0-010, b = 5.009 ± 0.010, c = 12.259 _ 0.010 A, fl = 90 ° 34' ± 15', 

containing four molecules. The crystal structure has been solved by two-dimensional Patterson and 
by trial-and-error methods. The position and thermal vibration parameters were initially refined 
by use of double Fourier series. Final refinement was obtained by a complete anisotropic least-squares 
analysis of the 1158 observed and 548 unobserved structure factors. The three position and six ther- 
mal parameters of all atoms except hydrogen have been determined. The bond distances of interest 
include S-C = 1.765 ± 0.006, S-O = 1.432 ± 0.005, C-C = 1.380 ± 0.003, C1-C = 1.736 ± 0-007 A; among 
the bond angles are C-S-O = 107 ° 39' + 17', C-S-C = 104 ° 48' ± 24', O-S-O = 120 ° 24' + 25'. The 
dihedral angle between the planes of the aromatic rings is 79 ° 27'_+ 18' and between the plane of 
each ring and the common C-S-C plane it is 84 ° 25 '_  18'. 

1. I n t r o d u c t i o n  

The geometrical  configuration of the  sulfone group, 
X-SO~-Y,  has now been studied in several molecules. 
The bond distr ibut ion about  the  sulfur a tom is found 
to depar t  significantly from t h a t  of a regular  te t rahe-  
dron (for a review, see Abrahams ,  1956), with some 
dependence on the  subst i tuent  a toms X and  Y. The 
sulfone group is of par t icular  interest  when linked to 
two aromat ic  rings, in view of the  molecular orbital  
invest igat ion of diphenyl  sulfone by  Koch & Moffit t  
(1951). These authors  predicted overlap of the  sulfur 
a tom 3d orbitals with the  ad jacent  carbon a tom 2p 
orbitals, result ing in an angle of 90 ° between the  nor- 
mals to the  aromat ic  rings and  the  common C-S-C  
plane. 

The crystal  s t ruc ture  of diphenyl  sulfone has not  
yet  been solved. However,  two-dimensional  studies of 
the  isomorphous crystals,  4,4 '-dichlorophenyl sulfone 
(Toussaint,  1948), 4 ,4 ' -dibromodiphenyl  sulfone (Tous- 
saint,  1948) and 4,4 '-diiododiphenyl sulfone (Keil & 
Plieth,  1955) have  been reported.  In  the  case of the 
chloro- and iodo-compounds,  Fourier  series projected 
along one axis only were computed;  a second electron- 
densi ty  projection, along a 12.34 A axis, was also 
studied for the  bromo-compound.  I t  was not  possible 
to obta in  accurate  in tera tomic  dimensions in any  of 
these crystals. The present  invest igat ion of the chloro- 
compound has utilized the  complete three-dimensional  
X - r a y  diffraction data .  The subsequent  results will 
provide, inter alia, a comparison with a s imultaneous 
neut ron diffraction s tudy  (Bacon & Curry,  1960) of the 
same crystal .  

2. Crystal  data 

4,4'-dichlorodiphenyl sulfone, (p-C1. C6H4)2S02 ; mol.wt.  
= 287.2; m.p. = 147.5 °C, D m =  1.533 g.cm. -3; D x =  
1.537 g.cm. -3. Monoclinic, with a= 20-204 ± 0-010, b = 
5.009_+0.010, c = 1 2 . 2 5 9 ± 0 . 0 1 0  ~ ,  f l = 9 0 . 5 7 ± 0 - 2 5  ° 
(Toussaint (1948) obtained the values 20.5, 5-01, 
12-3 kX,  f l = 9 0  ° 31', with the  a- and c-axes inter- 
changed). Four  molecules per  uni t  cell. (hkl) present  
only when h + k + 1 = 2n, (hO1) only when h = 2n, 1 = 2n. 
Space group C~t~I2/a or C~-Ia (the body-centered cell 
chosen by  Toussaint  in 1948 has been re ta ined here 
to avoid a conflict in the  l i terature).  The 1V(z)test 
of Howells, Phillips & Rogers (1950), using the  com- 
plete three-dimensional  in tensi ty  da ta ,  clearly in- 
dicated the  most  probable  space group to be 12/a. 
Molecular s y m m e t r y  r e q u i r e d  by this space group in 
the  absence of disorder, 2 or 1. Absorpt ion coefficient 
for M o K a  radia t ion  (4=0.7107 A), 0-718 mm-1.  
Volume of the  uni t  cell, 1240.6 /~a. Total  number  of 
electrons per  uni t  cell, 2 ' (000)=584.  

3. E x p e r i m e n t a l  

Well formed plates of 4,4 '-dichlorodiphenyl sulfone 
recrystall ized from benzene solution, were k indly  
provided by  Dr H. H. Szmant  of Duquesne Univers i ty .  
All in tensi ty  records (Ilford ' Indus t r ia l -G '  film) were 
made  using Mo Kc~ radiat ion,  except for some pre- 
l iminary  investigations of the  (hO1) layer  by  Cu Kc~ 
radia t ion which later  were discarded. Two crystals  
were used, of dimensions 0 . 5 × 0 . 3 × 0 . 3  mm and  
1.0 × 0.5 × 0.5 ram, the  la t te r  only in obtaining the  
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weakest intensities. The intensity measurements were 
made visually, with the aid of both the multiple 
exposure and the multiple-film techniques. Sheets of 
0.0008 in. nickel foil were interleaved between films 
in the second technique, resulting in an intensity 
reduction of 2.65:1 for normal exposures. In upper 
layers recorded with the Weissenberg camera, this ratio 
was modified by the obliquity factor (Rossman, 1956), 
with 1/ (1-c)=1.142 and #t=0.842 in Rossman's 
notation. 

