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A bstract 

. _CONJUGATED POLYMERIC SYSTEMS

"by

Kariyawasam Patuwata Withanage Pemawansa 

A d visers: P r o fesso r s  Nan-Loh Yang and George Odian

A s e r i e s  o f  polymers c o n ta in in g  m od ified  polyphenylene  

s tr u c tu r e s  have been sy n th esized  by arom atic n u c lea r  coupling  o f  

conjugated  monomers w ith term inal arom atic groups and o x id a tiv e  

co u p lin g  o f  arom atic monomers w ith term in a l a c e ty le n e  groups. The 

monomers were c i s -  and t r a n s - s t i lb e n e ,  d ip h en y l a c e ty le n e ,

1 ,4 -d ip h e n y l-1 ,3 -b u ta d iy n e  and ^ ,4  -d ie th y n y lb ip h e n y l. The mechanism 

o f  arom atic n u c le a r  coupling  p o lym eriza tion  o f  c i s -  and tr a n s-s t ilb e n e  

i s  probably r a d ic a l  c a t io n ic .  Polymer s tr u c tu r e s  were characterized  

by "hi and NMR, IR, ESR, VPO and chem ica l m ethods. R esu lts o f  

such experim ents revea led  th a t arom atic n u c le a r  co u p lin g  i s  a f a c i l e  

route to  m od ified  p o lyp h en y len es. However, t h i s  r e a c t io n  could be 

com plicated  i f  the monomer has t r ip l e  bonds or  double bonds attached  

to  i t s  phenyl groups. The e le c t r i c a l  and therm al p r o p er tie s  o f these  

polymers were s tu d ie d  and c o r re la te d  w ith  t h e ir  s tr u c tu r e s  to  obtain  

s tr u c tu r e -p r o p e r ty  r e la t io n s h ip s . The r e s u l t s  showed th a t  t r a c t a b i l i t y  

and e l e c t r i c a l  c o n d u c tiv ity  are n ot m utu ally  e x c lu s iv e  fo r  th ese  

polym ers. H igher io n iz a t io n  p o t e n t ia l ,  non-p lanar str u c tu r e s  and 

cumulated double bonds presented b a r r ie r s  f o r  the e le c t r i c a l  

c o n d u c tiv ity  o f  th e se  doped polym ers. The r e s u l t s  o f  the thermal
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property s tu d ie s  showed th a t  the f l e x i b i l i t y  o f  the backbone, large  

pendant groups and non-planar or n o n -lin ea r  s tr u c tu r e s  could  lower 

the therm al s t a b i l i t y  o f  a conjugated polymer rem arkably.
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1

I .  INTRODUCTION AND LITERATURE SURVEY

The perform ance, c o s t  and p r o c e s s ib i l i t y  advantages o f organic  

polymers have le d  to  the in crea sin g  d isp lacem en t o f  conventional 

m etals and in o rg a n ic  m a ter ia ls  in  a v a r ie ty  o f  a r e a s . However, th ese  

a p p lica tio n  p o s s i b i l i t i e s  have been l im ite d  to  th ose  in  which 

e le c t r i c a l  c o n d u c t iv ity  was not an a b so lu te  requirem ent. Nearly a 

decade ago, i t  has been appreciated  th a t  th ere  cou ld  be many 

advantages o f  conducting polymeric system s over  the conventional 

m e ta llic  and se m ic o n d u c to r s ( l) .

T h e o r e t ic a l s tu d ie s  have shown th a t  the e le c tr o n ic  co n d u ctiv ity  

o f an organic polymer i s  not an im p ossib le  p r o c e ss . I t  has even been 

p red icted  th a t  an organic polymer c o n s is t in g  o f  a  conjugated carbon
•I  II

backbone w ith  h ig h ly  p o la r iza b le  s id e  groups( L i t t l e  model , F ig . l )  

could e x h ib it  superconducting p ro p er tie s  a t  h ig h  tem peratures( 2 , 3 ) .

The proposed macromolecular superconductor ( L i t t l e  model) p re­

sented  a very c h a lle n g in g  problem fo r  th e  s y n th e t ic  organic ch em ists . 

As a r e s u lt  o f  t h i s ,  a la rg e  number o f  organic polymers and m olecular  

complexes have been sy n th esized , ch a ra c ter ized  and t h e ir  e le c t r ic a l  

p rop erties have been s tu d ie d (b ) . Although the t o t a l  sy n th e s is  o f
f t  I I

the L i t t l e  model has not been accom plished y e t ,  the conjugated  

spine and i t s  r e la te d  str u c tu r e s  have been s y n th e s iz e d . Typical examp­

le s  o f  such polym ers are I ,  I I  and I I I .  These polymers contain  large  

e le c tr o n ic  band g a p s . An e le c tr o n ic  t r a n s it io n  from th e valency band 

to the conduction band req u ires a large  amount o f  e n e r g y (F ig .2 ) .

Under normal c o n d it io n s  such an e le c tr o n ic  t r a n s i t io n  would not be
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P o la r iz a b le  s id e  groups
Conjugated sp in e

i

CjHj

H t II
Figure 1 . L i t t l e  model , a proposed m acrom olecular superconductor.
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A B
Conduction
band

Band
gap E lec tron  accep tors

D e fec t

l e v e l

F i l le d

v a len cy
band

Figure 2 .Band l e v e l s  o f  A. N ative  polym er, B. Doped polym er.
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P o ly a cety len e

Polyphenylene  

P olyp yrro le

p o s s ib le  and th e y  are  in s u la to r s  in  th e  n a t iv e  s t a t e .  However, the  

above s i t u a t io n  cou ld  be changed by in c o r p o r a tin g  e le c tr o n  accep tors  

in to  the polymer m a tr ic e s . E lectron  a c c ep to r s  a b s tr a c t  e le c tr o n s  from  

the va len cy  band and low er the band g a p (F ig .2 ) .  Under such c o n d itio n s ,  

an e le c tr o n  t r a n s i t io n  from the d e fe c t  l e v e l  to  th e  conduction band 

req u ires a r e l a t i v e l y  sm all amount o f  en ergy . At room tem perature, 

the a v a ila b le  therm al energy i s  s u f f i c i e n t  to  b r in g  about t h is  

t r a n s it io n . Thus th e y  e x h ib it  conducting p r o p e r t ie s  when they are doped 

w ith e le c tr o n  accep tor's. Depending on th e  dopant l e v e l ,  th ey  assume 

c o n d u c t iv it ie s  anywhere in  the range o f  th e  m e ta l l ic  regime to the  

in s u la to r  s t a t e .  Due to  t h is  reason , much a t t e n t io n  has been g iven  to  

the conjugated sp in e  o f  th e  " L itt le  model" and i t s  r e la te d  s tr u c tu r e s ,  

over the l a s t  few y e a r s ( 5 ) •

Polyphenylene and p o ly a cety len e , two o f  th e  most thoroughly  

in v e s t ig a te d  sy ste m s, form conductive doped system s w ith  the h ig h e s t

