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CONDUCTION IN POLYMERIZED POLYFUNCTIONAL DIACETYLENES 

ROBERT P a  GRASSO, MRINAL K. THAKUR, AND JEROME B. LAND0 
Department of Macromolecular Science, Case Western 
Reserve University, Cleveland, Ohio 44106 

Abstract The dimer of 1,11 dodecadiyne is representative of 
a family of diacetylene monomers which can be crystallized and then 
polymerized into semiconducting polymers. 
sheet-like structures containing parallel polyacetylene and poly- 
diacetylene chains bridged bymethylene units. Polymeric forms of 
these coupled diynes have also been prepared and crosspolymerized. 
Structural studies of these materials have been performed. 

These materials possess 

The dimer of 1.11 dodecadiyne was prepared in a unique manner 
which eliminates the possibility of contamination by oligomeric 
impurities that hinder crystallization. 
of the dimer, obtained from hexane solution, were used in a struc- 
ture analysis by electron diffraction. 
to the structure of the fully polymerized crystal which was deter- 
mined by X-ray analysis. 

Microscopic single crystals 

These results were compared 

INTRODUCTION 

The solid state polymerization of diacetylene monomers, which form 

materials with interesting optical and electronic properties, has 

been the subject of a great deal of research in the past few 
years1’2. 
that they can result in large, nearly defect-free, single crystals 
consisting of fully extended conjugated backbones’. These polymer 

crystals are obtained by first crystallizing the monomer and then 
exposing the crystals to high energy irradiation (y-rays, ultra- 
violet) or thermal annealing in order to initiate polymerization. 
The propagation occurs by way of a 1,4 addition reaction in the 
crystalline phase. 
Figure 1 and illustrates the two mesomeric structures of the 

The unique characteristic of these polymerizations is 

The general diacetylene reaction is shown in 
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378 R. P. GRASS0 et al. 

ACETYLENE CUMULENE 
POLYmR POLYYER YONOUER 

Figure 1. Generalized d iace ty lene  r eac t ion  scheme. 

polymer backbone. The ace ty l en ic  form i s  ene rge t i ca l ly  more s t a b l e  

and as a r e s u l t  is observed more frequently‘. 

form is  observed i n  some cases  where i t  is  favored by t h e  na tu re  o r  

packing of t he  s i d e  groups5. 

However, t h e  ctrmulenic 

The polymerization of t he  d iace ty lene  monomers + (CH2)n - C P 

C - C = C j x  (n = 5,6,8) has been reported ear l ie r6- ’ .  

monomers were synthesized by a modified Glaser couplillg r e a c t i ~ n ” ~ ’ ~ ~  

performed on t h e  appropr ia te  a,w diyne s t a r t i n g  mater ia l .  

presented here  w i l l  de sc r ibe  t h e  syn thes i s  and polymerization of t h e  

polyfunctional d iace ty lene  material: 

These macro- 

The work 

HC P C (CH2)8 C 9 C - C C (CH2)8 C CH (1) 

In  addi t ion  t o  t h e  c e n t r a l  d iace ty lene  u n i t ,  t h e  polymeriza- 

t i o n  of t h e  terminal ace ty lene  groups w i l l  be s tud ied  u t i l i z i n g  

comparative s t r u c t u r a l  ana lys i s .  

SYNTHESIS OF DIACETYLENE 

The d iace ty lene  monomer Eq. (1) f o r  t h i s  study w a s  o r i g i n a l l y  pre- 

pared by con t ro l l i ng  the  k i n e t i c s  of t h e  Glaser coupling r eac t ion  of 

1,ll-dodecadiyne” , 

oligomeric impur i t ies  present  i n  the  product mixture were n e g l i g i b l e  

i n  quan t i ty  r e l a t i v e  t o  t h e  des i r ed  d ine r  material. This  assumption 

