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DIFFUSE SCATTERING I N  DISORDERED MOLECULAR CRYSTALS 

T.R.WELBERRY & R.L.WITHERS 
Research School of Chemistry, A u s t r a l i a n  Na t iona l  U n i v e r s i t y ,  
Canberra,  ACT 2 6 0 1 ,  A u s t r a l i a .  

(Received July 12, 1991) 

A b s t r a c t  Convent ional  c r y s t a l  s t r u c t u r e  a n a l y s i s  u s i n g  Bragg 
d i f f r a c t i o n  d a t a  r e v e a l s  o n l y  average one-body s t r u c t u r a l  
i n fo rma t ion ,  such a s  atomic p o s i t i o n s ,  thermal  e l l i p s o i d s  and 
s i t e  occupanc ie s .  D i f f u s e  s c a t t e r i n g ,  on t h e  o t h e r  hand, 
g i v e s  two-body i n f o r m a t i o n  and i s  t h u s  p o t e n t i a l l y  a r i c h  
s o u r c e  of i n f o r m a t i o n  o f  how molecu le s  i n t e r a c t .  However, 
s i n c e  t y p i c a l  d i f f u s e  s c a t t e r i n g  i n t e n s i t i e s  a r e  -103-104 down 
on Bragg i n t e n s i t i e s ,  o b t a i n i n g  such i n f o r m a t i o n  i s  s t i l l  a 
f a r  from r o u t i n e  p r o c e s s  and q u a n t i t a t i v e  s t u d i e s  a r e  r a r e .  
I n  t h i s  p a p e r  w e  d e s c r i b e  some of t h e  c o n c e p t s  and  
d i f f i c u l t i e s  i n v o l v e d ,  w i t h  p a r t i c u l a r  r e f e r e n c e  t o  t h e  
example of 1,3-dibromo-2,5-diethyl-4,6-dimethyl b e n z e n e  
(BEMB2),  which i s  d i s o r d e r e d  a s  a r e s u l t  of t h e  f a c t  t h a t  t h e  

molecule  can t a k e  up e i t h e r  one of two d i f f e r e n t  o r i e n t a t i o n s  
i n  a given molecular  s i te.  

Keywords: diffuse scattering, disorder, molecular crystal, molecular packing, 
position-sensitive detector 

I" 

For some y e a r s  w e  have been i n t e r e s t e d  i n  d i s o r d e r e d  m o l e c u l a r  

c r y s t a l s  , i n  which t h e  d i s o r d e r  a r i s e s  because t h e  molecule  i s  a b l e  

t o  t a k e  up e i t h e r  one of two d i f f e r e n t  o r i e n t a t i o n s  i n  a g i v e n  

molecu la r  s i t e .  I n  p a r t i c u l a r  w e  have c o n c e n t r a t e d  on a r o m a t i c  

systems i n  which a simple 180' r o t a t i o n  o f  t h e  molecule e f f e c t i v e l y  

r e s u l t s  i n  t h e  i n t e r c h a n g e  of halogen ( B r -  o r  C1-) and methyl-  

s u b s t i t u e n t s .  Because t h e  packing volumes of t h e s e  t h r e e  g roups  

a r e  s o  s i m i l a r ,  t h e  molecule can pack i n t o  a g iven  molecu la r  s i t e  

i n  t h e  c r y s t a l  i n  these two d i f f e r e n t  o r i e n t a t i o n s  wi th  ve ry  l i t t l e  

d i f f e r e n c e  ( < - k T )  i n  ene rgy .  I n  such a s i t u a t i o n  d i s o r d e r  i s  

guaranteed,  b u t  because there a r e  s m a l l  d i f f e r e n c e s  i n  ene rgy  t h e  

d i s t r i b u t i o n  of t h e  two d i f f e r e n t  o r i e n t a t i o n s  w i l l  n o t  be  random: 
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18 T.R.WELBERRY & R.L.WITHERS 

- i.e short range order will occur. We have only been interested 

in systems in which the disorder occurs at growth and once the 

molecule forms part of the bulk, the barrier to reorientation is so 

high that the disorder is effectively l o c k e d - i n .  Examples of the 

molecular systems we have studied1,2,3,4i5 are shown in Figure 1. 

Our aim has been to measure the diffuse X-ray diffraction patterns 

from these compounds and attempt to explain them in terms of a 

detailed description of how the molecules interact with each other. 

Me c1 

Me c1 
k 
I I1 

/ / 
&$Br 

Br Me Me Me 
/ 
111 

/ 
IV 

FIGURE 1. Molecules forming disordered crystals in which 
each molecular site is occupied by the molecule in one of two 
possible orientations. (I) 9-bromo, 10-methylanthracene. (11) 
2,3-dichloro-6,7-dimethylanthracene. (111) 1,4-dibromo-2,5- 
diethyl-3,6-dimethyl benzene (BEMB1) . (IV) 1,3-dibromo-2,5- 
diethyl-4,6-dimethylbenzene (BEMB2). 

Diffuse X-ray scattering intensities from such systems are 

typically -103-104 down on the Bragg peak intensities from which 

conventional crystal structure determination is carried out. This 

has meant that only relatively recently has it been possible to 

make extensive quantitative measurements of diffuse scattering, and 

many studies have been only qualitative or at best semi- 

quantitative. In experiments our original film-based methods have 

been replaced by the use of a position-sensitive detector system6, 

which prov.ides quantitative diffuse scattering data with a 

sensitivity approximately 50 times that obtainable with a single 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

5:
03

 1
8 

Fe
br

ua
ry

 2
01

3 



DISORDERED MOLECULAR CRYSTALS 19 

c o u n t e r .  Although t h e s e  d a t a  a r e  recorded i n  d i g i t a l  form w e  s t i l l  

f i n d  it i n v a l u a b l e  f o r  i n t e r p r e t a t i o n  t o  d i s p l a y  t h e  i n f o r m a t i o n  

p i c t o r i a l l y ,  f i r s t  on a computer s c r e e n  and subsequen t ly  i n  h a r d  

copy v i a  an Op t ron ic s  f i l m - w r i t i n g  d e v i c e .  Two examples of t h e  

d a t a  from whole r e c i p r o c a l  l a t t i c e  s e c t i o n s ,  which w e  c a n  now 

o b t a i n  r o u t i n e l y ,  a r e  d i s p l a y e d  i n  F i g u r e  2 .  I t  shou ld  a l s o  b e  

mentioned t h a t  t h e s e  examples w e r e  o b t a i n e d  a t  low t e m p e r a t u r e  

(100K) - n o t  a t r i v i a l  m a t t e r  when it i s  impera t ive  t h e  main X-ray 

beam does no t  i n t e r c e p t  any s h i e l d i n g  m a t e r i a l .  