— t  C H = C H  A----

I I I

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



5

c o n d u c tiv ity  v a lu e s  e v e r  reported  fo r  charge tr a n s fe r  complexes o f  

organic p o ly m e r s (6 - l l ) . Compared to polyphenylene, p o lyacety len e  

has a  lower io n iz a t io n  p o t e n t ia l (^ .7  eV) and r e q u ir e s  m ild e le c tr o n  

accep to rs  such as io d in e  to  form m e ta l- lik e  co n d u ctiv e  charge 

tr a n sfe r  com plexes(7 -9 )  • However due to  i t s  i n s o l u b i l i t y  and poor 

s t a b i l i t y  towards oxygen, t h is  system has not y e t  been developed to  

meet p r a c t ic a l  a p p l ic a t io n s .  Polyphenylene has a h ig h e r  io n iz a t io n  

p o te n t ia l  compared to  p o ly a cety len e  and req u ires  v e r y  stron g  

e le c tr o n  a ccep tors such as AsF^ to  promote i t s  c o n d u c t iv ity  to  the  

m e ta llic  regim e( 1 0 ,1 1 ) .  In f a c t  AsF^ i s  th e  o n ly  e le c tr o n  accep tor  

s u f f i c i e n t ly  e f f e c t iv e  f o r  th is  purpose. I n t r a c t a b i l i t y ,  again , and 

th e  poisonous nature o f  the dopant are the major draw backs o f  the  

polyphenylene system . Although su b s ta n t ia l p rogress has been made, 

th e  above problems a s s o c ia te d  w ith  th ese  two system s have not been 

so lv e d  y e t .  M o d ific a tio n s  o f  th ese  two system s to  overcome th e ir  

d e f ic ie n c ie s  w ith ou t s a c r i f ic in g  th e ir  e l e c t r i c a l  c o n d u c t iv it ie s ,  or  

th e  development o f  n o v e l conducting polymers w ith  ta ilor-m ad e  

p r o p e r tie s  req u ire  the b a s ic  knowledge o f the s tr u c tu re -p ro p er ty  

r e la t io n s h ip  o f  e le c t r o - a c t iv e  polym ers. With t h is  v iew  in  mind, we 

have in i t ia t e d  t h is  program to  in v e s t ig a te  the p r o p e r t ie s  o f  

polym eric system s which are s tr u c tu r a lly  r e la te d  to  th e  above two 

polym ers.

Aromatic n u c lea r  co u p lin g  can be a f a c i l e  s y n th e t ic  route to  

m odified  polyphenylene( 1 2 ) .  Benzene, one o f  the s im p le s t  aromatic 

monomers, polym erizes to  polyphenylene by the fo llo w in g  reaction
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se q u e n c e ( l3 ) .

°6%  < | > - © - (

(1)

More complex arom atic monomers such as naph th alene(12 ) and "biphenyl 

(lU ) r e a c t  in  a  s im ila r  manner under th e  same c o n d itio n s . We have 

chosen t h is  ro u te  to  prepare m odified  polyphenylenes by extending  

the scope o f  t h i s  r e a c t io n  to conjugated  monomers w ith  term inal arom atic  

groups. The fo llo w in g  r e a d ily  a v a ila b le  monomers, IV, V, VI were 

s e le c te d  fo r  th e  above purpose.

G is -  and tr a n s - s t i lb e n e

I V

# - C 3 C - §
D iphenyl a c e ty len e

C s s C " ”  C = C *"" 1 ,^ -d ip h en y l-1 ,3 -h u tad iyn e

VI

These monomers have never been polym erized by arom atic nuclear  

cou p lin g  b e fo r e . As i s  the case fo r  any n o v e l r e a c t io n , the d e ta ile d  

c h a r a c te r iz a t io n  o f  the stru c tu res  o f  the f in a l  products and
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in v e s t ig a t io n  o f  th e  r e a c t io n  mechanism a re  e s s e n t ia l  to  understand  

t h i s  r e a c t io n  r o u te .

O x id a tive  co u p lin g  o f  arom atic monomers w ith  term in a l a c e ty len e  

groups a ls o  can be an e f f e c t iv e  method to  prepare m odified  polyphe- 

n y le n e . However, u n lik e  arom atic n u c lear  c o u p lin g , t h i s  rea ctio n  

produces w e ll  d e fin ed  ta ilor-m ade polym eric s tr u c tu r e s (r e a c t io n  2 ) ,

One o th e r  purpose o f  t h is  s y n th e s is  was to  compare th e  p rop erties  

o f  t h is  polymer w ith  the p ro p erties  o f  l^ -d ip h e n y l- l^ -b u ta d iy n e  

polymer sy n th e s iz e d  by arom atic nuclear  co u p lin g . The polymers 

s y n th e s iz e d  by the two d if f e r e n t  rou tes sh ou ld  have th e  same

(1 5 ) .

e g .

We have s e le c te d  t h is  route to polym erize ^ -d ieth yn y lb ip h en y l(V T l)  

to  y ie ld  th e  polymer str u c tu r e  V III.

H - C S c - © - © -  C= C~ H
VII

H- ^c=c— c=c H  (3 )

V III
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s tr u c tu r e  (e x c e p t  f o r  end groups).

In  a d d it io n  to  th e ir  c o n d u c t in g (e le c tr ic a l)  p r o p e r tie s , conjugated  

polymers in  g e n e r a l enjoy h igh  therm al s t a b i l i t y ( l 6 ) . The above fo u r  

polymers a ls o  b elon g  to  t h is  c la s s  and may e x h ib it  very in t e r e s t in g  

therm al p r o p e r t ie s . In v e s t ig a t io n  o f  th e  therm al p ro p er tie s  o f  th e se  

fo u r  polymers w ith  a view to  understand the o r ig io n  o f  the therm al 

s t a b i l i t y  o f  conjugated  polymers i s  a l s o  an o b je c tiv e  o f  t h is  p r o je c t .
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I I .  EXPERIMENTAL

A. M ateria ls

The fo llo w in g  compounds were used as rece ived : Anhydrous CuGl^

(A ld r ic h ) , anhydrous A 1C 1^(technical grade, sublim ed, F is h e r ) ,  io d in e  

(F is h e r  c e r t i f i e d ,  resu b lim ed ), bromine(Baker an a ly sed , rea g en t grade), 

c is - s t i lb e n e ( 9 7 $ ,  A ld r ich ), 1 ,4—d ip h e n y l-1 , 3 -b u tad iyn e(99%, A ld r ich ), 

biphenyl(99% i A ld r ich ), a c e t y l  ch loride(99$»  A ld r ich ), PG1^( A ld r ic h ) ,

PC 1^ (98%, A ld r ich ), CuCl(99%, A ld rich ) and 10% Pd on carbon black  

(A lfa  P rod u cts). S o lven ts  were F ish e r  reagent ACS grade and d r ied  

over  4-ifm olecular s ie v e s  f o r  a  few weeks. T r a n s-s tiIb e n e ( 96%, A ldrich )  

was r e c r y s t a l l is e d  three tim es from ab so lu te  eth an o l b efo re  u se .

B. Aromatic n u clear  cou p lin g

For the po lym erization  o f  c i s  and tr a n s - s t i lb e n e s  by arom atic 

n u c le a r  cou p lin g , cupric c h lo r id e  was used as the o x id a n t. The polym­

e r iz a t io n  o f  diphenyl a c e ty le n e  and 1 ,4—dip h en yl- 1 , 3 -b u tad iyn e by 

t h i s  method was carried  out u s in g  atm ospheric oxygen as th e  o x id an t.

1 . P olym erization  u sin g  CuCl  ̂ ox id an t

Aluminum c h lo r id e , 3 0 .0  g (0 .2 2 5  m ole), and CuCl2 , 1 5 .O g (0 .1 1 2  

m o le ) , were mixed in  300 ml o f  CS^. T r a n s-s tilb en e , 1 0 .0  g (0 .0 5 5  mole) 

was added s lo w ly  to  the above m ixture w ith s t ir r in g  a t  room tem perature. 

A fte r  a sh ort ind u ction  p e r io d , th e  re a c tio n  m ixture s ta r te d  to  evo lve  

an a c id ic  gas and turned in to  a  b lack  v iscou s s lu r r y . The r e a c t io n  

was allow ed  to  proceed fo r  a t o t a l  o f  f iv e  hours. The supernatant 

CSg la y e r  was discarded and th e  resid u e  was trea ted  w ith  w ater, 

e x tr a c te d  in to  CHgClg, washed s e v e r a l  tim es w ith  w ater, d r ie d  over
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MgSÔ  and the CH^Cl^ was evaporated. A brown powder, p a r t ia l ly  so lu b le  

in  aceton e was o b ta in ed . I t  was ex tracted  w ith  aceton e  to  remove any 

unreacted monomer. The product was fu r th e r  p u r if ie d  by p r e c ip ita t in g  

a GH^Gl  ̂ s o lu t io n  w ith  n-pentane three t im e s . The y ie ld  o f  the p u r if ie d  

product was 26%. The r e s u lt in g  polymer, p o ly ( t r a n s - s t i lb e n e ) , was 

so lu b le  in  GS^, GHCl^, GH^Gl  ̂ and o -d ich lorob en zen e .