Or ig ina l ly ,  i t  w a s  i nco r rec t ly  believed t h a t  t he  D
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CONDUCTION IN POLYMERIZED POLYFUNCTIONAL DIACETYLENES 379 
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was based on t h e  g e l  permeation chromatography (GPC)results shown 

1 Dim 

QPC 

ELUTION VOLUME (MI) 

Figure 2 .  Gel permeation chromatography t r a c e  of t h e  oligomeric 
product mixture obtained from coupling 1,ll-dodecadiyne. Ortho- 
dichlorobenzene (ODB) is used as  a standard. 

i n  Figure 2.  

composition. However, s ince  t h e  dimer tends t o  remain dissolved i n  

t h e  monomer present ,  and s ince  the  i s o l a t i o n  of the  dimer from the  

oligomers is d i f f i c u l t  due t o  similarities i n  phys ica l  cons tan ts ,  

t h e  c r y s t a l l i z a t i o n  of t he  d iace ty lene  dimer was very difficult‘’ .  

Peak area  was used a s  a r e l a t i v e  means of es t imat ing  

I n  order  t o  overcome these  problems, w e  developed a d i r e c t  

synthes is  of t h e  dimer’ 

This synthes is  i s  shown i n  Scheme 1. The scheme s t i l l  makes use of 

t h e  modified Glaser reac t ion ;  bu t ,  i n  addi t ion ,  a p r o t e c t i v e  dibromo 

group was u t i l i z e d .  Once the  ma te r i a l  was coupled using the  Cu 

pyr id ine  c a t a l y s t ,  t he  terminal groups w e r e  dehydrobrominated t o  

form the  ace ty len ic  groups. Changes i n  func t iona l  groups were 

monitored using I R  and NMR analyses.  

mu l t i s t ep  product (Figure 3) shows t h a t  d iace ty lene  product i s  not 

contaminated wi th  oligomeric impur i t ies .  

which would y i e l d  no oligomeric impur i t ies .  

2+ 1 

A GPC chromatogram of the  D
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380 R. P. GRASS0 d al. 

Scheme 1. 
dimer . Multistep synthet ic  pathway used t o  obtain the  

QPC 

Figure 3. 
mixture obtained from the mult is tep synthet ic  pathway. 

G e l  permeation chromatography t r ace  of the product 

UNPOLYMERIZED DIACETYLENE STRUCTURE 

Microscopic s ingle  c rys t a l s  of t he  dimer were obtained from a d i l u t e  

hexane solution a t  4°C. 

c rys t a l s  were recorded a t  various o r i en ta t ions  i n  order t o  determine 

Electron d i f f r a c t i o n  pa t t e rns  from these 
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CONDUCTION IN POLYMERIZED POLYFUNCTIONAL DIACETYLENES 38 I 

t h e  u n i t  c e l l  c o n s t a n t s .  A photograph o f  t h e  b*c* l a t t i c e  n e t  is  

shown i n  F i g u r e  4. The u n i t  c e l l  c o n s t a n t s  were c a l c u l a t e d  u s i n g  

F i g u r e 4 .  
n e t .  Observed and a b s e n t  r e f l e c t i o n s  are schemat i zed .  

E l e c t r o n  d i f f r a c t i o n  pho tograph  of t h e  b*c* l a t t i c e  

p l a t inum as a s t a n d a r d .  

monoc l in i c  u n i t  c e l l ,  s p a c e  group P 2 / b ,  has  t h e  a -ax i s  as i t s  

un ique  a x i s .  A s  a r e s u l t ,  t h e  d i a c e t y l e n e  and a c e t y l e n e  polymer 

backbones w i l l  b e  o r i e n t e d  a l o n g  t h e  c -ax i s .  Un i t  c e l l  d a t a  o n  t h e  