CORRFLLBTION DESCRIPTION O F  DISORDER 

The i n t e n s i t y  s c a t t e r e d  a t  a r e c i p r o c a l  wave-vector S by a two 

component s u b s t i t u t i o n a l l y  d i s o r d e r e d  c r y s t a l  may b e  e x p r e s s e d  

I n I 
cell 

+ N ~ A ~ B A F , A F ;  C C c,”: exp(2xi~.g,,) 
n m  

Here F P )  i s  t h e  s c a t t e r i n g  f a c t o r  f o r  an A-type molecule  a t  s i t e  

n, s p e c i f i e d  by t h e  v e c t o r  B,; R,, = En - B,; AFn = FAA’ - FF’; 

mA and m g  a r e  t h e  c o n c e n t r a t i o n s  of t h e  two s p e c i e s  A and B and 

C,, i s  a c o r r e l a t i o n  c o e f f i c i e n t  which i s  r e l a t e d  t o  t h e  j o i n t  

p r o b a b i l i t y  Pt, t h a t  two molecular  sites n and m a r e  bo th  occupied 

by an A molecule.  

T h e  f i r s t  t e r m  i n  (1) r e p r e s e n t s  t h e  Bragg peak i n t e n s i t i e s  

and can be seen t o  be p r o p o r t i o n a l  t o  t h e  average of t h e  molecu la r  

s c a t t e r i n g  f a c t o r s .  The second t e r m  i s  a d i f f u s e  s c a t t e r i n g  t e r m  

and i s  seen t o  be p r o p o r t i o n a l  t o  t h e  di f ference  i n  t h e  molecu la r  
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20 T.R.WELBERRY & R.L.WITHERS 

s c a t t e r i n g  f a c t o r s .  I t  c o n s i s t s  o f  t h e  sum o f  many i n d i v i d u a l  

t e r m s ,  e ach  i n v o l v i n g  a d i f f e r e n t  c o r r e l a t i o n  c o e f f i c i e n t  C,,,,,. The 

o r i g i n  t e r m  i n  t h i s  series c o r r e s p o n d s  t o  t h e  c a s e  where a l l  C,, = 

0 ,  i . e .  t h e  s c a t t e r i n g  f o r  a random d i s t r i b u t i o n  of  t h e  two species 

A and B 

a )  

FIGURE 2 .  Observed  d i f f u s e  X-ray s c a t t e r i n g  p a t t e r n s  f o r  
BEMB2 a t  100K. a )  The Okl s e c t i o n .  b) t h e  h k -h s e c t i o n .  
The maximum d i f f r a c t i o n  a n g l e  shown is  20=51.Z0. 

I t  s h o u l d  b e  n o t e d  t h a t  c o n v e n t i o n a l  c r y s t a l  s t r u c t u r e  

a n a l y s i s  u s i n g  t h e  Bragg  i n t e n s i t i e s  ( t h e  f i r s t  t e r m  i n  (1)) 

r e v e a l s  t h e  a v e r a g e  a t o m i c  p o s i t i o n s  and  t h e  s i t e  o c c u p a n c i e s  mA 

and  mg. Consequen t ly  t h e  o n l y  unknowns i n  t h e  d i f f u s e  s c a t t e r i n g  

t e r m  a r e  t h e  c o r r e l a t i o n  c o e f f i c i e n t s ,  C,,,,,. The f o r m  o f  t h e  

c o n t r i b u t i o n  f o r  e a c h  C,,, which  w e  c a l l  a c o r r e l a t i o n  

d i s t r i b u t i o n ,  may b e  c a l c u l a t e d  f rom a knowledge of  t h e  a v e r a g e  

s t r u c t u r e ,  b u t  t h e  magni tude  must b e  d e t e r m i n e d .  I n  F i g u r e  3 w e  

show examples  of such  c a l c u l a t e d  c o r r e l a t i o n  d i s t r i b u t i o n s  f o r  t h e  

c a s e  of  t h e  ( h  k -h) s e c t i o n  of  lI3-dibrorno-2,5-diethyl-4,6- 

d ime thy lbenzene  (BEMBZ) ,  t h e  o b s e r v e d  d i f f u s e  s c a t t e r i n g  f o r  which 

is shown i n  F i g u r e  2b. W e  have deve loped  a l e a s t - s q u a r e s  p r o c e d u r e  
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DISORDERED MOLECULAR CRYSTALS 21 

which a d j u s t s  t h e  va lues  of t h e  c o e f f i c i e n t s  C,, f o r  d i s t r i b u t i o n s  

corresponding t o  i n t e r m o l e c u l a r  v e c t o r s  w i th in  a c e r t a i n  r a d i u s  of 

a g iven  molecule,  t o  o b t a i n  t h e  b e s t  f i t  t o  t h e  observed d a t a .  

FIGURE 3 .  Ca lcu la t ed  d i s t r i b u t i o n s  f o r  t h e  h k -h s e c t i o n  of 
BEMB2. a )  The i n t e n s i t y  f o r  a random d i s t r i b u t i o n  o f  A and B 
o r i e n t a t i o n s .  b )  The c o r r e l a t i o n  d i s t r i b u t i o n  co r re spond ing  t o  
t h e  s i t e  65501. c )  The t o t a l  c a l c u l a t e d  i n t e n s i t y  - c f .  
F igu re  2b. 