The ratio of the strongest to the weakest intensity 
(taken as unity) was 8,800 in hkO; 37,200 in hkl; 
8,800 in hk2; 3,645 in hk3 and 3,000 in hk4, recorded 
with the precession camera. In the remaining layers, 
recorded with a modified Weissenberg camera based 
on a design by Abrahams (1954), this ratio was 37,950 
in hO1; 22,300 in hll; 3,905 in h21; 646 in h31; 374 in 
h41; 315 in h51; 92 in h61 and 4 in h71. Intensities 
measured on the precession camera were corrected 
for the Lorentz-polarization factor by use of the 
Waser (1951) and the Grenville-Wells & Abrahams 
(1952) charts. Those measured on the Weissenberg 
camera were corrected in the usual way, including 
Tunell's (1939) rotation factor for the upper layer lines. 
Absorption corrections were neglected, since the max- 
imum differences among the corrections were so small. 
Extinction corrections were not made. 

The resulting structure factors were placed on a 
common scale, using the 351 reflections measured in 
two different layers. An approximation to the standard 
deviation in the structure factors was obtained by a 
comparison of these 351 independent pairs of observa- 
tions. This standard deviation was very nearly a con- 
stant percentage of the magnitude of the structure 
factor, with aF~ ~ 0.092[F~]. The complete set of 1706 
structure factors on the final, absolute, scale is given 
in Table 1 under Fmea~.. 

4. Analysis  of the s t ruc ture  

The following analysis was carried out without refer- 
ence to the pubhcation by Toussaint (1948) on 4,4'- 
dichlorodiphenyl sulfone. Of the two possible space 
groups, that  indicated by the Howells, Phillips & 
Rogers (1950) test was chosen, and was later justified 
by the quality of fit obtained among the measured and 
calculated structure factors. In I2/a, assuming no dis. 
order, the molecular symmetry required of the four 
molecules in the unit cell is 2 or 1, with the sulfur 
atom in a special position. The known bond arrange- 
ments in sulfone groups (Abrahams, 1956) eliminate 
the center, hence requiring the sulfur atom to have 
coordinates ¼, y, 0; ~, ½ + y, ½ ; ~, Y, 0; ¼, 1_  y, ½. 

The x- and z-coordinates of the chlorine and carbon 
atoms were immediately apparent from an evaluation 
of the Patterson projection along the b-axis (Fig. 1). 
The coordinates of the oxygen atom were deduced 
by assuming a S-O bond distance of 1.43 A and 
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Fig. 1. Pa t te rson  projection of one-half uni t  cell of 
4,4"-dichlorodiphenyl sulfone along the  b-axis. 

O-S-O bond angle of 120 °. An over-all isotropic 
temperature factor for B, in the expression 

exp ( - B  (sin 0/X)2), 

of 3"76/12 was given by Wflson's (1942) method, using 
McWeeny's (1951) atomic form factors for carbon and 
oxygen and James & Brindley's (1931) form factors 
for sulfur and chlorine. Structure factors calculated 
with these x-, z- and B-values resulted in an agreement 
factor R of 0-43 for the 160 (hO1) observations measured 
with Cu Kc¢ radiation. Refinement in this projection 
was effected by use of difference Fourier syntheses 
which revealed large anisotropic thermal vibrations of 
the chlorine and sulfm- atoms. The expression used in 
calculating anisotropic temperature factors was 

exp [-(L+M cos 2 (a,-fl)}s~] , 

where 4L = Brain. , 4M = Bma~.- Brain. , 8 - - - -  sin 0/~, co = 
tan-ll/h and fl=angle between maximum vibration 
direction and the a-axis (Cocln-an, 1951). After four 
difference syntheses based on 189 structure factors 
measured with MoKc¢ radiation, Cl(Bmax.)=6"40, 
Cl(Bmi,.) = 3.80, S(Bn~ax.) = 6.00, S(Bmi,.) = 3"00 /12 and 
•--65 ° 50': the previous isotropic value, 3"76 A e, of 
B for carbon and oxygen remained unchanged. The 
R value at this stage was 0.185. An Fmeas" Fourier 
series projected along the b-axis is shown in Fig. 2(a). 

The Patterson projection along the c-axis was not 
readily interpretable. The y-coordinates were instead 
obtained by trial and error. The best agreement with 



J .  G .  S I M E  A N D  S .  C .  A B R A H A M S  

T a b ] e  1. Measured and calculated values of the 4,4'-dichlorodiphenyl sulfone structure factors 
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Fig. 2. Four ie r  pro jec t ion  of one uni t  cell of 4,4'-dichloro- 
d iphenyl  sulfone (a) along the  b-axis and  (b) along the  c-axis. 

the measured structure factors was obtained for 
ys=0.135. The complete set of (hkO) structure factors 
then gave R = 0-43. Examination of one Fourier series 
projected along the c-axis led to coordinates with 
R=0.344. The degree of overlap in this projection 
(Fig. 2(b)) hindered further refinement. The atomic 
coordinates obtained from the two-dimensional refine- 
ment process are given in Table 2. 