&*-axis were o b t a i n e d  by t i l t i n g  t h e  d imer  c r y s t a l  i n  t h e  e l e c t r o n  

beam. However, t h e  i n t e n s i t i e s  o f  r e f l e c t i o n s  i n  t h e  a* n e t s  were 

n o t  a c c e p t a b l e  f o r  t h e  s t r u c t u r e  a n a l y s i s .  Dynamic s c a t t e r i n g  

e f f e c t s  were i g n o r e d  s i n c e  t h e  c r y s t a l s  were less t h a n  300 A and 

composed o f  low mass atoms ( ca rbon  and hydrogen) .  It 

s h o u l d  b e  no ted  t h a t  t h e  nonor thogona l  a x e s  b and c and t h e  a n g l e  y 

are changed from t h o s e  r e p o r t e d  earlier” f o r  conv ience  i n  t h e  s t r u c -  

t u r e  d e t e r m i n a t i o n .  

I t  s h o u l d  b e  mentioned t h a t  t h e  d i m e r ‘ s  

1 

0 

The s t r u c t u r e  of  t h e  unpolymerized material  w a s  s o l v e d  e s s e n -  

t i a l l y  by a t r i a l  method. 

t h e  polymerized m a t e r i a l ,  which w a s  s o l v e d  ear l ier  by t h i s  g roup” ,  

was h e l p f u l  i n  t h e  i n i t i a l  s t e p s  of  r e f i n e m e n t .  

o n l y  19 un ique  r e f l e c t i o n s ,  t h e  s t r u c t u r e  r e f i n e m e n t  w a s  c a r r i e d  o u t  

u s i n g  t h e  l i n k e d  atom l e a s t - s q u a r e s  (LALS) program o r i g i n a l l y  

deve loped  by A r n o t t  and co-workers”.  

I n f o r m a t i o n  d e r i v e d  from t h e  s t r u c t u r e  o f  

S i n c e  w e  o b t a i n e d  

The l i n k e d  atom d e s c r i p t i o n  
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382 R. P. GRASS0 et al. 

of  t h e  molecule  d e f i n e s  i n t e r a t o m i c  r e l a t i o n s h i p s  i n  terms o f  bond 

l e n g t h s ,  bond a n g l e s  and d i h e d r a l  a n g l e s .  The LALS program a p p l i e s  

v a r i o u s  g e o m e t r i c a l  r e s t r a i n t s  on  t h e  molecu le  and c a n  t h e n  r e f i n e  

o n l y  confo rma t iona l  parameters .  T h i s  g r e a t l y  i n c r e a s e s  t h e  r a t i o  of  

d a t a  t o  pa rame te r s  r e f i n e d  and t h e r e b y ,  a l l o w s  a s t r u c t u r e  a n a l y s i s  

t o  be r e l i a b l y  undertaken.  The agreement between t h e  obse rved  and 

t h e  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  was c h a r a c t e r i z e d  by t h e  r e l i a b i l i t y  

i n d e x  o r  r e s i d u a l :  

Dens i ty  c a l c u l a t i o n s  were used t o  d e t e r m i n e  t h a t  t h e r e  are 2 

molecules  p e r  u n i t  c e l l  ( 4  a s s y m e t r i c  u n i t s ) .  Th i s  o f f e r s  f o u r  

p o s s i b i l i t i e s  f o r  t h e  l o c a t i o n s  o f  t h e  molecu le s  w i t h i n  t h e  u n i t  

c e l l .  Each of  t h e s e  c a s e s  was r e f i n e d  u s i n g  LALS and i t  was found 

t h a t  on  t h e  b a s i s  of  b o t h  i n t e r a t o m i c  c o n t a c t s  and t h e  s t r u c t u r e  

f a c t o r  r e s i d u a l ,  t h e  two molecu le s  s h o u l d  be  c e n t e r e d  a t  t h e  f r a c -  

t i o n a l  c o o r d i n a t e s  O , O , O  and 1 / 2 , 1 / 2 , 0 .  