W e  use  t h e  ORTEP method of l a b e l l i n g  molecu la r  sites', w h e r e  

f o r  example 55501 r e f e r s  t o  a c e n t r a l  molecule,  55502 t o  a second 

symmetry-related s i t e  i n  t h e  same c e l l ,  and f o r  s i tes r e l a t e d  by 

c e l l  t r a n s l a t i o n s  t h e  f i r s t  t h r e e  d i g i t s  i n c r e a s e  o r  d e c r e a s e  

a c c o r d i n g l y .  In  an a n a l y s i s  it i s  q u i t e  f e a s i b l e  t o  f i t  -50 such 

f u n c t i o n s  t o  t h e  obse rved  d a t a .  The d e t e r m i n e d  c o e f f i c i e n t s  

correspond t o  in t e r -molecu la r  v e c t o r s  w i th in  a few molecular  s h e l l s  

of a c e n t r a l  molecule  (molecules whose c e n t r e s  a r e  w i t h i n  -20A). 

I t  shou ld  be n o t e d  t h a t  symmetry-related v e c t o r s  a r e  assumed t o  

have t h e  same C,, v a l u e .  I n  Table 1 w e  show some r e s u l t s  f o r  t h e  

s t r o n g e s t  c o r r e l a t i o n s  ob ta ined  f o r  BEMB2. Of 42 unique c o r r e l a t i o n  

c o e f f i c i e n t s  measured, a l l  o t h e r s  had a b s o l u t e  v a l u e s  less t h a n  

0 . 1 0 .  
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22 T.R.WELBERRY & R.L.WITHERS 

TABLE 1. Contact  t y p e s  and i n t e r m o l e c u l a r  d i s t a n c e s  f o r  
BEMB2 r e f e r  t o  a s t r u c t u r e  i n  which a l l  molecules  are i n  
o r i e n t a t i o n  A .  D i s t a n c e s  a r e  c a l c u l a t e d  u s i n g  t h e  
c o o r d i n a t e s  of t h e  composi te  d i s o r d e r e d  atoms o b t a i n e d  
f r o m  t h e  a v e r a g e  c r y s t a l  s t r u c t u r e  d e t e r m i n a t i o n .  
Contacts  a r e  from a c e n t r a l  molecule a t  s i t e  55501. 

S i t e  C", I n t e rmolecu la r  Contact  

65501 0.21 Me-Br 4.08 
M e - M e ,  B r - B r  3.90 A 

66502 0 . 1 4  Br-Me 4.29 A 
64501 -0.12 - 
66501 -0 .10 Me-Br 4.08 A 
56501 -0.10 Me-Br,  Me-Br 3.90 A 

M e - M e ,  B r - B r  4 . 4 4  A 

Severa l  p o i n t s  of no te  a r i s e  out  of these r e s u l t s .  F i r s t ,  it 

i s  c l e a r  t h a t  t h e  o r d e r  i s  on ly  ve ry  s h o r t  range i n  t h i s  compound. 

For o t h e r  compounds such a s  I and I1 (see F i g u r e  1) much h i g h e r  

va lues  of C,, have been observed.  However, even such s m a l l  deg rees  

of o r d e r  a r e  e a s i l y  d e t e c t a b l e  and produce s c a t t e r i n g  p a t t e r n s  

e a s i l y  d i s t i n g u i s h a b l e  from t h e  random p a t t e r n .  A s  w e  have found 

f o r  o t h e r  compounds t h e  most s i g n i f i c a n t  o r d e r i n g  o c c u r s  between 

molecules which have a d i r e c t  i n t e r m o l e c u l a r  c o n t a c t  i n v o l v i n g  t h e  

d i s o r d e r e d  a tomic  si tes.  That is t o  s ay ,  a c o n t a c t  which i s  

d i r e c t l y  a f f e c t e d  by t h e  i n t e r c h a n g e  of t h e  B r  and methyl  groups 

t h a t  occu r s  i f  t h e  neighbouring molecule  i s  f l i p p e d .  Consider  t h e  

c o n t a c t  with t h e  molecule a t  66502. A p o s i t i v e  va lue  f o r  C,, means 

t h a t  t h e  p r o p o r t i o n  of  c o n t a c t s  t h a t  a r e  Br-Me i s  i n c r e a s e d  

r e l a t i v e  t o  a p u r e l y  random d i s t r i b u t i o n .  For t h i s  c o n t a c t ,  and 

s i n c e  mA =0.5, a c o r r e l a t i o n  of 0 . 1 4  means t h a t  t h e r e  a r e  28.5% of 

c o n t a c t s  of t h e  t ype  Br-Me, 28.5% of Me-Br,  and 21.5% each  of M e - M e  

and B r - B r .  Such a p r e f e r e n c e  f o r  B r ' s  t o  t r y  t o  a v o i d  each  o t h e r  

i s  c o n s i s t e n t  w i t h  o u r  f i n d i n g s  i n  o t h e r  compounds, and may 

q u a l i t a t i v e l y  be e x p l a i n e d  i n  t e r m s  o f  t h e  i n t e r a c t i o n s  between 
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DISORDERED MOLECULAR CRYSTALS 

l o c a l - d i p o l e s .  

The c o n t a c t  w i th  t h e  molecule  a t  65501, however, i s  n o t  a s  

s i m p l e .  A s  may be  seen  i n  F i g u r e  4 ,  t h e r e  a r e  three d i f f e r e n t  

c o n t a c t s  between d i s o r d e r e d  atomic s i tes .  A p o s i t i v e  c o r r e l a t i o n  

he re  imp l i e s  t h a t  f o r  t h e  4.08A c o n t a c t  t h e  p r o p o r t i o n  of Me-Br and 

Br-Me v e c t o r s  i s  i n c r e a s e d ,  b u t  f o r  t h e  two s h o r t e r  ( 3 . 9 0 A )  

c o n t a c t s  t h e  p r o p o r t i o n  o f  M e - M e  and B r - B r  v e c t o r s  i s  i n c r e a s e d .  