5. Three-dimensional least-squares refinement 

The method of least squares was chosen for refining 
the parameters, using the three-dimensional data. 
Initially, 1071 observed and 475 unobserved structure 
factors, together with those calculated from the coor- 
dinates in Table 2, were processed using the N Y X R 2  
program for the IBM 704 computer. In forming the 
1546 conditional equations, unobserved terms were 
taken as one-half the maximum value. Weights were 
assigned on the basis of w~z oc 100/IF ..... (hkl)l, with 
w(max.)=25 for ]Fmea~..(hkl)J <_ 20 (Abrahams, 1955): 
unobserved terms had a weight of unity (4 % maximum 

Table 2. Final  two-dimensional positional coordinates 

A t o m  x y z 
C1 0.0319 0.946 0.1592 
S 0.2500 0-135 0 
O 0.2250 0 0.9051 
C 1 0-1870 0.368 0.0458 
C2 0.1362 0-505 0-9755 
C a 0-0884 0.697 0-0106 
C 4 0.0903 0.726 0-1162 
C 5 0.1433 0.583 0.1845 
C 6 0.1917 0-399 0.1497 

value). The atomic form factors used were those of 
Berghuis et al. (1955) for carbon and oxygen and of 
Viervoll & Ogrim (1949) for sulfur and chlorine. 
Because the N Y X R 2  program is not designed to 
handle anisotropic thermal vibrations, isotropic values 
of B=5.00 A 2 for chlorine and of 4.30 /~2 for sulfur 
replaced those found in the (hO1) difference syntheses. 
In the first three least-squares iterations, the only 
parameters varied were x~, y~, z~ for all/-atoms except 
hydrogen, and the scale factor. In the following two 
refinement cycles, the individual values of Bi were 
also taken as variable, and in the final two cycles the 
contribution of the hydrogen atoms was included in 
the calculated structure factors, assuming the hydro- 
gen atoms lie on the extended lines C2-C5 and C8-C6, 
with C - H =  1.08 ~. The corresponding values of R' 
(this differs from the usual agreement factor R in the 
treatment of the unobserved terms: in R' these are 
taken as one-half of the maximum value and in conse- 
quence R ' ~ R + 0 . 0 3 )  and 2:wA 2 (the quantity mini- 
mized in the least-squares process, where w=weight  
and AI =(IF~e~.l-IFcal~.l)) are given in Table 3. The 
rather constant value of R' and of 2:wA ~ in the final 

Table 3. Course of refinement using 
_N Y X R 2  program 

~'wzJ2 

1,373,060 
988,09O 
8O4,88O 
700,940 
545,070 
462,310 

R t 

Parame te r s  ob ta ined  from 2D-ref inement  0.446 
1st cycle:  x~yiz~ variable,  Bi cons tan t  0.397 
2nd cycle:  xiyiz~ variable,  B i  cons tan t  0.360 
3rd cycle:  xiy~z4 variable,  Bi cons tan t  0.341 
4th cycle:  x~ytzi and  Bi var iable  0.306 
5th cycle:  x iy i z i  and Bi var iable  0.293 
6th cycle:  xiy iz i  and B i var iable  and hy- 

drogen a t o m  cont r ibut ions  included in 
s t ruc ture  factors,  b u t  no t  var ied  0.273 522,667 

7th cycle:  x~yizi and Bt var iable  and  hy-  
drogen a t o m  cont r ibut ions  inc luded in 
s t ruc ture  factors,  b u t  not  var ied  0.269 465,666 

Note  1. 1540 observat ional  equa t ions  used in this ref inement .  
No te  2. w = 2 5  for IFmeas.l ~ 20, and w =  10,000--1Fmeasff for  

IFmeas.I > 20. 

cycles indicated the refinement process was probably 
as complete as the N Y X R 2  program would permit. 
An examination of the coordinate shifts (A ~i) obtained 
from the 7th cycle and the corresponding standard 
deviations in these shifts ( ~ )  revealed that  many 
/I ~ were still significant (Table 4), particularly in the 
temperature factor for chlorine. To obtain further 
refinement, it was clear that  the anisotropy of thermal 
vibration present in this crystal had to be determined. 

The comprehensive least-squares program written 
by Dr H.A.  Levy and Dr W. 1~. Busing for the 
ORACLE computer was then made available to us, 
through the courtesy of Dr Levy and Dr Busing and 
of the Chemistry Division of Oak Ridge National 
Laboratory. In this program, temperature factors of 
the form 

exp [-- (flnh~ + fl~.2k2 + fls~l~ + 2 fli~hk + 2 f123kl + 2 fl3~lh ) ] 
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Table  4. Uomparison of coordinate-shifts and corresponding standard deviations f rom 7th N Y X R 2  
least-squares cycle 

Ax ax Ay cry Az az AB aB 
C 6 0.00003 0.00048 0.00127 0.00200 0.00083 0.00079 0.105 0.16 
C 5 0.00027 0-00048 -- 0.00068 0.00200 0.00091 0.00079 0-295 0.16 
C a 0.00037 0.00048 0.00066 0.00200 0.00171 0-00079 0.298 0.16 
C a 0"00004 0-00048 -- 0.00063 0.00200 0.00092 0"00079 0"173 0.16 
C 2 0.00028 0.00048 0.00127 0.00200 0"00025 0"00079 0.106 0.16 
C 1 0"00016 0.00048 0.00080 0.00200 0"00071 0.00079 0.104 0.16 
O --0"00017 0.00039 0"00023 0"00177 -- 0"00058 0.00066 0"192 0"15 
C1 0.00005 0.00020 0.00010 0"00092 0.00019 0.00032 0.319 0"08 
S 0 0 -- 0"00005 0"00085 0 0 --0.023 0"07 