The p o lym eriza tion  o f  c is - s t i lb e n e  under the same con d ition s  

u sin g  the same m olar r a t io  o f  reagen ts to  monomer, f o r  a rea ctio n  

period o f  f i v e  hours y ie ld e d  an in s o lu b le  product. However, 

p o ly ( c i s - s t i lb e n e )  obtained  a f t e r  a two hour r e a c t io n  period  was 

so lu b le  in  CH^Clg, GS^, GHGl  ̂ and o -d ich lorob en zen e .

2 . E lectron  sp in  resonance in v e s t ig a t io n  o f  i n i t i a t i n g  sp e c ie s

Aluminum c h lo r id e , 0 .30  g (2 .2  mmole), and 1 .0  ml o f  CS,, were 

placed in  an ESR tube and i t s  ESR spectrum was recorded a t  room 

tem perature. T r a n s -s t i lb e n e , 0 .1  g  ( 0 .5  mmole), was added to  the 

above m ixture and the ESR spectrum o f  the r e s u lt in g  m ixture was 

taken im m ediately . The rea ctio n  was quenched by t r e a t in g  i t  with 

water im m ediately , the organic la y er  was e x tr a c ted  in to  CS2 , dried  

over MgSO ,̂ and evaporated to  reduce th e  volume to  one m i l l i l i t e r .

The ESR spectrum  o f  t h i s  s o lu tio n  was taken a t  room tem perature w ith  

the same ESR sp ectrom eter  s e t t in g s  used fo r  th e  unquenched rea ctio n  

m ixture.

3. I s o la t io n  o f  r e a c t io n  products a t  one hour.

T r a n s -s t i lb e n e , 1 .0  g (5 -5  mmole), was d is so lv e d  in  a minimum 

amount o f  GSg. Aluminum c h lo r id e , 3*0 g (2 2 .5  mmole), was added s low ly  

to  the above s o lu t io n  and s t ir r e d  a t  room tem perature fo r  one hour.
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The r e a c t io n  m ixture was tre a te d  w ith w ater, ex tracted  in to  CS^, 

d ried  o v er  MgSO  ̂ and then the CS  ̂ was evaporated .

4 . P o lym eriza tion  using  atm ospheric oxygen as the oxidant

D iphenyl a c e ty le n e , 3*6 g(20  mmole), was d is so lv e d  in  25° ml o f  

pentane. Aluminum c h lo r id e , 1 0 .6  g(80 mmole), was added to  the above 

s o lu t io n  and s t ir r e d  a t  room tem perature fo r  24 hours. The s o lv e n t  

was evaporated and the product was tr e a te d  w ith  water in  an i c e  b a th .

The dark brown product obtained  was p u lv e r iz e d  with w ater, f i l t e r e d  

and d r ie d . The unreacted monomer was removed from the product by e x ­

tr a c t in g  w ith  n-pentane fo r  a period  o f  two weeks in  a so x h le t  e x tr a c to r .  

The y ie ld  o f  th e  product, p o ly (d ip h en y l a c e ty le n e ) , was 6l%. This 

polymer was s o lu b le  in  GS^, GHGl^, CCl^, GH^Gl^, to lu e n e , benzene 

and tetrah yd rofu ran .

Under th e  above c o n d itio n s , u s in g  th e  same monomer to  c a t a ly s t  

r a t io ,  l ,4 -d ip h e n y l- l,3 ~ b u ta d iy n e  polym erized to  y ie ld  a dark b la ck  

polymer, p o ly ( l ,4 -d ip h e n y l- 1 , 3 -b u ta d iy n e ) . The in so lu b le  f r a c t io n  o f  

the polymer was 60%(w/w). The r e s t  was s o lu b le  in  CSg, GHGl^, benzene  

to lu e n e , GHgCl^, CCl^ and tetrah yd rofu ran .

G. O xidative cou p lin g

The p o lym eriza tion  o f  4 ,4  -d ie th y n y lb ip h en y l was ca rr ied  o u t by 

o x id a tiv e  c o u p lin g (r e a c tio n  3» s e c t io n  i ) .  The monomer, 4 ,4  -d ie th y n ­

y lb i  p h en y l, was syn th esized  by the fo llo w in g  r e a c tio n  sequence.
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CH3COCI 
AICL

o  t O

H G - C ^  h - C — C H  (*)
3

IX

PCI Cl
IX -pcT * h-£-c —@ —@ —c =c h 2 (5)

3

N o N H 2  » H-C=C— /0 ^  ^ — C=C-H W
l iq .N H , ^

J  VII

1 . S y n th e s is  o f  ^-.4 -d iac  e ty lb ip h e n y l

Aluminum c h lo r id e , 60 .0  g ( 0 A50  m o le ), was suspended in  300 ml 

o f  CSg and then b iphenyl, 10 .0  g ( 0 .0 6 5  m o le ), was added s lo w ly  in to  

the above su sp en sion  with s t i r r in g .  Once a d d it io n  was com pleted , 

GH^COGl, 2 6 .0  ml(O.366 m ole), was added dropw ise from a  dropping  

fu n n el a t  room tem perature. The r e a c t io n  m ixture was r e flu x ed  on a  

water bath  u n t i l  no HC1 e v o lu tio n  took  p la c e . At th is  s ta g e , the  

r e a c t io n  m ixture was slow ly  added in to  ic e  c o ld  w ater, ex tra c ted  

in to  GH^Gl^, washed se v er a l tim es w ith  w ater, dried  over MgSO  ̂ and
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the CH^Cl  ̂ was evap orated . A brown co lored  product was obtained . The

product was d e c o lo r iz e d  se v e r a l tim es w ith  a c t iv a te d  ch arcoa l and

r e c r y s t a l l iz e d  from a b so lu te  e th an ol to  y i e ld  c o lo r le s s  gleaming

l e a f l e t s .  The y i e ld  o f  th e  r e c r y s ta l l iz e d  p rod u ct, IX , was 53-7%. The
o

observed m eltin g  p o in t , 191 C, o f  the r e c r y s t a l l i z e d  product was 

id e n t ic a l  to  th e  l i t e r a t u r e  m eltin g  p o in t o f  -d ia c e ty lb ip h e n y l ( 17) .

2 . S yn th esis  o f  k . k  -d i( l -c h lo r o v in y l)b ip h e n y l

R e c r y s ta lliz e d  IX, 5 -0  g (0 .0 2 1  m o le s), was d is s o lv e d  in  a minimum

amount o f  PCl^ in  a dry n itro g en  atm osphere. Phosphorous p en ta ch lo r id e ,

9 .0  g ( 0 . 0^3 m o le s ) , was added s lo w ly  to  th e  above s o lu t io n  and the
. o

m ixture r e flu x e d  on a  w ater bath a t  h5 G o v e r n ig h t. The so lv e n t  was 

d i s t i l l e d  o f f  under reduced pressure and th e  r e a c t io n  m ixture trea ted  

w ith 250 ml o f  20% sodium a ce ta te  sa tu ra ted  w ith  N^. The p r e c ip ita te d  

o ff-w h ite  s o l id  prod u ct, X, was f i l t e r e d  under n itr o g e n  and dried  

under vacuum in  th e  dark. This product underwent a rap id  c o lo r  change 

fo llow ed  by a s ig n i f i c a n t  decrease in  s o l u b i l i t y ,  upon sto ra g e  in  a ir  

exposed to  l i g h t .  The dark brown product ob ta in ed  a f t e r  a few  weeks 

was com p letely  in s o lu b le .  Due to  t h is  u n sta b le  n atu re  o f  the product, 

no attem pt was made to  p u r ify  and id e n t i f y  th e  p rod u ct. The dried  

crude product was used  im m ediately a s  th e  s t a r t in g  m a te r ia l fo r  the 

next r e a c t io n (r e a c t io n  6 ) .