Even , i f  w e  t a k e  account of t h e  d i r e c t i o n  of t h e  l o c a l  d i p o l e s  K ,  L, 

M and N i n  F i g u r e  4 ,  t h e r e  a p p e a r s  no good r e a s o n  why t h i s  

c o r r e l a t i o n  shou ld  be p o s i t i v e .  

23 

Q Q 

b b 
FIGURE 4 .  The c o n t a c t  between a c e n t r a l  molecule (55501) and 
t h e  molecule  (65501) with both i n  t h e  A o r i e n t a t i o n .  F i l l e d  
circles r e p r e s e n t  B r  and open c i rc les  C .  Arrows i n d i c a t e  t h e  
l o c a l  d i p o l e s  used  t o  t r y  t o  a c c o u n t  f o r  t h e  s h o r t - r a n g e  
o r d e r i n g  

What has  gone wrong? Why a r e  w e  unab le  t o  e x p l a i n  even 

q u a l i t a t i v e l y  what i s  o b s e r v e d ?  T h e r e  a r e  a number of 

p o s s i b i l i t i e s .  F i r s t ,  ou r  a n a l y s i s  assumed t h e  ave rage  c r y s t a l  

s t r u c t u r e  was P2,/c whereas t h e  weak p resence  of some ( h  0 1 , 1 

odd) Bragg peaks c l e a r l y  shows t h e  average s t r u c t u r e  has  t h e  space  

group P21. Th i s  means t h a t  each of ou r  c o r r e l a t i o n  f u n c t i o n s  used 

i n  t h e  a n a l y s i s  was i n  f a c t  t h e  sum of  two v e r y  s i m i l a r  

d i s t r i b u t i o n s  and t h e  determined va lues  of C,, w e r e  t h e  ave rage  of 

two pe rhaps  q u i t e  d i f f e r e n t  v a l u e s .  Secondly,  t h e  f o r m u l a t i o n  

g i v e n  i n  e q u a t i o n  (1) i s  o n l y  t h e  f i r s t  app rox ima t ion  t o  t h e  
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24 T.R.WELBERRY & R.L.WITHERS 

s c a t t e r i n g  from a d i s o r d e r e d  c r y s t a l  and assumes t h a t  t h e  molecules  

occur  i n  e i ther  one o r  o t h e r  o r i e n t a t i o n  i n  t h e  molecular  s i t e  and 

n e g l e c t s  t h e  p o s s i b i l i t y  of l o c a l  r e l a x a t i o n ,  w h i c h  c o u l d  

s u b s t a n t i a l l y  a l t e r  t h e  important  i n t e r m o l e c u l a r  c o n t a c t  d i s t a n c e s  

mentioned above. It  might be no ted  t h a t  i n  a l l o y s  it is  w e l l  known 

t h a t  l o c a l  d i sp l acemen t s  of atoms from t h e i r  i d e a l  l a t t i c e  s i t e s  

may be up t o  -5% of t h e  ce l l  spac ing .  Molecules have t h e  freedom 

no t  only t o  r e l a x  by s h i f t s  from t h e i r  mean l a t t i c e  sites, b u t  a l s o  

have t h e  freedom t o  assume s l i g h t l y  d i f f e r e n t  o r i e n t a t i o n s .  W e  a r e  

c u r r e n t l y  a t t e m p t i n g  t o  i n c o r p o r a t e  t h e  p o s s i b i l i t y  of  these 

e f f e c t s  i n t o  ou r  a n a l y s i s  s i n c e  it i s  c l e a r  t h a t  t h e  l e v e l  of 

agreement (R=-20%) w e  c u r r e n t l y  o b t a i n  f o r  t h e  s i m p l e  model (1) 

means t h a t  more in fo rma t ion  i s  p r e s e n t  i n  our  d a t a  t h a t  i s  no t  y e t  

being modelled c o r r e c t l y .  

Of p a r t i c u l a r  n o t e  i n  t h e  c a s e  of BEMB2 is  t h e  f a c t  t h a t  t h e  

X-ray d i f f r a c t i o n  p a t t e r n s  shown i n  F igu re  2 c o n t a i n  some f e a t u r e s  

t h a t  a r e  n o t  modelled a t  a l l  by ou r  c o r r e l a t i o n  f i t t i n g  approach.  

I n  t h e  Okl s e c t i o n  t h e  d i f f u s e  s c a t t e r i n g  i s  g e n e r a l l y  q u i t e  

d i f f u s e ,  c o n s i s t e n t  w i th  t h e  low v a l u e s  of c o r r e l a t i o n  t h a t  were 

determined.  But i n  t h e  neighbourhood of s o m e  l a t t i c e  peaks,  i n  

p a r t i c u l a r  t h e  0 0 2  and 010 Bragg p o s i t i o n s ,  t h e  s c a t t e r i n g  peak 

becomes ve ry  narrow, i n d i c a t i v e  of a range of o r d e r  f a r  g r e a t e r  

t h a n  t h e  20A range t h a t  was i n c l u d e d  i n  t h e  a n a l y s i s .  Th i s  same 

f e a t u r e  appears  a l s o  i n  t h e  h k -h, s e c t i o n  which i s  approximately 

normal t o  Okl, a s  a dark ' h o l e '  i n  t h e  d i f f u s e  s c a t t e r i n g .  This  i s  

seen  most c l e a r l y  around t h e  0 1 0  Bragg p o s i t i o n ,  s i n c e  t h e  Bragg 

peak i s  s y s t e m a t i c a l l y  a b s e n t  because  of t h e  2, symmetry. The 