are a s sumed  for each a tom,  and  in the  leas t -squares  
process the  comple te  n o r m a l  equa t i on  set, inc lud ing  
off-diagonal  terms,  is solved. :For the  general  posi t ions  
in  I2/a,  all s y m m e t r y  re la ted  a toms  have  the  same 
coefficients ilia" except  for a sign change  in fl12 and  fl28 
for a toms  re la t ed  by  the  2-fold axis:  for sulfur,  fl~e 
a n d  fl23 are zero (cf. L e v y  (1956)). The  Viervol l  & 
Ogr im (1949) a tomic  form fac tors  for  sulfur  and  
chlor ine p rev ious ly  used were replaced in the  O R A C L E  
re f inement .  The  fac tor  of Tomi ie  & S t am (1958), based  
on Sla ter  a tomic  wave- func t ions ,  was t a k e n  for sulfur.  
A modi f i ed  Berghuis  et al. (1955) C1--curve was used 
for chlorine,  in  which  fc l - -17"0 a t  sin O/).=O and  
f c l = f c l -  a t  sin 0/~_> 0.2. The  weights  used were as 
in  t he  N Y X R 2  re f inement ,  excep t  for those  of the  
unobse rved  t e rms  (which were again  t a k e n  as one-half  
m a x i m u m  va lue) :  these  now were ass igned the  max-  
i m u m  weight  of 25. The  h y d r o g e n  a t o m  con t r ibu t ions  
were inc luded  in the  ca lcu la ted  s t ruc tu re  fac tors  
t h r o u g h o u t ,  us ing Bacon ' s  (1957) i so t ropic  va lues  of B 
(Table  5). The  in i t ia l  h y d r o g e n  a t o m  coordinates ,  also 
g iven  in  Table  5, were Bacon ' s  (1957) x- a n d  z-values 
t oge the r  w i th  y-values  ob t a ined  by  solving these  x-, 
z-coordinates  aga ins t  t he  e q u a t i o n  of the  benzene  r ing 
p lane  found  f rom the  7 th  N Y X R 2  cycle. 

Table  5. In i t ia l  hydrogen atom coordinates 

Atom x y z B 

H 2 0.1375 0.3452 0.8944 6.1 
H a 0.0447 0.6703 0.9558 6.9 
H~ 0.1489 0.7183 0.2708 6.9 
H 6 0.2319 0.4152 0.2044 6.1 

The  t o t a l  n u m b e r  of t e rms  used in the  O R A C L E  
p r o g r a m  was increased to  1706, of which  1158 were 
observed  s t ruc tu re  factors .  A r e q u i r e m e n t  was p laced  
on each  t e r m  t h a t  re jec ted  i t  f rom inclus ion in an  ob- 
se rva t iona l  equa t i on  if 3Fealc. < Fmeas.. S t ruc tu re  fac tors  
based  on the  coordina tes  f rom the  7 th  5? Y X R 2  cycle 
con t a ined  141 such re jec ted  terms.  Those  based on the  
f ina l  O R A C L E  coordina tes  con ta in  126 re jec ted  terms,  
and  are ind ica ted  b y  a dagger  in Table  1. Of these,  76 
refer  to  unobse rved  t e rms  and  need  no t  have  been 
re jected.  

The  O R A C L E  is able to  solve a d e t e r m i n a n t  of 
order  no t  exceeding 48, so the  78th-order  d e t e r m i n a n t  
resu l t ing  f rom the  25 posi t ion,  52 t h e r m a l  and  1 scale 

fac tor  p a r a m e t e r s  was solved in two,  over lapping ,  
par t s .  I n  all, six cycles of r e f inemen t  were c o m p u t e d :  
no s ignif icant  changes in R '  or ZwAJ 2 occurred  a f te r  t he  
4 th  cycle. More i m p o r t a n t ,  all  s u b s e q u e n t / 1  ~j's were 
less t h a n  the i r  a~j. The  f inal  two cycles t h e n  com- 
p le te ly  ensured  convergence.  The  v a r i a t i o n  in R'  and  
in XwA2 in the  course of the  O R A C L E  r e f i nemen t  is 
shown in Table  6. I n  sp l i t t ing  the  78 th-order  deter-  

Tab le  6. Course of  refinement using O R A C L E  program 

R" I w A  2 
Final N Y  XR2 coordinates : variables 0.2562 406,987 
1st cycle: x~y~z~, ~,11 flee, ~33, file, flea, ~31 0.1759 183,484 

0.1589 140,496 
2rid cycle: xiyizi, fl11, fie2, flsa, file, 823, flax 0.1467 116,892 

0-1430 112,371 
3rd cycle: xiyizi, fl11, fie2, fla3, f112, fl2a, fl31 0.1419 109,379 
4th cycle: xiyiz~, fill, f122, fla3, file, f123, flal 0.1415 107,434 
5th cycle: xiyizi, fill, flee, fla3, fl~2, flea, fl31 0.1415 107,548 
6th cycle: xiyizi, fill, flee, flaa, f112, flea, fl31 0.1414 107,481 
Note 1. 1706 observational equations used in this refinement. 
Note 2. Final R" corresponds to R----0.108 with unobserved 

Fmeas. taken as one half maximum value. 

m i n a n t ,  all  p a r a m e t e r s  of a n y  a tom were k e p t  as a 
group,  and  in general ,  nea res t  ne ighbor  a toms  were 
inc luded  in each  cycle. Af te r  t he  3rd cycle, new 
h y d r o g e n  a t o m  coord ina tes  (Table 7) were deduced,  

Tab le  7. Fina l  deduced hydrogen atom positional 
coordinates 

Atom x y z 
H e 0.1321 0.3557 0-8943 
H a 0.0473 0.6646 0.9568 
t t  5 0-1463 0-7257 0.2685 
H 6 0.2310 0.4210 0.2042 

based on C - H =  1.08 .A and  be ing  loca ted  on the  ex- 
t e n d e d  C2-C5 and  C3-C6 lines. H y d r o g e n  a t o m  para-  
meters  were no t  ref ined a t  a n y  stage. I t  is in te res t ing  
to  no te  the  large r educ t ion  of nea r l y  4 :1  (Table 6) 
in  l w d  2, o b t a i n e d  on going f rom an  i so t ropic  ana lys i s  
using the  d iagona l  a p p r o x i m a t i o n  in solving t he  deter-  
m i n a n t ,  to  a comple te  an iso t rop ic  l eas t - squares  
analysis .  