3. S y n th es is  o f  ^-.4 -d ie th yn y lb in h en y l

A sm all amount o f  fr e s h  cu t Na was added in to  4-00 ml o f  liq u id

NĤ  to  form a dark b lue s o lu t io n . A few c r y s t a ls  o f  Fe(N0^)^

c a t a ly s t ( 0 .2  g) , was added to the above s o lu t io n  and s t ir r e d  u n t i l

i t  turned to  a brown s o lu t io n .  To t h i s  s o lu t io n ,  f r e s h ly  c u t  Na,

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



14

2 .0  g , was added and s t ir r e d  u n t i l  i t  formed a grey suspension  o f

NaNHg. The d r ie d  crude product, X, o f  th e  p rev iou s r e a c tio n  was added

s lo w ly  to  th e  above NaNEt, suspension  and s t ir r e d  fo r  one hour. The

dark green s lu r r y  formed was trea ted  w ith  5  g  o f  NH^Cl, evaporated

a t  room tem peratu re, trea ted  w ith w ater , f i l t e r e d  and dried  to  o b ta in
, o

a l ig h t  y e llo w  product. This product was sublim ed a t  140 C under 

vacuum(0.2 mm) to  o b ta in  an o ff-w h ite  powder. The sublim ate was 

d ec o lo r ize d  s e v e r a l  tim es w ith  a c t iv a te d  ch arcoa l and r e c r y s t a l l is e d  

th ree  tim es from a b so lu te  ethanol to  y i e ld  c o lo r le s s  th in  n e e d le s ,

V II. The y i e l d  o f  th e  r e c r y s ta l l is e d  product was 0 .90  g . The m eltin g
Q

p o in t o f  th e  r e c r y s t a l l iz e d  product, 166- 1 6 6 .5  C, was id e n t ic a l  to

the l i t e r a t u r e  m eltin g  point o f  4 ,4  -d ie th y n y lb ip h e n y l( l8 ) .

4 . P o lym eriza tion  o f  4 .4  -d ie th y n y lb ip h en y l

R e c r y s ta l l is e d  V II, 0 .30  g ( l . 5  mmole), was d is so lv e d  in  a

m ixture c o n ta in in g  25 mis o f pyrid in e and $0 mis o f  o-d ich lorob en zen e.

Cuprous c h lo r id e , O.5O g(5«0 mmole), was added to  the c.bove s o lu t io n  
o

and r e flu x e d  a t  110 C fo r  3 -5  hours w ith  0^ gas p assin g  through th e  

r e a c tio n  m ixtu re . The rea ctio n  m ixture was added to  a so lu tio n  

con ta in in g  500 ml o f  methanol and 10 ml o f  concentrated  HC1, and 

f i n a l l y  to  a  la rg e  amount o f m ethanol. A brown in so lu b le  product

V III, was o b ta in ed .
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D. Thermal p o lym eriza tion  o f  1 .4 -d i-p h en y l-1 .3 -b u tad iyn e

The therm al polym erization  o f  1 ,4 - d ip h e n y l- l ,3 -butadiyne was 

performed accord in g  to  a l it e r a tu r e  p r o c e d u r e (l9 ) . The s o l id  

1 ,4 -d ip h e n y l-1 , 3 -hutadiyne was heated g r a d u a lly  in  a  pre evacuated  

ampoule u n t i l  i t  turned to a l ig h t  red l iq u id .  This l iq u id  reacted  

v ig o r o u s ly  to  form a black s o l id .  The polymer was p r e c ip ita te d  by 

methanol from benzene so lu t io n  to  y ie ld  a  dark b lack  s o l id  so lu b le  in  

CSg, CHCLj, CCl^, to lu en e  and benzene.

E . Chemical r e a c t io n s  o f  p o ly (tr a n s -s t ilb e n e )

1 . Brom ination

P o ly ( t r a n s - s t i lb e n e ) , 0 ,2 0  g , was d is s o lv e d  in  a minimum amount 
o

o f  CSg and c o o le d  to  0 C in  ic e  bath . A bromine s o lu t io n  con ta in in g

0 .1  ml o f  bromine in  10 ml o f  CSg was added s lo w ly  to  the above 

s o lu t io n  and s t ir r e d  f o r  24 hours in  the dark. During t h is  r e a c tio n  

an a c id ic  gas was evo lv ed . The so lv e n t  and th e  unreacted bromine were 

d i s t i l l e d  o f f  on a w ater bath a t  reduced p r e ssu re . The product 

obta in ed  was a b lack  powder.

2 . H ydrogenation

P o ly ( t r a n s - s t i lb e n e ) , 0 .20  g,  was d is s o lv e d  in  a minimum 

amount o f  CHCl^ and 0 .0 2 5 g o f  10% Pd on carbon b lack  was added. This 

m ixture was hydrogenated fo r  ten  hours u s in g  32 p s i  hydrogen pressure  

a t  room tem perature. The c a ta ly s t  was f i l t e r e d  o f f  and the s o lv e n t  

evaporated . The s o l id  product obtained  was washed s e v e r a l tim es w ith  

m ethanol and d r ie d . The product was a dark brown powder s im ila r  in  

appearance to  th e  s ta r t in g  parent polymer.
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H ydrogenation o f  p o ly ( tr a n s -s t i lb e n e )  u s in g  a  la rg e  amount o f  

c a ta ly s t(p o ly m e r  to  c a t a ly s t  r a t io  o f  1 : 1) f o r  a  lon g  period o f  tim e 

(two weeks) produced a  dark brown m a te r ia l.

F. Doping o f  polym ers

Io d in e  dop ing  was done by exposing th e  s o l id  polymer to  io d in e  
0

vapor a t  95 C f o r  a p eriod  o f  2k h ou rs. Io d in e  uptake was measured by 

the w eight in c r e a s e  o f  th e  sample. AsF^ doping was done by exposing  

the s o l id  polym er to  AsF^ gas a t  room tem perature f o r  a period o f  

2k  hours.

G. Measurements

1. E le c t r ic a l

For the e l e c t r i c a l  c o n d u c tiv ity  m easurem ents, io d in e  doped 

sam ples were com pressed in  between two ^O -C  s t a i n l e s s  s t e e l  p e l l e t s  

u sin g  a polypropylen e guide r in g . The D.G. e l e c t r i c a l  r e s is ta n c e  o f  

the samples were measured a t  room tem perature u s in g  a K eith ley  Model 

160 d i g i t a l  m u ltim eter . The e n tir e  co n ta ct tim e o f  th e  doped polymer 

w ith  th e  e le c tr o d e  was l e s s  than 15 m inutes f o r  each measurement.

A fter  the measurement, th ere  was no ob servab le  chem ical rea ctio n  

between the e le c tr o d e  and the dopeu polymer. The e le c t r i c a l  measurements 

o f the AsF^ doped samples were done by u s in g  a fo u r  p o in t probe. The 

AsF^ doping o f  polymers and th e ir  e l e c t r i c a l  measurements were 

performed by D r. R.H.Baughman a t the A ll ie d  Chem ical Corporation.

2. M olecular w e ig h t.

The number-average m olecular w eigh t, Mn , was measured with r e f e ­

rence to  a  b e n z i l  standard u sin g  a H ew lett Packard(model 302B) vapor
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p ressu re  osmometer. The Mn fo r  the polymer was c a lc u la te d  by u s in g  

th e  fo llo w in g  equation .

K = M X ( ^ )
c c  = 0

w here,

v  = b rid ge output( /xv)

c = % con cen tra tion (w /w ).