width of t h i s  ho le  corresponds t o  d i s t a n c e s  i n  r e a l  space  i n  excess  

of  -200A.  In  o r d e r  t o  understand what i s  caus ing  t h e s e  e f f e c t s  w e  

adop t  a q u i t e  d i f f e r e n t  approach  t o  t h e  a n a l y s i s  o f  d i f f u s e  

s c a t t e r i n g .  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

5:
03

 1
8 

Fe
br

ua
ry

 2
01

3 



DISORDERED MOLECULAR CRYSTALS 25 

MODULATION WAVE DESCRIPTION OF DISORDER 

A s  w e  saw above, t h e  i n t e n s i t i e s  of t h e  Bragg peaks i n  a d i s o r d e r e d  

c r y s t a l  correspond t o  t h e  d i f f r a c t i o n  from t h e  average l a t t i c e ,  and 

i f  w e  had an a v e r a g e  l a t t i c e  t h e n  t h e r e  would be  no d i f f u s e  

s c a t t e r i n g .  Conversely,  w e  can c o n s i d e r  t h a t  t h e  i n t e n s i t y  a t  any 

p o i n t  i n  t h e  d i f f u s e  s c a t t e r i n g  a t  a wave-vector G + k, where Si i s  

a r e c i p r o c a l  l a t t i c e  v e c t o r ,  i s  due t o  a p e r t u r b a t i o n  of t h i s  

average r ea l - space  s t r u c t u r e  by a p e r i o d i c  modulation c h a r a c t e r i z e d  

by t h e  wave-vector k. For t h e  c a s e  of c o n c e n t r a t i o n  waves t h e s e  

p e r t u r b a t i o n s  can be w r i t t e n  i n  t h e  form of a v a r i a t i o n  from c e l l  

t o  cell of t h e  atomic s c a t t e r i n g  f a c t o r s  fP, where p s p e c i f i e s  an 

a tomic  s i t e  w i t h i n  t h e  ave rage  u n i t  cel19*10111. The s c a t t e r i n g  

f a c t o r  a p p r o p r i a t e  t o  t h e  p t h  atom i n  t h e  c e l l  a t  t h e  r e a l - s p a c e  

l a t t i c e  v e c t o r  3 i s  ob ta ined  by summation ove r  a l l  wave-vectors k:- 

Thus a g e n e r a l  compos i t iona l  modulat ion i s  c h a r a c t e r i z e d  by t h e  

w a v e - v e c t o r  h a n d  t h e  c o m p o s i t i o n a l  e i g e n v e c t o r  A ( k )  = 

( a l , a 2 ,  . . . , ap, . . )  , where a l l  a2, e t c .  a r e  complex. The r e l a t i o n s h i p  

between t h e  a p ( k ) ' s  of symmetry-related si tes w i l l  n o t  i n  g e n e r a l  

be  random b u t  w i l l  r e f l e c t  t h e  e n e r g e t i c s  of t h e  p a r t i c u l a r  system 

under  c o n s i d e r a t i o n .  For modulat ion wave-vectors a l o n g  c e r t a i n  

high symmetry d i r e c t i o n s  of a pa ren t  s t r u c t u r e ,  t h e  lowest  ene rgy  

c o m p o s i t i o n a l  ( a n d / o r  d i s p l a c i v e )  modu la t ions  must n e c e s s a r i l y  

t r ans fo rm according t o  a s p e c i f i c  i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  t h e  

l i t t l e  co-group of t h e  corresponding modulation wave-vector (see 

f o r  example r e f e r e n c e  11). I f  t h i s  l owes t  e n e r g y  i r r e d u c i b l e  

r e p r e s e n t a t i o n  i s  t h e  on ly  one wi th  a f i n i t e  ampl i tude ,  a s  i s  

o f t e n  t h e  case ,  t hen  t h e  r e l a t i o n s h i p  between t h e  a p ( k ) ' s  of s i tes 

r e l a t e d  by symmetry o p e r a t i o n s  belonging t o  t h e  l i t t l e  group of k 
i s  f i x e d  by  t h e  symmetry of t h e  a p p r o p r i a t e  i r r e d u c i b l e  
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26 T.R.WELBERRY & R.L.WITHERS 

r e p r e s e n t a t i o n .  

A s  a p a r t i c u l a r l y  s imple example, suppose w e  have a s t r u c t u r e  

c o n s i s t i n g  of 2 symmetry-related atomic sites p.=1 a t  ( O , O , O )  and 

b=2 a t  ( 0 , 1 / 2 , 1 / 2 )  which a r e  occupied wi th  e q u a l  p r o b a b i l i t y  by 

e i t h e r  of two d i f f e r e n t  t y p e s  of atom, A and B, whose s c a t t e r i n g  

f a c t o r s  a r e  fA and f g  r e s p e c t i v e l y .  For waves t r a v e l l i n g  a long  

c e r t a i n  d i r e c t i o n s ,  and under t h e  assumption t h a t  o n l y  t h e  lowest  

ene rgy  i r r e d u c i b l e  r e p r e s e n t a t i o n  i s  s u b s t a n t i a l l y  e x c i t e d ,  t h e  

phase r e l a t i o n s h i p  between a l ( k )  and a 2 ( k )  i s  f i x e d  by symmetry. 

F o r  example ,  i f  w e  assume a screw a x i s  a l o n g  fs, i . e .  