6. Final  coordinates  

The f inal  values  of xi, y~, z~, flij resu l t ing  f rom the  6 th  
O R A C L E  re f inemen t  cycle are g iven  in Table  8. 
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Table  8. Final atomic coordinates for 4,4'-dichlorodiphenyl sulfone 

Atom x y z ~11 ~22 fins ~12 ~13 ~2s 
C1 0.0327 0.9381 0.1621 0.00454 0.07857 0.01700 0.00883 0 - 0 0 2 8 1  0.01043 
S 0.2500 0.1546 0 0.00312 0.03686 0.00755 0 -- 0.00025 0 
O 0.2244 0.0126 0.9073 0.00403 0-04319 0.00926 -- 0.00275 -- 0.00045 -- 0.00551 
C 1 0.1868 0.3696 0.0456 0.00281 0.03571 0.00762 -- 0.00069 -- 0.00047 0.00373 
C 2 0-1352 0.4367 0.9760 0.00272 0.05968 0.00808 --0.00053 --0-00048 0.00333 
C a 0.0877 0.6117 0.0112 0.00296 0-07263 0.01019 0.00207 -- 0.00011 0.00680 
C 4 0.0926 0.7173 0.1164 0.00297 0.05671 0.01165 0.00190 0.00143 0.00785 
C 5 0.1431 0.6448 0.1867 0.00347 0.06119 0.00922 0.00313 --0.00011 0.00051 
C 6 0.1910 0-4743 0.1503 0.00331 0.04502 0.00773 0.00192 -0.00006 0-00073 

These  coord ina tes  cor respond  to  R'  =0 .1414  (Table 6) 
or  R =0 .108  if unobse rved  Fmeas" t e rms  are t a k e n  as 
less t h a n  doub le  t he  h a l f - m a x i m u m  (asterisked) values  
g iven  in  Table  1. The  ac tua l  ca lcula ted  s t ruc tu re  fac- 
tors  are l i s ted  u n d e r  Foal¢. in Table  1. 

7. S t a n d a r d  d e v i a t i o n s  

The  s t a n d a r d  dev ia t ions  in t he  pos i t ional  coordina tes  
of Table  8 were  o b t a i n e d  d i rec t ly  f rom the  least  
squares  de r ived  var iance-covar iance  m a t r i x  in  t he  
usual  way,  a n d  these  values  are l i s ted in  Table  9. 

Table  9. Standard deviations (×  103) in the final 
positional coordinates 

Atom gx ay ~z 
C1 0.10 0.43 0.18 
S 0 0.35 0 
O 0.20 0.76 0.32 
C 1 0.24 0.91 0.38 
C~. 0.26 1.23 0-43 
C a 0.29 1.42 0.51 
C 4 0.28 1.23 0.53 
C 5 0.29 1.31 0.49 
C 6 0-27 1.08 0.42 

The  s t a n d a r d  dev i a t i on  in  de r ived  funct ions ,  f ,  is 
t a k e n  as 

where  ?i,  pl are the  leas t -squares  paramete rs ,  C~I is 
t he  var iance-covar iance  m a t r i x  e lement ,  q~ are t he  cell 
pa r ame te r s  and  a~ the i r  s t a n d a r d  devia t ions .  Values so 
o b t a i n e d  are s t a t ed  hereaf te r  w i th  the  cor responding  
funct ion .  

8. R o t a t i o n a l  o s c i l l a t i o n s  

The  effect  of ro t a t iona l  oscil lat ions u p o n  the  b o n d  
leng ths  has been e s t i m a t e d  f rom the  r.m.s, a tomic  
d i sp lacements  in  Table  15, assuming  t he  sulfur a t o m  
undergoes  pure ly  t r ans la t iona l  v ibrat ions .  The  result-  
ing a p p a r e n t  a tomic  d i s p l a c e m e n t  towards  the  sulfur 
a t o m  is t h e n  0.002 A for C1 and  less t h a n  0.006 J~ for 
t he  r ema in ing  a toms,  w i th  the  excep t ion  of chlorine.  
The  chlorine a t o m  is d isplaced 0.012 A towards  the  
sulfur a tom,  resul t ing  in an  a p p a r e n t  r educ t ion  in the  
C1-C4 b o n d  l eng th  of 0.007 J~. The  b o n d  l eng th  cor- 
rec t ions  due  to  ro ta t iona l  osci l lat ion are thus  in each 

case no more  t h a n  the  s t a n d a r d  dev i a t i on  in t h a t  b o n d  
length ,  and  h a v e  no t  been  inc luded  in  t he  fol lowing 
sections.  

9. M o l e c u l a r  d i m e n s i o n s  

The  b o n d  lengths ,  b o n d  angles and  d ihedra l  angles 
w i th in  a molecule  of 4 ,4 ' -d ich lo rod iphenyl  sulfone, 
t oge the r  wi th  t he  s t a n d a r d  dev ia t ions  in  these  func-  
t ions,  are g iven  in  Table  10. The  f inal  pos i t ion  coor- 
d ina tes  used  are those  in Table  8. 