The LALS program w a s  t h e n  used t o  r e f i n e  t h e  E u l e r i a n  a n g l e s  

which d e f i n e  t h e  r e l a t i v e  o r i e n t a t i o n  o f  t h e  molecu le  w i t h  r e s p e c t  t o  

t h e  u n i t  c e l l .  S e v e r a l  confo rma t iona l  pa rame te r s  which would b r i n g  

about  a minimum i n  bo th  t h e  p o t e n t i a l  energy and s t r u c t u r e  f a c t o r  

r e s i d u a l  were a l s o  v a r i e d .  The d i a c c t y l e n e  molecu le ,  o m i t t i n g  hydro- 

gens f o r  c l a r i t y ,  i s  shown below: 

The lit i1 bond l e n g t h s ,  bond a n g l e s  and d i h e d r a l  a n g l e s ,  w e r  t a k e n  

from s t a n d a r d  t a b l e s  and model compounds. The confo rma t iona l  param- 

eters t h a t  were v a r i e d  i n c l u d e  t h e  bond a n g l e s  1 0  ( = 15)  and 

3 ( = 22) ,  and t h e  d i h e d r a l  a n g l e s  about  ca rbons  9-10( = 15-16) and 

3-4( = 21-22). The minimum r e s i d u a l  o b t a i n e d  from t h i s  r e f inemen t  
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CONDUCTION IN POLYMERIZED POLYFUNCTIONAL DIACETYLENES 383 

w a s  8%. 

The f o l l o w i n g  changes were obse rved  i n  t h e  r e f i n e d  s t r u c t u r e .  

Bond a n g l e s  10 and 15 ,  which were i n i t i a l i z e d  a t  112 .5" ,  i n c r e a s e d  

12 .2  t o  1 2 4 . 7 ' .  T h i s  was expec ted  s i n c e  t h i s  a n g l e  would i n i t i a l l y  

b e  l a r g e r  t h a n  t h e  s t a n d a r d  sp3 ca rbon  bond a n g l e .  

a n g l e  around ca rbons  9-10 ( i d e n t i c a l  by symmetry t o  t h e  one  between 

ca rbons  15-16) w a s  found t o  change 4.2' from i t s  o r i g i n a l  180" 

s e t t i n g .  T h i s  was de te rmined  t o  b e  a s i g n i f i c a n t  m o d i f i c a t i o n  

t h r o u g h  t h e  u s e  of Hamil ton s t a t i ~ t i c s ' ~ .  The bond a n g l e s  3 and 22  

a s  w e l l  as t h e  d i h e d r a l  a n g l e s  around c a r b o n s  3-4 and 21-22 were 

a l lowed  t o  v a r y  bu t  no s i g n i f i c a n t  change was obse rved .  

t h e  r e l a t i v e  o r i e n t a t i o n  of t h e  m o l e c u l e ,  which i s  de te rmined  by t h e  

E u l e r i a n  a n g l e s ,  c a n  b e  v i s u a l i z e d  i n  t h e  ab and bc  p r o j e c t i o n s .  

These are shown i n  F i g u r e s  5 and 6 r e s p e c t i v e l y .  It  s h o u l d  b e  n o t e d  

h e r e  t h a t  t h e  me thy lene  c h a i n s  a r e  7.0" from t h e i r  o r i g i n a l  pos i -  

t i o n s ,  which were p a r a l l e l  t o  t h e  a - a x i s .  

The d i h e d r a l  

F i n a l l y ,  

F i g u r e  5.  
Only ca rbon  atoms a r e  shown f o r  c l a r i t y .  

The ab p r o j e c t i o n  o f  unpolymerized d imer  s t r u c t u r e .  

n 

F i g u r e  6 .  
Hydrogens have  been o m i t t e d  f o r  c l a r i t y .  

The bc p r o j e c t i o n  of unpolymerized d imer  s t r u c t u r e .  
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384 R. P. GRASS0 n a/. 