{C2yl 1 / 2  (h+c) 1 ,  t h e n  f o r  modu la t ion  wave-vectors  a l o n g  b* t h e  

lowest  energy modulation must t r a n s f o r m  accord ing  t o  one or o t h e r  

of  t h e  two i r r e d u c i b l e  r e p r e s e n t a t i o n s  shown i n  t h e  f o l l o w i n g  

c h a r a c t e r  t a b l e : -  

E % 
21 1 1 

c2 1 -1 

Then from s t a n d a r d  g r o u p - t h e o r e t i c a l  c o n s i d e r a t i o n s  (see f o r  

example r e fe rence  111, 

For a E l  i r r e d u c i b l e  r e p r e s e n t a t i o n  X ( C z Y )  = +1 and f o r  a & 
i r r e d u c i b l e  r e p r e s e n t a t i o n  X ( C 2 , )  = -1. O f  c o u r s e  and & 
s t r i c t l y  on ly  e x i s t  f o r  wave-vectors a long  h*. A s  soon as k moves 

even s l i g h t l y  away f r o m  t h e  h* d i r e c t i o n ,  t h e  co r re spond ing  l i t t l e  

co-group (see Bradley & C r a c k n e l l ,  1 9 7 2 )  i s  reduced to a s i n g l e  

element - namely t h e  i d e n t i t y  E .  Thus, on symmetry grounds a lone ,  

one can t e c h n i c a l l y  no l o n g e r  r e l a t e  a 2 ( k )  t o  al(k) f o r  t h e  

lowest energy modulation. Common sense ,  however, d i c t a t e s  t h a t  t h e  

r e l a t i o n s h i p  g iven  by e q u a t i o n  ( 4 )  above shou ld ,  i n  most c a s e s ,  

change on ly  s lowly a s  a func t ion  of k. For a g e n e r a l  wavevector w e  

assume t h a t  X ( C z Y )  = exp[i8]. Then, 
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DISORDERED MOLECULAR CRYSTALS 27 

a&) = al(k) exp (5) 

For 8=0 the modulation is equivalent to the irreducible 

representation and for &n it is equivalent to the & irreducible 
representation. For an arbitrary phase, 8, it is equivalent to a 

linear combination of the two. 

a) 

FIGURE 5. Optical diffraction patterns and their 
corresponding diffraction masks illustrating the two 
irreducible representations and & described in the text. 
5a,d show c1. 5b, e show x 2 .  5c, f show mixed El/&. 

To demonstrate the meaning of these two different modulations 

we can make a computer generated model and use optical diffraction 

to obtain the diffraction pattern. In the examples shown in Figure 

5 we have perturbed a simple square lattice, consisting of atoms 

p = l  at ( O , O , O )  nd p=2 at ( 0 , 1 / 2 , 1 / 2 ) ,  by a large number of 

modulations having the two different symmetries and c2. In 
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28 T.R.WELBERRY & R.L.WITHERS 

F i g u r e  5a t h e  m o d u l a t i o n s  a l l  had  t h e  symmetry, i n  F i g u r e  5b  

t h e  m o d u l a t i o n s  a l l  h a d  t h e  c2 symmetry a n d  i n  F i g u r e  5c  t h e  

m o d u l a t i o n s  w e r e  mixed  & / & .  The a m p l i t u d e s  of  t h e  m o d u l a t i o n s  

w e r e  chosen  t o  p roduce  a c h a r a c t e r i s t i c  I Y l  s h a p e  o f  i n t e n s i t y  i n  

t h e  f i r s t  B r i l l o u i n  zone ( f o r  r e a s o n s  which w i l l  become a p p a r e n t  i n  

what f o l l o w s )  . The l a t t i c e  r e a l i z a t i o n s  i n  F i g u r e s  5 d , e ,  f 

c o r r e s p o n d i n g  t o  t h e s e  d i f f r a c t i o n  p a t t e r n s  show c l e a r l y  t h e  

meaning of  t h e  two d i f f e r e n t  t y p e s  of  mode. For t h e  'Y-shaped' 

s c a t t e r i n g  o c c u r s  a r o u n d  t h e  Bragg  p e a k s  a n d  t h i s  g i v e s  r ise  t o  

c l u s t e r s  of  atoms w h i c h  a r e  a l l  b l a c k  o r  a l l  w h i t e .  F o r  & t h e  

'Y-shaped' s c a t t e r i n g  o c c u r s  between t h e  Bragg peaks  and  t h i s  g i v e s  

r ise  t o  a t endency  f o r  b l a c k  and  w h i t e  t o  a l t e r n a t e  i n  t h e  [ll] 

d i r e c t i o n .  

Now l e t  u s  a p p l y  t h e  same t e c h n i q u e s  t o  t h e  m o l e c u l a r  c r y s t a l  

example o f  BEMB2. P r o j e c t e d  down t h e  & - a x i s  t h e  s t r u c t u r e  h a s  

m o l e c u l e s  F=l a t  ( O , O , O )  and p=2 a t  ( 0 , 1 / 2 , 1 / 2 )  s o  i s  e s s e n t i a l l y  

t h e  same a s  t h e  s i m p l e  a tomic  example d e s c r i b e d  above .  However, 

t h e  two m o l e c u l a r  sites have  q u i t e  d i f f e r e n t  o r i e n t a t i o n s ,  s i n c e  

t h e y  a r e  r e l a t e d  by t h e  21-screw a x i s  o f  t h e  s p a c e - g r o u p .  

C o n v e n t i o n a l  s t r u c t u r e  d e t e r m i n a t i o n  r e v e a l s  t h a t  t h e  a v e r a g e  

s t r u c t u r e  is a s  shown i n  F i g u r e  6a .  

The shaded  atoms a r e  s i tes  o c c u p i e d  by 5 0 %  B r  a n d  50% methy l ,  

and  t h e  whole a v e r a g e  s t r u c t u r e  i s  v e r y  c l o s e  t o  t h e  space -g roup  

P 2 , / c  ( a l t h o u g h  a c t u a l l y  P2,). The 21-screw a x i s  i s  s a t i s f i e d  

a c c u r a t e l y ,  b u t  t h e  c - g l i d e  o n l y  a p p r o x i m a t e l y .  