The c o n sta n t K was obtained  from th e d a ta  ob ta in ed  fo r  a s e r ie s  o f

standard b e n z il(m o le cu la r  w eight = 210) s o lu t io n s  w ith co n cen tra tio n s

varin g  from 1 . 024%(w/w) to  0.128% (w/w). The r e l i a b i l i t y  o f  the K

va lu e was t e s t e d  by using  another sta n d a rd (p o ly sty ren e) having

m olecu lar w eigh t c lo s e r  to  the m olecu lar w eight o f  the unknown

polymer. The e r r o r  in  the observed K v a lu e  f o r  p o lystyren e was 10%.

The m olecu lar  w eight measurement o f  p o ly ( tr a n s -s t i lb e n e )  was done 
o

a t  110 C u s in g  o-d ich lorobenzene as the s o lv e n t  system . The con cen t­

r a tio n s  o f  th e  polymer s o lu t io n s  were v a r ie d  from 9 . 212%(w/w) to  

1.152% (w/w). The m olecular w eight measurements o f  p o ly(d ip h en yl a c e t ­

y len e ) and p o ly ( 1 ,4 -d ip h e n y l- l  , 3 -b u tad iyn e) s o lu t io n s  were var ied  

from 11 . 53^%(w/w) to  1.44l%(w/w) and O.835%(w/w) to  0 . 104%(w/w) 

r e s p e c t iv e ly .  The v  versus c p lo ts  f o r  th e  s o lu t io n s  were l in e a r  

throughout t h e ir  con cen tra tion  ran ges.

3 . Spin d e n s i ty

For th e  ESR sp in  d e n s ity  m easurem ents, a  JEOL model JES-Me-3X,

X band ESR sp ectrom eter  w ith  a TE-̂ q^ c y l in d r ic a l  dual c a v ity  was 

used . The s p in  d e n s ity  was measured a g a in s t  a known q u an tity  o f
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c r y s t a l l in e  d ip h en y l p icry lh y d ra zy l, DPPH, a s  the primary standard.

The q u a n tity  o f  DPPH was determ ined ex p er im en ta lly  by measurement o f  

i t s  o p t ic a l  d e n s ity  in  benzene, 519 nm, lo g  f =  ^ .89 . A sample
IilclX

c o n ta in in g  manganous io n s  d isp ersed  in  magnesium o x id e , was used as  

an in te r n a l  standard to  co r re c t  f o r  any changes in  th e  c a v ity  Q. The 

q u a li ty  f a c t o r  o f  the c a v ity  Q i s  p ro p o rtio n a l to  energy stored /en ergy
l«

d isp ersed  per c y c le  . The sp in  d e n s ity  c a lc u la t io n s  were based on the  

assum ption th a t  th e  number o f  sp in s  i s  p ro p o rtio n a l to  the area under 

the ESR a b so rp tio n  cu rve . The number o f  s p in s  in  the DPPH sample was 

assumed as th e  number o f  m olecules in  th e  DPPH sam ple. The area under 

the ESR a b so rp tio n  curve was obtain ed  by th e  fo llo w in g  numerical 

double in te g r a t io n  method (2 0 ) .

? n
Area = l / 2  d X (2n -  2r + l ) h  

r  = 1
The v a lu e s , d ,n  and h fo r  a f i r s t  d e r iv a t iv e  curve are shown in  F ig .3.

For th e  r e la t iv e  sp in  d e n s ity  measurements o f  polymer s o lu t io n s ,  

the ESR sp e c tr a  o f  the polymer s o lu t io n s  w ith  known volumes (0 .5  ml) 

were recorded a g a in s t  the Mn marker. The s i z e  o f  th e  above liq u id  

samples was alw ays l e s s  than the s i z e  o f  th e  e f f e c t iv e  volume o f  the  

ESR c a v ity .

4 . S p ec tro sco p ic

The in fr a r e d  and UV-VIS sp e c tr a  were recorded w ith  a Beckman IR 

^260 Research In frared  spectrophotom eter and a  Gary 118 C spectrophoto­

m eter r e s p e c t iv e ly .  Proton CW NMR sp e c tr a  were recorded with a JEOL 

JNM-MH-100, 100 MHz nuclear m agnetic resonance spectrom eter. The 

proton and carbon FT NMR sp ectra  were recorded w ith an IBM NR-80
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Figure 3« A t y p ic a l  f i r s t  d e r iv a tiv e  ESR spectrum . The va lues d, n and h 

were used f o r  the num erical double in te g r a t io n  (20 ) .
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(80 MHz proton , 20 MHz carbon), nuclear m agnetic resonance s p e c tr o ­

m eter. The s o l id  s t a t e  carbon sp ec tra , CPMAS, were ob ta in ed  by  

u sin g  an IBM WP-100 (2 5  MHz carbon), n u c lea r  m agnetic resonance  

spectrom eter through Dr. P .Murphy a t  IBM corp oration .

H. E lem ental a n a ly s is

The e lem en ta l a n a ly s is  o f  p o ly (tr a n s -s t ilb e n e )  was performed  

by Schwarzkopf L ab o ra to r ies , In c . The e lem en ta l a n a ly s is  o f  

p o ly (d ip h en y l a c e ty le n e )  and p o ly (l,A —d ip h en y l- 1 ,3 -b u tad iyn e) were 

performed by G alb ra ith  la b o r a to r ie s , In c .
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I I I .  RESULTS AND DISCUSSION 

A. P o ly ( t r a n s - s t i lb e n e )

1. Paramagnetism

S o lid  p o ly ( t r a n s - s t i lb e n e ) ex h ib ite d  ESR s in g le t s  h av in g  l i n e -  

w id th s, , o f  8 .0  G and 6 .0  G under vacuum and in  a i r  r e s p e c t iv e ly

(F ig .^ t). The h e ig h t  o f  the ESR f i r s t  d e r iv a t iv e  curve o f  the s o l id  

polymer in  a i r  was 5 *  ̂ tim es h igher than th a t  o f  the s o l i d  polymer 

under vacuum. The sp in  d e n s ity  o f  th e  s o l id  polymer under vacuum was 

7 .5 x 10^ sp in s /g r a m  and th ese  unpaired e le c tr o n s  were s t a b le  towards 

water and s o lv e n t s .  The e f f e c t  o f  a i r  on sp in  d e n s ity  was r e v e r s ib le  

( F ig A ) .  The s ig n a l  in t e n s i t y  grew in  in t e n s i t y  when th e  sample was 

exposed to  a i r  and reduced in  in te n s i ty  when i t  was su b je c te d  to  vacuum. 

However, by ap p ly in g  vacuum fo r  a long period  o f  tim e, th e  in t e n s i t y  

o f  the s ig n a l  was reduced to  a minimum value o f  7-5 x 1 0 pins/gram  

and remained c o n s ta n t . These r e s u lt s  in d ic a te  th a t  oxygen in te r a c ts  

w ith the polymer perhaps by an e le c tr o n  tr a n s fe r  p r o c e ss .

The e f f e c t  o f  p o ly (tr a n s -s t i lb e n e )  co n cen tra tio n  on sp in  d e n s ity  

i s  g iven  in  t a b le  1 . The r e la t iv e  sp in  d e n s ity  o f  p o ly ( tr a n s -s t i lb e n e )  

d ecreases  as co n cen tra tio n  in c r e a s e s . The most con cen tra ted  sam ple, 

s o l id  polym er, has th e  low est r e la t iv e  sp in  d e n s ity . A p paren tly , a t  

h igh er c o n c e n tr a tio n s  recom bination o f  unpaired e le c tr o n s  can tak es  

p la c e , probably by an in term olecu lar  e le c tr o n  tr a n s fe r  p r o c e ss .