POLYMERIZED DIACETYLENE STRUCTURE 

A l a r g e  p l a t e - l i k e  polymerized c r y s t a l  o f  t h e  dimer w a s  s e l e c t e d  f o r  

t h e  X-ray s t r u c t u r e  a n a l y s i s ,  which was r e p o r t e d  earlier’’. The 

f i n a l  s t r u c t u r e  i s  composed of s h e e t s  of  two-dimensional networks 

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

methylene u n i t s .  There are two o f  t h e s e  s h e e t s  p e r  u n i t  ce l l .  I f  

w e  d e s i g n a t e  t h e  o r i g i n  o f  one s h e e t  t o  b e  a t  a c o r n e r  ( f r a c t i o n a l  

c o o r d i n a t e s  O,O,O), t h e n  t h e  o r i g i n  of t h e  second s h e e t  would be  a t  

t h e  f r a c t i o n a l  c o o r d i n a t e s :  1/2,1/2,0. A p o r t i o n  o f  o n e  of t h e s e  

s h e e t s  can be v i s u a l i z e d  i n  t h e  ac s e c t i o n  shown i n  F i g u r e  7 .  The 

i n t e r p l a n a r  s p a c i n g  between t h e s e  s h e e t s  i s  approx ima te ly  4 A. 
0 

F i g u r e  7 .  The ac s e c t i o n  of  t h e  polymerized dimer s t r u c t u r e .  
The carbons i n  one a s s y m e t r i c  u n i t  are numbered and a c e t y l e n i c  
hydrogens have been omi t t ed .  

POLYMERIZATION MECHANISM 

By comparing t h e  s t r u c t u r e s  of  t h e  unpolymerized and polymerized 

dimer m a t e r i a l  ( s e e  F i g u r e  8) as w e l l  as a p p l y i n g  t h e  p r i n c i p l e  of  

least motion16’17 , w e  can  r a t i o n a l i z e  t h e  mechanism o f  polymeriza-  

t i o n  i n  t h e  f o l l o w i n g  manner. F i r s t ,  t h e  d i a c e t y l e n e  rod must t i l t  

P2db P 2/n 
a = 28.25 A u = 100.8’ a 26.78 A I = 119.6* 

b =  8.50 b = 8.25 
C = 5.24 C 4.Sl 

p 0.866 p 1 1.134 

Figure .  8. Space group and u n i t  c e l l  pa rame te r s  f o r  a )  t h e  
unpolymerized dimer and,  b)  t h e  polymerized dimer.  
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0 
by a n  a n g l e  of about  60' and i s  s i m u l t a n e o u s l y  t r a n s l a t e d  by 0 . 3 3  A 

a l o n g  t h e  c -ax i s .  T h i s  i s  i n  acco rdance  w i t h  t h e  t r a n s l a t i o n a l  

d i r e c t i o n  i n v a r i a n t  motion as i s  d e s c r i b e d  by Baughmanl'. 

t h e  two methylene c h a i n s  swing 7 "  s o  as t o  b r i n g  t h e  t e r m i n a l  

a c e t y l e n i c  groups i n t o  p o s i t i o n  s o  t h a t  t h e y  can react t o  form t h e  

p o l y a c e t y l e n e  c h a i n s .  We cannot  be  c e r t a i n  whether  t h i s  second 

s t e p  o c c u r s  b e f o r e ,  d u r i n g  o r  a f t e r  t h e  d i a c e t y l e n e  p o l y m e r i z a t i o n .  