W e  now c o n s t r u c t  a model i n  which w e  r e p l a c e  t h e  b l a c k  and  

w h i t e  atoms of  F i g u r e  5 d , e , f  w i t h  whole molecu le s  o f  BEMB2 i n  t h e i r  

two d i f f e r e n t  o r i e n t a t i o n s  A and B .  The two d i f f e r e n t  symmetry 

c a s e s  a n d  & t a k e  on a new s i g n i f i c a n c e .  I n s t e a d  of  t h e  

l a t t i c e  r e a l i z a t i o n  o f  F i g u r e  5d c o n s i s t i n g  o f  s m a l l  domains  o f  

a toms of  a l l  t h e  same t y p e ,  t h i s  i s  now r e p l a c e d  by r e g i o n s  o f  

c r y s t a l  i n  which t h e  molecu le s  a r e  e i ther  a l l  i n  t h e  A o r i e n t a t i o n  

( b l a c k )  or a l l  i n  t h e  B o r i e n t a t i o n  ( w h i t e ) .  T h i s  c o r r e s p o n d s  t o  
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DISORDERED MOLECULAR CRYSTALS 29 

r e g i o n s  of c r y s t a l  i n  which t h e  21-screw a x i s  i s  m a i n t a i n e d  l o c a l l y  

(see F i g u r e  6b). F i g u r e  5 e ,  on t h e  o t h e r  hand ,  becomes  a 

r e a l i s a t i o n  i n  which t h e  molecu le  a t  ( 0 , 1 / 2 , 1 / 2 )  t e n d s  t o  be of t h e  

o p p o s i t e  k i n d  t o  t h a t  a t  ( O , O , O ) ,  and  t h i s  c o r r e s p o n d s  t o  one  i n  

which t h e r e  e x i s t s  l o c a l  domains s a t i s f y i n g  t h e  c-glide symmetry 

and n o t  t h e  21-screw a x i s  (see F i g u r e  6 c ) .  

' I  

FIGURE 6 .  The s t r u c t u r e  of BEMB2 p r o j e c t e d  down t h e  g - a x i s .  
a )  t h e  a v e r a g e  s t r u c t u r e  ( a p p r o x .  P 2 , / c ) .  b )  The l o c a l  
s t r u c t u r e  (P2,) o b t a i n e d  when modu la t ions  a r e  symmetry.  c )  
The l o c a l  s t r u c t u r e  ( P c )  o b t a i n e d  when m o d u l a t i o n s  a r e  c 2  
symmetry. 
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30 T.R.WELBERRY & R.L.WITHERS 

I n  F i g u r e  7a & l b  w e  show o p t i c a l  d i f f r a c t i o n  p a t t e r n s  

o b t a i n e d  from t h e s e  two r e a l i s a t i o n s .  I t  shou ld  be s t r e s s e d  t h a t  

t h e s e  two s i m u l a t i o n s  c o n t a i n  e x a c t l y  t h e  same modu la t ions  a s  

F igu res  5a and 5b and t h e  on ly  t h i n g s  t h a t  have changed a r e  t h a t  

t h e  atoms have been r e p l a c e d  by molecules ,  and t h e  c e l l  changed 

from a s i m p l e  s q u a r e  t o  a r e c t a n g l e  a p p r o p r i a t e  t o  t h e  g - a x i s  

p r o j e c t i o n  of BEMB2. From t h e s e  d i f f r a c t i o n  p a t t e r n s  it is c l e a r  

t h a t  F igu re  7b i s  a ve ry  good approximation t o  t h e  observed X-ray 

p a t t e r n  shown i n  F i g u r e  2a and F i g u r e  7a is q u i t e  wrong. T h i s  

and means t h a t  w u e  c - u l i d e  svmmetrv t h a t  i s  satlsfled 
n o t  t h e  P 1 - s c r e w  a x i s .  S i m i l a r  t r e a t m e n t  of t h e  (h k -h) s e c t i o n  

of BEMB2 l e a d s  t o  t h e  same conc lus ion .  I n  F i g u r e  7c w e  show an 

o p t i c a l  d i f f r a c t i o n  p a t t e r n  o b t a i n e d  u s i n g  o n l y  & modes and t h e  

correspondence t o  F igu re  2b i s  aga in  very good. 

. .  , I  

a )  

FIGURE 7 .  O p t i c a l  d i f f r a c t i o n  p a t t e r n s  of BEMB2. 7a & 7b 
which correspond t o  t h e  Okl s e c t i o n  of BEMB2 were o b t a i n e d  by 
r e p l a c i n g  t h e  s i n g l e  atoms o f  F i g u r e s  5a & 5b w i t h  whole 
molecules  i n  one o r  o t h e r  of t h e  t w o  o r i e n t a t i o n s  A and B .  
For a )  a l l  modes a r e  El. For b) a l l  modes a r e  & .  7c 
corresponds t o  t h e  hk-h s e c t i o n  and c o n t a i n s  on ly  modes of & 
symmetry. Note t h e  ' h o l e '  caused  by t h e  absence  o f  modes 
c l o s e  t o  k=O. Compare b )  and c )  with F igu re  2 .  

These r e s u l t s  appea r  t o  be i n  c o n f l i c t  w i t h  t h e  o b s e r v a t i o n  

from t h e  c r y s t a l  s t r u c t u r e  d e t e r m i n a t i o n  t h a t  i n  t h e  average 

s t r u c t u r e  it i s  t h e  22-screw a x i s  t h a t  i s  s a t i s f i e d  and n o t  t h e  c- 
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DISORDERED MOLECULAR CRYSTALS 31 

g l i d e .  Now t h e  s t r u c t u r e  de t e rmina t ion  co r re sponds  t o  t h e  ave rage  

ove r  a l a r g e  volume of t h e  s t r u c t u r e  and d e p a r t u r e s  from t h e  P2,/c 

symmetry may be  cons ide red  a s  modulat ions of wavevector k=O. That 

i s  to say,  t h e  f a c t  t h a t  t h e  average s t r u c t u r e  i s  P21 r a t h e r  t h a n  

P c  means t h a t  t h e  i d e a l i z e d  P2,/c s t r u c t u r e  i s  modulated by a k=O 
modulation of t h e  type while  a t  wave v e c t o r s  bi t0  t h e  modulat ions 

a r e  e n t i r e l y  of t h e  & t y p e .  1.e. one can imagine t h a t  t h e r e  a r e  

two d i s p e r s i o n  curve branches having t h e  form shown s c h e m a t i c a l l y  

i n  F i g u r e  8 .  Note t h a t  t h e  ' h o l e '  i n  t h e  d i f f u s e  s c a t t e r i n g  i n  

F i g u r e  7c was ob ta ined  by o m i t t i n g  modulations c l o s e  t o  k=O. 