The absence o f  any h yperfine s tr u c tu r e  in  the ESR spectrum  

o f  the polymer in  the s o l id  s ta t e  and s o lu t io n  in d ic a te s  th a t  th ese  

unpaired e le c tr o n s  are d e lo c a liz e d . Formation o f  such s ta b le
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Mn

50G

AIR

VACUUM Mn Mn

Figure k.  ESR sp e c tr a  o f  s o l id  p o ly ( t r a n s - s t i lb e n e )  in  a ir(A ) and 

in  vacuum(B) , taken under the same sp ectrom eter  s e t t in g s .
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Table 1 . R e la tiv e  sp in  d e n s i t ie s  o f  p o ly (tr a n s -s t i lb e n e )

% con cen tra tion (w /v ) r e la t iv e  sp in  d e n s ity

0 .5 100

1 .0 100

2 .0 72

3 .0 70

4 .0 73

5 .0 76

s o l i d  polymer in  a ir 43

s o l i d  polymer in  vacuum 8
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and d e lo c a liz e d  unpaired e le c tr o n s  in  th e  polym er su g g e sts  a 

conjugated system  in  i t s  s tr u c tu r e .

2 . C h a ra c ter iza tio n

The num ber-average m olecular w eight o f  p o ly ( tr a n s -s t i lb e n e )  was 

4 .8  x 10 , correspond ing to  a degree o f  p o lym eriza tion  o f  26. The 

elem en tal a n a ly s is  r e s u l t s  showed th a t  carbon, hydrogen and ash  

con ten ts add up to  98. 78%- t

C H Ash

92.92^  5 . 26% 0 .6%

The rem aining, 1.22/6 may be c h lo r in e . C h lorin e  was a common im purity  

presen t in  polym ers sy n th esized  by t h is  method. Polyphenylene(2 l )  and 

p o ly (d ip h en y l a c e t y le n e ) , (S ectio n  I I ID 2 ) , sy n th e s iz e d  by th is  method 

contained c h lo r in e , 2.5% and- 1.^5% r e s p e c t iv e ly .  The observed % H 

v a lu e , 5 .26, o f  p o ly ( tr a n s -s t i lb e n e )  was low er than th e  th e o r e t ic a l  

% H va lu es o f  s tr u c tu r e s  XII and X l(T able 2 ) and was in  between the  

th e o r e t ic a l  % H v a lu e s  o f  s tr u c tu res  XII and X III .

The in fr a r e d  spectrum  o f  p o ly ( tr a n s -s t i lb e n e )  i s  shown in  F ig .5 

in  comparison w ith  tr a n s - s t i lb e n e  monomer. The ab sorp tion  observed a t  

950 cm ‘''for the monomer i s  in d ic a t iv e  o f  tra n s  CH -  CH u n it s ( 2 2 ) .

There was no a b so rp tio n  fo r  the polymer a t  t h i s  wavenumber su g g estin g  

th a t the tran s C = C u n it s  o f  the monomer are converted  in to  some 

other s tr u c tu r a l u n it s  upon p o lym erization .

The C NMR spectrum  o f  p o ly ( tr a n s -s t i lb e n e )  showed absorp­

t io n  s ig n a ls  o n ly  in  th e  reg ion  115 -  150 ppm (Fig.6 ) , r ev ea lin g
2 3the presence o f  sp  carbons. The sp^ carbons o f  hydrocarbons u su a lly

appear in  the 0 -  60 ppm reg ion . F a ilu re  to  observe any s ig n a l in  the
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Table 2 .  Weight % o f  carbon and hydrogen

S tru c tu re % C % H

-------- ( -  CH----------- C H -)—

A  A '
XI

93-33 6.67

- 6 © — C H -C H -@ -X -
' n

XII

9^-38 5 .62

x i i i  ' p

95-^5 ^-55

E xperim ental value fo r  

p o ly ( t r a n s - s t i lb e n e )
92 .92 5 .26
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Figure 5« In fra red  sp ectra  o f  p o ly ( t r a n s - s t i lb e n e ) and tr a n s - s t i lb e n e  

in  CS2
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150
PPm

Figure 6 . NMR spectrum o f  p o ly ( t r a n s - s t i lb e n e ) .

C on d ition s: 15%(w/v) in  CDCl^, chem ical s h i f t s  (C .S .)

r e la t iv e  to  TMS a t  room tem perature, 73^2 t r a n s ie n t s ,  ; 
o

4-5 p u lse  a n g le , 4- seconds between p u lse s .
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3 13sp reg ion  may be due to  long  C r e la x a tio n  t im e s . The co rrec t

ob serva tion  o f  NMR peaks fo r  such carbons r e q u ir e s  long delay

tim es between radiowave p u ls e s . We have c a r r ie d  out th e  NMR

experim ent f o r  accum ulation tim es as long as 36 hours, with
o

low p u lse  a n g le s , 25 , and d e la y  tim es as long a s  2 m inutes. These

experim ents d id  n o t r e v e a l any h in t  o f  a d d it io n a l peaks, in d ic a t in g
3

th a t  the polymer i s  fr e e  from sp carbons.
2

The presence o f  sp  carbons were fu r th e r  e s ta b lis h e d  through

chem ical r e a c t io n s . Under m ild hydrogenation c o n d it io n s  a t  room

tem perature w ith 10% Pd on carbon b lack  c a t a ly s t  and 52 p s i  hydrogen

p ressu re , a r e a c t io n  tim e o f  e ig h t  hours y ie ld e d  products with  
3

sp carbon atoms having chem ical s h i f t  va lu es o f  2 9 .6  and 37 .7  ppm 

( F ig .7 ) .  This shows the a d d it io n  o f  hydrogen to  CnC bonds. Under 

m ild hydrogenation c o n d it io n s , arom atic C=C bonds do n o t undergo 

hydrogen a d d it io n  and the above r e s u lt s  in d ic a te  the presence o f  

non-aroma t i c  C—G bonds. I f  th e se  non-arom atic C—C bonds are 

lo c a te d  in  a polymer backbone a s  in  stru c tu re  X I I ( ta b le  2 ) ,  then 

th e  com plete hydrogenation o f  th ese  double bonds should produce 

a non-conjugated , c o lo r le s s  product fr e e  from unpaired e le c tr o n s .

The hydrogenation o f  p o ly (tr a n s -s t i lb e n e )  fo r  a long period  

o f  tim e(tw o weeks) u sin g  a  la rg e  amount o f  c a ta ly s t(p o ly m e r :c a ta ly s t  

r a t io  o f  1 : 1) f a i l e d  to  y ie ld  a c o lo r le s s  product fr e e  from unpaired  

e le c tr o n s . This in d ic a te s  th a t  the polymer c o n ta in s  non-aromatic 

G—G bonds, but i t s  main backbone i s  arom atic. Brom ination
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13Figure 7 . C NMR spectrum o f hydrogenated p o ly ( t r a n s -s t iI h e n e ) .

C on d ition s: Saturated  s o lu t io n  in  CDCl^, C .S . r e la t iv e

to  IMS a t  room tem perature, 12889 t r a n s ie n t s , ^ 5°pu lse  

a n g le , 4  seconds between p u ls e s .
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o f  p o ly ( t r a n s - s t i lb e n e )  confirm ed th e  presen ce  o f  non-arom atic

13C = C double bonds. The C NMR spectrum  o f  th e  brominated

p o ly ( t r a n s - s t i lb e n e )  ex h ib ite d  peaks a t  3 6 .5  ppm and- ^6 .7  ppm
3

in d ic a t in g  th e  form ation  o f  sp-' carbon atoms by a d d itio n  o f  bromine 

to  C^C double bonds in  l in e  w ith  th e  ch em ica l s h i f t  v a lu es  f o r  th e  

hydrogenated p r o d u c t(P ig .8 ) .
3

Although th e re  were no s ig n a ls  observed  f o r  sp carbons in  th e

^G  NMR spectrum  o f  p o ly ( t r a n s - s t i lb e n e ) , th e  proton NMR spectrum

( F ig .9 ) showed very  broad peaks in  th e  norm ally  non-arom atic r e g io n

( 2 .5  -  5 PPm). The r a t io  o f  s ig n a l  a rea s f o r  arom atic:non-arom atic

protons was 3 . 3t 1 . 0 .  Absorptions in  th e  non-arom atic reg io n  cou ld  
2

a r is e  from sp  protons i f  th ey  occupy h ig h ly  sh ie ld e d  environm ents. 