However, i t  i s  u n l i k e l y  t h a t  i t  o c c u r s  b e f o r e ,  due t o  t h e  f a c t  t h a t  

t h e  least  motion p r i n c i p l e  d o e s  no t  f a v o r  t h e  a c e t y l e n e  polymeriza-  

t i o n  t o  be  t h e  i n i t i a l  one. Furthermore,  i f  t h e  a c e t y l e n e  polymeri-  

z a t i o n  o c c u r s  a f t e r  t h e  d i a c e t y l e n e  r e a c t i o n ,  t h e n  t h e  l a t t e r  s h o u l d  

be v e r y  d i f f i c u l t  t o  induce.  T h i s  can  be  e s t i m a t e d  by Baughman's 

root-mean-square d i sp lacemen t  (RMSD) paramete r .  Judg ing  by t h e  

e a s e  of po lymer i za t ion ,  a c o n c e r t e d  mechanism seems t o  be  t h e  most 

l i k e l y  c a n d i d a t e .  F i n a l l y ,  t h e  r e s u l t i n g  two-dimensional networks 

can t h e n  s l i d e  a long  each o t h e r  i n t o  a van d e r  Waals p o t e n t i a l  w e l l  

i n  o r d e r  t o  minimize t h e  p o t e n t i a l  ene rgy  of  t h e  s t r u c t u r e .  

Second ly ,  

CONDUCTING PROPERTIES 

C o n d u c t i v i t y  measurements were c a r r i e d  o u t  u s i n g  a d i g i t a l  e l ec t rom-  

eter w i t h  a r ange  of  lo-'' t o  10-1 amp as t h e  c u r r e n t  s o u r c e  and a 

d i g i t a l  K e i t h l e y  mul t ime te r  t o  measure t h e  v o l t a g e .  The c o n d u c t i v i t y  

w a s  found t o  d e c r e a s e  w i t h  d e c r e a s i n g  t empera tu re .  A t  room tempera- 

t u r e ,  a two-point r e s i s t i v i t y  measurement c a r r i e d  o u t  on a s i n g l e  

c r y s t a l  o f  t h e  polymerized dimer y i e l d e d  a c o n d u c t i v i t y  c a l c u l a t i o n  

of  a t  least  10 R cm a l o n g  t h e  c h a i n  d i r e c t i o n ' ' .  T h i s  

measurement s h o u l d  b e  compared t o  v a l u e s  of  abou t  

i s  t y p i c a l  of  most o t h e r  p o l y d i a c e t y l e n e s  and R - l  cm f o r  

t r a n s - p o l y a c e t y l e n e .  

-2 -1 -1 

a- c m - l  which 
-1 

S i n c e  t h e  e l e c t r i c a l  p r o p e r t i e s  of  a c r y s t a l l i n e  m a t e r i a l  

u l t i m a t e l y  depend upon i t s  chemica l  s t r u c t u r e ,  a n  e x p l a n a t i o n  f o r  

t h i s  unusua l ly  h i g h  c o n d u c t i v i t y  must be  based on t h e  s t r u c t u r e  of  

t h e  dimer c r y s t a l .  A s  w a s  p r e v i o u s l y  mentioned,  t h e  polymerized 
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386 R. P. GRASS0 et al. 

dimer is composed of shee t s  of a l t e r n a t i n g  polyacetylene and poly- 

d iace ty lene  chains. These shee t s  are staggered by a12 and as a 

r e s u l t ,  polyacetylene and polydiacetylene chains are only about 

4 A apar t  along t h e  b d i r ec t ion .  

t h i s  group t o  r a t i o n a l i z e  these  unique e l e c t r i c a l  p rope r t i e s ,  was 

based on the  overlap and coupling of n e lec t ron  o r b i t a l s  between 

in t e rcha in  atoms. 

0 
One explanation, given earlier by 

A more recent explanation suggests t he  p o s s i b i l i t y  of s e l f  

doping. 

band s t ruc tu res  which appear t o  agree wi th  t h e  spectroscopic data’ ’. 
Thus the  assignment of s eve ra l  peaks i n  the  absorption s p e c t r m  

correspond t o  gaps i n  the  band s t r u c t u r e  of t he  polymerized dimer 

(see f i g u r e  9).  