Table  10. Molecular dimensions, with standard 
deviations 

c1-c ~ -- 1.382_+ 0.007/~ 06-c1-c~ -- 121.1 _+ 0.52 ° 
c~-c 3 = 1.373+0.009 C1-C~-C 3 = 119.2+0.53 
Cs-C 4 -- 1.395 ± 0.009 C~-C3-C 4 = 119.2 ± 0.55 
C4-C 5 = 1.378±0.009 C3-C4-C 5 ~- 121-8±0.54 
c5-c 6 = 1.367±0.008 C4-C5-C 6 = 118-9±0-56 
C6-C 1 : 1.386±0-007 C5-C6-C 1 = 120-1±0.52 
c~-c~ = 3.854±0.011 C3-C4-C1 -- 119-7+0-49 
c1-c 4 - 1.736_+0.007 C5-C4-C1 = 118-7±0-52 
S-C 1 -- 1.765_+0.006 s - c 1 - c  2 - 119.8±0.47 
S-O --- 1.432___0.005 S-C1-C 6 = 119-1±0.40 

C1-S-O -- 107.3±0.29 
Plane b ] Plane b'----79.5±0.30 ° C~-S-O = 108.0±0-28 
:Plane b I C180~:84-4_+0-30 ° C1-S-C ~ = 104-8+__0-40 

C1-S-CI" ---- 101.8±0-25 
O-S-O = 120.4_+0.42 

The  m e a n  l eng th  of t he  a romat i c  C-C b o n d  is 
1.380 +_ 0.003 A. The  shor tes t  n o n - b o n d e d  C-C con tac t  
b e t w e e n  t he  two benzene  rings, C2-C~, is 3-854 _+ 0.011 
A. The  sum of t he  in t e rna l  angles of t h e  benzene  r ing  
is 719.9 + 0 . 4  °. B y  t r ans fo rming  the  monocl in ic  axes 
to  an o r thogona l  set, w i th  x' = x + z  cos/~, y'---y, z '= 
z sin/~, t he  least  squares  de r ived  e q u a t i o n  for t he  p lane  
of t he  benzene  ring, t he  sulfur a n d  t he  chlor ine a toms  
is: 

x' ÷ 1.4422y' - 0.6327z' - 6-1304 = 0 (a) 

I n  fo rming  th is  equa t ion ,  t he  sulfur a n d  chlor ine 
a toms  were  g iven  thr ice  t he  we igh t  of t h e  ca rbon  
a toms.  The  d is tances  of t he  atom.~ f rom p lane  (a) are 
g iven  in  Table  11. The  e q u a t i o n  of t he  m e a n  p lane  of 
t he  six carbon a toms  alone is: 

x' + 1.4208y' - 0.6327z' - 6.0373 = 0 (b) 

The  d is tances  of t he  a toms  f rom p lane  (b) are  also 
g iven  in Table  11. No carbon a t o m  lies s igni f icant ly  
ou t  of p lane  (b), a l t hough  th ree  carbon a toms  lie ou t  
of p lane  (a). 
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Table 11. Out.of-plane distances, in 10 -8 J~ 
Dis tance  f rom Dis tance  f rom 

A t o m  plane (a) p lane  (b) 

S 20_+2 6 2 ± 2  
C1 1 6 ± 2  1 2 ± 2  
C 1 - - 2 4 ± 5  4_+5 
C 2 --30+__6 --8+_6 
C a - - 1 5 ± 7  0 ± 7  
C 4 3 ± 6  1 2 ± 6  
C s - - 2 8 ± 6  --15+_6 
C 6 - - 1 6 ± 6  7+_6 

10. In termolecu lar  d is tances  

All distances less than 4 A in this crystal 
puted in an exhaustive program written by 

were com- 
Dr Busing. 

hydrogen 
carbon 

oxygen 

sulfur 

~ chlorine 

Fig. 3. Clinometr ic  view of the  s t ruc ture ,  showing 
the  out l ines of one un i t  cell. 

Those which lie between molecules are given in Table 
12. Three oxygen-carbon contacts of 3.211, 3.243 and 
3.272 ~ are slightly shorter than  the sum of the 
accepted oxygen-carbon van der Waals radii: the 
remaining distances are equal to or longer than  this 
sum. A general view of the whole structure is given 
in Fig. 3. 

Table 12. Intermolecular distances less than 4 J~, 
with standard deviations 

C6. 
C 5 • 
C 6 • 
c~. 
C9" 
C a • 

• O = 3 .211+0 .009  A C 1 
• O = 3 .243+0 .010  C 1 
• O = 3 .272+0 .011  C a 
• O = 3.455 ± 0.010 C2 
• O ---- 3 . 508±0 .012  C a 
• O = 3-654-+0-010 C1 

O = 3-7214- 0.013 / [  
O = 3 .729+0 .013  
O ---- 3 .996+0 .011  
C1 = 3 . 976± 0 .010  
C1 = 3 .981+0-010  
C1 ---- 3-564 ± 0.009 

11. Pr inc ipal  axes  of the anisotropic  
t e m p e r a t u r e  factor 

The principal axes of the ellipsoid of thermal vibration 
were computed from the anisotropic temperature co- 
efficients fits in Table 8 by the method of Busing & 
Levy (1958). Table 13 contains it(r), the r.m.s, dis- 
placement of the atom along the rth principal axis, 
and ~(r, i) the angles made by the rth principal axis 
with the i th direct-lattice vector. The flt~ coefficients 
in Table 8 are also given in a form directly comparable 
with the B~ coefficients obtained from the 7th N Y 
X R 2  refinement cycle, in Table 14. This table very 

Table 13. The principal axes r.m.s, displacements and orientations 

A t o m  r it(r) (p(r, a) (p(r, b) 