Such environm ents could  o r ig in a te  from in term o lecu la r  a s s o c ia t io n  

or due to  s p e c i f i c  polymer conform ations ( in tra m o lecu la r  e f f e c t s ) .

The nature o f  sh ie ld ed  environm ents was fu r th e r  in v e s t ig a te d  

through tem perature and d i lu t io n  s t u d ie s .  The proton NMR sp e c tr a  o f  

p o ly ( + r a n s -s t ilb e n e )  in  the c o n c e n tr a tio n  range o f  0.02% -  1.5%(w/v) 

showed th a t  th ere  are on ly  s l i g h t  v a r ia t io n s  in  the shape o f  th e  

non-arom atic peaks(compare Fig.lO A  w ith  F i g .9 ) .  The spectrum o f  

0.02% polymer s o lu t io n  was ob tain ed  by accum ulating a very  la rg e  

number o f  t r a n s ie n t s (F ig .  10B). Under such  c o n d itio n s  a very m inute  

amount o f  im p u r it ie s  could e x h ib it  NMR peaks. The NMR peaks in  

Fig.lO A  a t  7 .1 5  and- ppm are due to  th e  im p u ritie s  in  CSg and 

e x te r n a l c a p i l la r y  lock  o f  D̂ O r e s p e c t iv e ly .  These peaks were 

su b tra cted  from F ig.lO B  before in te g r a t io n .  The in te n s i ty  r a t io  o f  

arom atic:non-arom atic peaks f o r  th e  0.02% (w/v) polymer s o lu t io n  was
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150 100 50
PPm

Figure 8 . ^ C  NMR spectrum o f  brominated p o ly ( t r a n s - s t i lb e n e ) .

C on d ition s: Saturated  s o lu t io n  in  CDCl^, C .S . r e la t iv e
o

t o  TMS a t  room tem perature, ^5 p u lse  a n g le , 4 seconds 

betw een p u ls e s , 9280 tr a n s ie n t s .
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F igure 9 . NMR spectrum o f  p o ly ( t r a n s - s t i lb e n e ) .

C onditions: 15^(w /v) in  CDCl^, C .S. r e la t iv e  to  IMS a t

room tem perature, 8 t r a n s ie n t s ,  25°pulse a n g le , 3 M 

seconds between p u ls e s .
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Figure 10 . H NMR sp ectra  o f  A. CS2 , B. p o ly ( t r a n s -s t ir b e n e ) , 0 .0 2 ^

(w /v) in  GSg. C onditions: Room tem perature, C .S . r e la t iv e
o

to  IMS, 19215 t r a n s ie n t s ,  25 p u lse  a n g le , 3 .2  second  

d e la y  Between p u ls e s , e x te r n a l c a p i l la r y  lock  o f  D^O.
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3 .2 : 1 .0 .  S im ila r  e f f e c t s  have "been observed  through tem perature

s tu d ie s .  The proton NMR sp ec tra  o f  p o ly ( t r a n s -s t i lb e n e )  in  th e
o

tem perature range o f  40-140 C showed th a t  th ere  i s  on ly  a s l i g h t

change in  th e  shape o f  the non-arom atic peak a t  h igher tem peratures

( F i g . l l ) .  The in t e n s i t y  r a t io  o f  a rom atic :non-arom atic peaks f o r
o

th e  polymer s o lu t io n  a t  120 C was 3 .1 * 1 .0 .  I f  sh ie ld ed  environm ents

are  in te r m o le c u la r  in  nature, then th e  in t e n s i t y  r a t io  o f  arom atic

:non-arom atic peaks should be s ig n i f i c a n t ly  a f fe c te d  by d i lu t io n

and tem perature. S in ce  the above r a t io  was n ea r ly  the same f o r
o

the tem perature range o f  29-140 C and con cen tra tion  range o f  0 .0 2 -1 5 $  

(w /v ) , we conclude th a t  the sh ie ld e d  environm ents fo r  th e  sp  carbon  

atoms are in tra m o lecu la r  in  natu re .

Such in tra m o lecu la r  sh ie ld e d  environm ents are a v a ila b le  f o r
2

sp protons i f  polymer stru ctu re  c o n s is t s  o f  phenanthrene u n it s  w ith  

C-4 lin k a g es  (XIV) in stea d  o f  s t i lb e n e  (X I I ,ta b le  2) or 1 ,2 -d ip h e n y l-  

eth an e-typ e (X I ,ta b le  2) rep ea tin g  u n i t s .  M olecular models showed 

th a t  no polymer c o n s is t in g  o f  s tr u c tu r e s  XI o r  XII or t h e ir  

com binations would have sh ie ld e d  p r o to n s . The above s tr u c tu r e

2 3 xiV
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Figure 11. NMR spectrum o f  p o ly ( t r a n s - s t i lb e n e )  a t  120°C.

C o n d itio n s: 15%(w/v) in  d eu te ra te d  1 ,1 ,2 ,2  t e t r a -

ch lo ro  e th a n e , C .S. r e la t iv e  to  TMS, 8 t r a n s ie n ts ,  
o

25  p u lse  a n g le , seconds betw een p u ls e s .
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i s  a schem atic  model o f  two perpendicular phenanthrene u n its  which 

are lin k ed  through C-4 carbon atom. This s tr u c tu r e  produces a t  l e a s t  

one s h ie ld e d  proton per each rep ea tin g  u n i t .  However, depending on 

the s u b s t it u t io n  p a ttern  o f  the phenanthrene u n its  and the angle  

between th e  p lan es o f  adjacent phenanthrene u n i t s ,  each repeating  

u n it  may produce more than one sh ie ld e d  p roton . In  such s p a t ia l  

arrangem ents, th e  magnitude o f the r in g  cu rren t e f f e c t s  ( in  p arts per  

m illio n )  should  be approxim ately the same f o r  carbon n u c le i as fo r  

protons i f  th ey  occupy the same p o s it io n  in  space r e la t iv e  to the  

arom atic n e le c tr o n  c lo u d (2 3 ) . Even i f  th e  sp  carbon atoms o f
1 o

p o ly ( t r a n s - s t i lb e n e )  do occupy sh ie ld e d  environm ents, th e ir  C
3

chem ical s h i f t  v a lu e s  w i l l  not be in  th e  sp  r e g io n . This i s  

c o n s is te n t  w ith  our NMR r e s u lt s .

The e x a c t  s tr u c tu r e  o f  p o ly ( t r a n s - s t i lb e n e ) cou ld  be obtained  

by a n a ly s in g  a l l  the minor d e ta i ls  o f  the s h ie ld e d  environment.

The in form ation  regard in g  m icrostructures h av in g  sh ie ld e d  

environm ents may n ot be r e a d ily  obtained  from ^ G NMR sp ectra (2 ^ ). 

Carbon-13 NMR i s  found to  be an inadequate tech n iq u e to  observe r in g  

cu rren t e f f e c t s ( 2 5 ) .  Hence, we w i l l  examine th e  proton NMR sp ectra  

o f  p o ly ( t r a n s - s t i lb e n e )  and i t s  d e r iv a t iv e s  in  d e t a i l .