T h i s  i s  based on p a r t i a l  charge ca l cu la t ions  and t h e o r e t i c a l  

OPTICAL BPECTRW OF KKYDIACETYLENE W E R  (POD) 

4.0 - 4.0 - 

I - .  1 - 
0.88 0.40 0.48 0.80 1.0 1.8 1.0 1.8 8.0 

Figure 9. Absorption spectrum of the  polymerized dimer 
obtained from a Nicolet  FTIR ( l e f t )  and a Cary W l v i s i b l e  

, spectrometer ( r igh t ) .  

F ina l ly ,  a study of t h e  temperature dependence of r e s i s t i v i t y  

was car r ied  out and a l i n e a r  r e l a t ionsh ip  between the  two ( log  p 

vs.  1/T) enabled t h e  a c t i v a t i o n  energy t o  be  determined. The cal- 

culated value of %0.18eV11 is  t o  be compared wi th  the  in f r a red  

spec t r a  and theo re t i ca l  value of the  band gap which i s  approximately 
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0.40 eV1’. 

ACKNOWLEDGEMENT 

The p a r t i a l  suppor t  of t h i s  work by t h e  O f f i c e  of Naval Research 

under c o n t r a c t  #N00014-83K-0246 and by t h e  Nat iona l  Science 

Foundation i n  t h e  form of a Graduate Fel lowship is  g r a t e f u l l y  

acknowledged. 

1. 

2. 

3. 
4. 

5. 
6. 

7. 

8. 
9. 

10. 

11. 
12. 

13. 
14. 

15. 
16. 
17. 
18. 

a )  G. Wegner, Makromoleculare Chemie, 134, 219 (1970). 
b) J. Kaiser, G. Wegner, and E.W. F i s c h e r ,  Isr. J. Chem., 10, 
157 (1972). 
a )  R.H. Baughman, J. Polym. Sc i . ,  Polym. Phys. Ed., 12, 1511, 
(1974); b )  R.H. Baughman, i n  Contemporary Topics  i n  Polymer 
Science, V o l .  2, E.M. Pearce  and J . R .  Schaefgen eds . ,  New 
York, p. 205, 1977. 
G. Wegner, 2. Natur forsch ,  w, 824, (1969). 
D.S. Boudeaux, and R.R. Chance, Chem. Phys. L e t t . ,  51, 273 
(1977). ,~ I 

V,. Enkelman, and J . B .  Lando, Acta Crys t . ,  E, 2342 (1978). 
M.K. Thakur, and J.B. Lando, i n  S t ruc ture-Propre ty  Rela t ion-  
s h i p  of Polymer S o l i d s ,  P. Anne Hi l tne r ,  ed., Plenum, New 
York, 1983. 
D.R.  Day, and J .B.  Lando, J. Polym. Sc i . ,  Polym. L e t t .  Ed., 
19, 227 (1981). - 
M.K. Thakur, and J .B .  Lando, Macromolecules, 16. 143 (1983). 
I . D .  Campbell, and G.  Egl in ton ,  Organic  Synth., 45, 39. 
I . D .  Campbell, and A. G a l b r a i t h ,  J. Am. Chem. SOC., 82, 889 
(1 959). 
J .B.  Lando, and M.K. Thakur, S y n t h e t i c  Metals, 9, 317 (1984). 
M.K. Thakur, Ph.D. D i s s e r t a t i o n ,  Case Western Rzserve Univ., 
1983. 
To be publ ished.  
S. Arnot t  and P.J. Campbell Smith, Acta. Cryst . ,  &, 3 
(1978). 

W.C. Hamilton, Acta Crys t . ,  18, 502 (1965). 
J. Hine, J. Org. Chem., 2, 1236 (1966). 
F.O. Rice, and E. Teller, J. Chem. Phys., 5, 489 (1938). 
R.H. Baughman, J. Polym. S c i . ,  Polym. Phys. Ed., 12, 1511 
(1974). 

19. M. Thakur, and J .B.  Lando, Isr. J. Chem., i n  p r e s s .  

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

2:
46

 2
0 

Fe
br

ua
ry

 2
01

3 