C, m o d e  t 
E 

C, m o d e  

- k -  

FIGURE 8 .  Schematic diagram showing t h e  d i s p e r s i o n  c u r v e s  
f o r  t h e  two compos i t iona l  modulat ions and &.  Around t h e  
o r i g i n  on ly  modulations of symmetry a r e  e x c i t e d ;  e l sewhere  
it is  t h o s e  of & symmetry. 

IGORODSKY-hl;LLSON THEORY OF CRYSTAL PACKING, 

I t  i s  w e l l  known t h a t  o rgan ic  molecules c r y s t a l l i z e  most f r e q u e n t l y  

i n  a s m a l l  number of space-groups.  I n  f a c t  t h e  two space-groups 

Pi and P21/c accoun t  f o r  abou t  h a l f  o f  t h e  e n t r i e s  i n  t h e  

Cambridge S t r u c t u r a l  Database12.  K i t a i g ~ r o d s k y l ~  e x p l a i n e d  t h i s  

f a c t  by a s s e r t i n g  t h a t  t h e s e  spacegroups w e r e  ones which p e r m i t t e d  

m o s t  r e a d i l y  t h e  c l o s e - p a c k i n g  of t r i a x i a l  e l l i p s o i d s .  More 

r e c e n t l y  W i l ~ o n ~ ~ , ~ ~  h a s  e x t e n d e d  t h e s e  i d e a s  b y  u s i n g  t h e  

complimentary i d e a  t h a t  space-group t y p e s  a r e  r a r e  when t h e y  
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32 T.R.WELBERRY & R.L.WITHERS 

c o n t a i n  symmetry elements  - no tab ly  r o t a t i o n  axes  and m i r r o r  p l anes  

- t h a t  p reven t  t h e  molecules  from f r e e l y  choosing t h e i r  p o s i t i o n s  

w i t h i n  t h e  u n i t  ce l l ,  and has proposed an e m p i r i c a l  r e l a t i o n s h i p  t o  

e x p r e s s  t h i s .  The f r equency  of o c c u r r e n c e  of d i f f e r e n t  s p a c e  

groups wi th in  t h e  monoclinic system is g iven  by:- 

where N,, i s  t h e  number of occur rences  of t h e  space-group t y p e ,  

A,, i s  a no rma l i z ing  c o n s t a n t ,  [2],, is t h e  number o f  t w o f o l d  

axes ,  [m],, i s  t h e  number of m i r r o r  p l anes  and [ i l , ,  t h e  number of 

i n v e r s i o n  c e n t r e s  i n  one u n i t  c e l l  of t h e  space-group t y p e .  Bccl 

C,, and D,, a r e  pa rame te r s  determined by f i t t i n g  t o  t h e  observed 

f r e q u e n c i e s .  E,, i s  a c o n s t a n t  dependent on t h e  a r i t h m e t i c  c l a s s  

w i t h i n  t h e  monoc l in i c  system. I n  t h i s  form ( 6 )  t h e  r e l a t i v e  

f r e q u e n c i e s  of o c c u r r e n c e  of t h e  m o n o c l i n i c  space-groups a r e  

accoun ted  f o r  q u a n t i t a t i v e l y ,  w i th  v a l u e s  o f  Beer C,, and D,, of  

6 .41,5.96 and 1.67 r e s p e c t i v e l y .  These v a l u e s  r e f l e c t  t h e  g r e a t  

impediment t o  c l o s e  packing t h a t  2 - fo ld  axes  and m-planes impose, 

and  a s u b s t a n t i a l l y  lesser impediment imposed by a c e n t r e  of 

symmetry . 
The r e l evance  of t h i s  t o  ou r  p r e s e n t  work i s  t h a t  t h i s  t h e o r y  

accoun t s  f o r  t h e  f a c t  t h a t  it is  about  20 t i m e s  more l i k e l y  t h a t  a 

g i v e n  molecule  w i l l  p r e f e r  t o  c r y s t a l l i z e  i n  t h e  space-group P21 

t h a n  i n  t h e  space group P c  ( t h e  Cambridge d a t a  base  c o n t a i n e d  2488 

and  133 e n t r i e s  r e s p e c t i v e l y ) .  I t  i s  t h e r e f o r e  c l e a r  t h a t ,  a l l  

o t h e r  t h i n g s  b e i n g  e q u a l ,  t h e  BEMB2 molecu le s  would p r e f e r  t o  

c r y s t a l l i z e  i n  t h e  space-group P21r and t h i s  i s  indeed r e f l e c t e d  i n  

t h e  long-range order t h a t  i s  observed. 

Over a s h o r t  range, however, t h i n g s  a r e  ve ry  d i f f e r e n t  and t h e  

molecules  p r e f e r  t o  have a l o c a l  arrangement more i n  keeping wi th  

t h e  c - g l i d e  symmetry. Th i s  may be a t t r i b u t e d  t o  t h e  d i p o l e - d i p o l e  

i n t e r a c t i o n s  between molecules .  I f  w e  perform a s imple experiment  
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DISORDERED MOLECULAR CRYSTALS 33 

in which we place dipoles at the molecular centres of a grid 

corresponding to the br-n plane of Figure 6, it is found that the 

arrangement in which the dipoles are related by the c-glide is 

lower in energy than the arrangement in which they are related by 

the iIl-axis for all Val- of which the dipole makes 

with the h-axis. 
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