1 0.427 + 0.003 • 58.5 ± 0.52 ° 57.2 ± 0.59 ° 
C1 2 0 .227+0 .002  138 . 6±  0.78 4 8 . 8 ±  0.85 

3 0 .297±0 .002  66 .1+  1.05 58 .6+  1.00 

1 0-257 ± 0-002 157.2 ± 3.83 90-0 
S 2 0.217 ± 0.002 90.0 180.0 

3 0 .236+ 0.002 112.8+ 3.82 90-0 

1 0 .197+0 .004  71 .3±  1.79 36-5+ 1.91 
O 2 0-299+0-004  23 .9+  8.27 113 .7±  6.56 

3 0 .284±0 .004  75 .6±  12.53 64 .0±  6-23 

1 0 .264+0 .005  123 .0± 6.82 64-7± 3.86 
C 1 2 0 .196±0 .005  89 .3±  5.89 148 .9+  4.47 

3 0 .231+0 .005  147.0_+ 6.83 106.8_+ 6.56 

1 0 .287±0 .006  102 .4± 5.40 31 .8+  6.05 
C 2 2 0 .226±0 .006  43 . 7±  13.16 101 .2±  7.93 

3 0.245+__0.006 48 . 9±  13.39 60 . 6±  6.95 

1 0.329+- 0.007 ' 80.9_+ 3.70 34-7± 3.52 
C s 2 0 . 231±0 .006  41 . 4±  8.57 117 .4±  4.26 

3 0.263 + 0-006 50 . 0±  8.70 70.3 + 5.75 

1 0 .336±0 .007  69 . 6±  2.62 57 . 5±  2.81 
C a 2 0.228 ± 0.006 136.2 ± 24.52 111.6 ± 23-15 

3 0-237 ± 0.006 126.7 ± 25.66 40.6 + 16.40 

1 0 .302±0 .007  129 .6± 4.64 140 .4± 4.66 
C 5 2 0 .241±0 .006  4 1 . 1 ±  5.14 128 .5±  4.68 

3 0.266_+0.006 80.9_+ 10.11 97 .8+  8.80 

1 0 .272+0 .006  149 .9±  5-76 120.1+ 5.77 
C 6 2 0 .225±0 .006  61 .6±  5.87 145 .2± 7.85 

3 0 .244+ 0.006 80-9 ± 10.22 105.8 + 12.32 

(p(r, c) 

49.2 ± 0.75 ° 
86.5 ± 0.92 

139 .0±  0.76 

66.7 +- 3.83 
90.0 

156.7 + 3.83 

60-2 ± 2.07 
87-1 ± 11.44 

150 .0±  2.47 

43 . 4±  5.15 
58.9 + 4.35 

116 .9± 6.79 

61 . 0±  5.24 
4 9 . 0 ±  10.88 

125-4± 11.63 

56.9 ± 4.04 
62-2± 7.19 

134.1+ 6.74 

40.1 ± 2.63 
53 . 6±  9.18 

104.6 ± 17.39 

89.4 ± 7.82 
78-4 ± 10.85 

168 .4± 10.81 

89-5 ± 8.58 
71 .9+13 .59  

161.9 ± 13.57 



clearly demonstrates the ineptness of the isotropic 
assumption in the case of 4,4'-dichlorodiphenyl sul- 
fone. 

C R Y S T A L  AND M O L E C U L A R  S T R U C T U R E  OF (p-C1C~H4)~SO., 

The choice of molecular axes was X~ oc Cl, Cl', X~ cc b, 
Xa oc X~ x X~, and the results are : 

Table 14. Comparison 

T i t  - 

of N Y X R 2 B i a n d  ( 6"013-+ 0.216 0 -0.470-+ 0.219 ) 4 . 7 9 6  _+ 0"295 4.076 _+0 0-329 

x 10-~ .A2 

corresponding ORACLE Bi~ 

B~ B t l  B22 B33 
C s 4-38 5-41 4.52 4.63 
C~ 5.09 5.66 6.14 5.52 
C 4 5.50 4.84 5.69 6.98 
C a 5-39 4.83 7.29 6.11 
C~. 4-73 4-44 5.99 4.84 
C I 3.69 4-58 3.58 4.56 
O 4.95 6.58 4.33 5.55 
C1 6.96 7.41 7.89 10.19 
S 3.94 5.09 3.70 4.53 

12. The  thermal  vibrations alont~ 
the molecu la r  axes  

I t  is easier to visualize the thermal motions of the 
individual atoms with respect to a set of molecular 
axes than to their principal axes. A natural  choice of 
molecular axes is that  given by 

X locV,  X ~ o c V × W ,  X3ocXl×X2 

where V is S,C1 and W is Cs,Cs + C6,Ce. The ampli- 
tudes of thermal vibration along X1, Xe, X8 (corre- 
sponding to U~ in Cruickshank's (1956) notation) are 
readily obtainable from/z(r), using the known angles 
between the principal axes and the molecular axes 
(not given here to conserve space). These amplitudes, 
u(m) where m= 1, 2, 3, are given in Table 15. 

Table 15. R.m.s. displacements, with standard deviations, 
along the molecular axes 

A t o m  u(1) u(2) u(3) 

Cl 0.239 ± 0.002 i 0.330 ± 0.002 A 0.395 ± 0-002/~ 
S 0-242__+0.001 0-233_+0.001 0.236_+0.002 
O 0 .281±0.004 0 .254±0.004 0.255±0.004 
C t 0-253 _+ 0.005 0.209 _+ 0-005 0 . 2 3 2  +___ 0.005 
C~ 0.273__+ 0.006 0.252 ___ 0.006 0.237 -+ 0.006 
C a 0-274 _+ 0.007 0-283 4- 0-007 0 . 2 7 5  -+ 0.006 
C 4 0-249__+0.006 0.244-+0.006 0.316 ± 0-007 
C~ 0 .247±0.006 0.297-+0.007 0.264_+0-006 
C~ 0.236__+0.006 0.261_+0.006 0-246_+0.005 

13. Rii~id body vibrations 

An alternative description of the thermal atomic 
motions in 4,4'-dichlorodiphenyl sulfone is possible in 
terms of the molecular rigid body vibrations. The 
method of Cruickshank (1956) was used to reduce the 
atomic transformed-fl~j values to the two symmetric 
tensors T~j and o~. This complete calculation, based 
on the resulting U~ values for all 17 'heavy'  atoms in 
this non-planar molecule, was performed on the 
DEUCE computer in the University of Glasgow. 

(D~j ---- 

16.244 _+ 2.570 0 -- 8-317 _+ 1.133 \ 
12.167 + 0.932 0 ) 7-952 _+ 0-839 

deg?' 

These tensors correspond to librations of the center of 
mass of 0-245 _+ 0-047, 0.219 + 0-054 and 0.202 + 0-057 
/~, and oscillations of 4.03_+1.62, 3.49 _+ 0.9-7 and 

t t t 2.82_ 0.92 ° respectively about X~, X2, and X3. 

14. Discussion 

The bond arrangement within the sulfone group of 
4,4'-dichlorodiphenyl sulfone, Table 10, as in all 
other sulfone groups that  have been measured, (for a 
review, see Abrahams, 1956) is not tha t  of a regular 
tetrahedron. The 0 - S - 0  bond angle is consistently 
and very significantly greater than 109-5 ° , whereas 
the C-S -0  and the C-S-C angles in the present mole- 
cule, as in the other cases measured, are significantly 
less than tetrahedral.  The S-O bond length in this, 
as in most sulfones, appears to be very close to 1.43/~, 
the standard double S-O bond distance. The C--S bond 
length of 1.765 _+ 0.006 _~ is significantly less than the 
standard single C-S bond length of 1-82 ~,  in agree- 
ment  with the measurements in other comparable 
sulfones. Indeed, this C-S bond length in an Ar-S ' -Ar  
molecule (Ar=aromat ic  group) appears remarkably 
constant, whether S' is a sulfide, sulfoxide or sulfone 
group. The dihedral angle made by the plane of the 
benzene ring with the C1-S-C~ plane is 84"7_+0.3 °, 
in good agreement with Koch & Moffitt's (1951) 
prediction of 90 ° , assuming overlap of the sulfur atom 
3d with the C1 atom 2p orbitals. I t  is also very close to 
the corresponding dihedral angle of 82 ° found in 
diphenyl sulfoxide (Abrahams, 1957), as was con- 
sidered likely in the s tudy of the diphenyl sulfoxide-- 
diphenyl ~ulfon~ ~y~tem (Abr~h~m~ & 8ilverton, 1956). 
The slight but  highly significant displacement of the 
chlorine and sulfur atoms out of the plane of the 
benzene ring is interesting although the only close 
contacts between these atoms and adjacent molecules 
is the C1 . . .C1  distance of 3.56 /~ and a C 1 . . . C 4  
distance of 3.98 ~.  

The three intermolecular C • • • 0 distances of 3-21, 
3-24 and 3.27 ~_ are most probably purely van der 
Waal's contacts" there are no angular relations involv- 
ing these distances to indicate otherwise. Many cases 
of C . . .  0 contacts, in the length range 3.14-3.25 A, 
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are given in the literature.* The usual van der Waal's 
C • • • 0 distance of about 3.3 ~ should hence presum- 
ably be revised to about 3.2 ~. 

An examination of the r.m.s, displacement of the 
atoms along the direction of the molecular axes 
(Table 15) shows that the atomic vibration along the 
length of the molecule is very constant, at about 0-25 
A. The excursions in the direction normal to the 
benzene ring plane tend to increase from 0.23 Jk at 
the center to 0"33/~_ at the periphery of the molecule. 
Those normal to the length of the molecule in the 
plane of the benzene ring increase even more rapidly. 
No attempt has been made in this paper to extract 
the characteristic lattice frequencies, because of the 
possible accumulation of systematic Fracas" errors in 
the anisotropic temperature factors. 

A comparison of the coordinates obtained in the 
present study with those reported by Bacon & Curry 
(1960) shows no disagreement, t within the limit of 
3 standard deviations of each measurement. This 
observation is of importance in demonstrating that 
X-ray and neutron diffraction studies produce essen- 
tially identical results. 

It is a great pleasure to thank Dr H. H. Szmant 
for providing the crystals, Mr J. Rae for constructing 
the new Weissenberg camera, Prof. J. M. 1%obertson 
for his interest, Miss D. C. Leagus for modifying the 
N Y XR2 program to accomodate 12/a, Mr A. Hatch 
for supervising the _NY XR2 computations on the 
Service Bureau Corporation IBM 704 computer, Prof. 
E. G. Cox for communicating Tomiie and Stain's form 
factors prior to publication, Dr H. A. Levy and Dr 
W. 1%. Busing for the use of their least-squares pro- 
gram, for making the computations on O1%ACLE and 
for the hospitality given by them and the Chemistry 
Division of Oak 1%idge National Laboratory, J. Ander- 
son & Co. Ltd. of Paisley, Scotland for a financial 

* For example, 3.14 A in furoic acid (Goodwin & Thomson, 
1954); 3.24/~ in N,N" diglycyl-L-cystine dihydrate (Yakel & 
Hughes, 1954) ; 3.24/~ in nicotinamide (Wright & King, 1954) ; 
etc. 

t Except for the thermal parameter ~u a for sulfur (see Bacon 
& Curry's (1960) paper). 

g r a n t  to  J .  G. Sime, a n d  f ina l ly  D r  G. E.  B a c o n  for 
c o m m u n i c a t i n g  the  resu l t s  of his s imu l t aneous  n e u t r o n  
s t u d y  pr ior  to pub l ica t ion .  
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