A d d ition  r e a c t io n s  such as brom ination and hydrogenation  

o f  phenanthrene u s u a lly  takes p lace a t  and C^q p o s it io n s (2 6 ) . We 

assume th a t  th e se  r e a c t io n s  with p o ly ( t r a n s - s t i lb e n e )  a lso  occur  

a t  and C^q p o sitio n s(X IV ) o f i t s  phenanthrene u n i t s .  The proton  

NMR spectrum  o f  the hydrogenated p o ly ( t r a n s - s t i lb e n e )  showed
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th e  form ation  o f  new peaks a t  0 .9 5  ppm and. 1 .3  ppm(Fig. 1 2 ) . The 

chem ical s h i f t  v a lu es  o f  the new peaks are  somewhat lower compared 

to  th a t  o f  the C^-H proton o f  d ihydrophenanthrene(2.7 ppm) ,(2 7 ) , 

and i s  accounted  fo r  by the sh ie ld e d  environm ents. Bromination 

o f  p o ly ( t r a n s - s t i lb e n e )  a lso  produced new peaks in  the proton  

NMR spectrum  w ith  unusual chem ical s h i f t  v a lu es  (F ig . 13) .  The obse­

rved chem ical s h i f t  va lu es 1 . 8 , I .8 5  and 2 .1  ppm o f those new 

peaks do n o t correspond to the chem ical s h i f t  va lu es o f  and 

C^q protons o f  th e  dibromo adduct o f  phenanthrene. Since bromine 

s u b s t it u t io n  in c r e a se s  the 5 ppm v a lu es  o f  the protons on the same 

carbon atom, the § ppm values o f  the Ĝ  and C^q protons o f  dibrom- 

ophenanthrene should be much h igh er than the 5 ppm value o f  the  

correspond ing protons o f  d ihydrophenanthrene(2.7 ppm).

The observed  chem ical s h i f t  v a lu es  o f  th o se  new peaks again  

correspond to  a conform ation in  which and C^q protons o f  the  

phenanthrene u n its  assume sh ie ld ed  environm ents. M olecular models 

showed th a t  1 -4  or  1-8 linked  phenanthrene u n its  could  have such  

sh ie ld e d  environm ents a v a ila b le  fo r  G  ̂ o r  C^q p roton s. However, the  

1 -8  lin k ed  s tr u c tu r e  was r e je c te d  on m ech an istic  grounds. We were 

unable to  d e v ise  a  re a c tio n  mechanism in v o lv in g  r in g  c lo su re  o f  

s t i lb e n e  to  phenanthrene to g eth er  w ith  r in g  con n ection s a t  C-^ 

and C-8  between rep ea tin g  u n it s .  On th e  o th e r  hand, a  polymer 

s tr u c tu r e  c o n s is t in g  o f  phenanthrene r e p e a tin g  u n its  link ed  through  

C -l and C-4 (XV) would s a t i s f y  the requirem ents imposed by the NMR 

r e s u lt s  and be r e a d ily  generated (S e c t io n  I I I  c).

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



38

0 Ppm

Figure 12 . "Si NMR spectrum o f  hydrogenated p o ly ( t r a n s - s t i lh e n e ) .

C on d ition s: 10%(w/v) in  CDCl^, C.S.  r e la t iv e  to  TMS a t  

room tem perature, 16 t r a n s i e n t s , 25°p u lse  a n g le , 

seconds "between p u ls e s .
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Figure 13. NMR spectrum o f  brom inated p o ly ( t r a n s - s t i lb e n e ) .

C on ditions: 10$(w /v) in  CDCl^, C .S . r e la t iv e  to
o

TMS a t  room tem perature, 16 t r a n s ie n t s ,  25 

p u lse  a n g le , 3 A  seconds between p u ls e s .
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XV

The above s tr u c tu r e , XV, has sh ie ld e d  protons a t  C-9 and C-5 

fo r  each  r e p e a tin g  u n it .  The r a t io  o f  arom atic n on -sh ield ed  to  

s h ie ld e d  protons fo r  the s tr u c tu r e  i s  3s 1 . The observed NMR 

peak area  r a t io  o f  aromatic protons to  sh ie ld e d  protons, 3 « 3 s l ,  

fo r  p o ly (  t r a n s - s t i lb e n e )  agrees v e r y  w e ll  w ith  th a t o f  XV.

The C-9 and C-5 protons in  each r e p e a tin g  u n it  o f  the proposed 

s tr u c tu r e , XV, o f  poly( t r a n s - s t i lb e n e )  are each se p a r a te ly  

lo c a te d  in  a reg io n  under an arom atic r in g  from an ad jacen t  

r e p e a tin g  u n it .  This s tr u c tu re  i s  a ls o  com patible w ith th e  a b i l i t y  

o f  p o ly ( t r a n s - s t i lb e n e )  to  undergo hydrogenation  w ithout becoming 

c o l o r l e s s .
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B. P o ly ( c i s - s t i lb e n e )

The NMR and NMR sp e c tr a  o f  p o ly (c i s - s t i lb e n e )  are g iven  

in  f ig u r e s  14 and 15 r e s p e c t iv e ly .  These sp e c tr a  were id e n t ic a l  to  

the correspond ing  sp ectra  o f  p o ly ( t r a n s - s t i lb e n e )  , in d ic a t in g  th a t  

both s t i lb e n e s  undergo p o lym eriza tion  by t h is  method to  y ie ld  the  

same f in a l  p roduct. This could wery w e l l  be p o ss ib le  i f  both isom ers  

go through a  common in term ed iate  d u rin g  th e  r e a c tio n  c o u r se . Under 

s im ila r  c o n d it io n s , the c i s  isom er p o lym erizes to  become an in s o lu ­

b le  polymer b e fo re  the tran s isom er d o e s . The tr a n s - s t i lb e n e  

polymer ob ta in ed  a f t e r  a r e a c t io n  tim e o f  f iv e  hours was a so lu b le  

polymer. By u s in g  re a ctio n  tim es lo n g e r  than f iv e  hours, an in s o lu ­

b le  polymer was obtain ed . On th e  o th e r  hand, p o ly (c is - s t i lb e n e )  

obtained  by u s in g  rea ctio n  tim es lo n g e r  than two hours was com p letely  

in s o lu b le . This in d ic a te s  th a t compared to  the trans isom er, the  

c i s  isom er polym erizes a t  a  c o n s id er a b ly  f a s t e r  ra te  and su g g ests  

th a t  the c i s  isom er has the more ap p rop r ia te  geometry required  fo r  

the p o ly m er iza tio n .
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13Figure 14. JC NMR spectrum o f  p o ly ( c i s  - s t i lb e n e ) .

C on d itions: 10%(w/v) in  CDCl^, C .S . r e la t iv e  to
o

TMS a t  room tem perature, 7000 t r a n s ie n t s ,  45 

p u lse  a n g le , 4 seconds between p u ls e s .
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Figure 15 . 1H NMR spectrum o f  p o l y ( c i s - s t i l b e n e ) .

C on d ition s: 10%(w/v) in  CDCl^, C .S . r e la t iv e  to  TMS a t  room 

tem perature, 8 t r a n s ie n ts , 25°p u lse  a n g le , 3 A  seconds 

between p u ls e s , ex tern a l c a p i l la r y  lo ck  o f

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



44

C .P o ly m er iza tio n  mechanism o f  c i s  and tr a n s - s t ir b e n e s

The ESR spectrum  o f  a suspension  o f  aluminum ch lo r id e  in  CS  ̂

showed th a t  i t  does n o t con ta in  any unpaired  e le c t r o n s ( P ig . l6A ).

When t h is  su sp en sio n  was trea ted  w ith  tra n s  - s t i lb e n e ,  i t  im m ediately  

developed  a  l i g h t  brown c o lo r  and e x h ib ite d  an ESR s in g le t ( F i g . l 6B ) , 

r e v e a lin g  th a t  t r a n s - s t i lb e n e  w ith  aluminum c h lo r id e  forms some 

s p e c ie s  which co n ta in  d e lo c a liz e d  unpaired e le c tr o n s .  Unlike the  

unpaired e le c tr o n s  o f  poly( t r a n s - s t i lb e n e ) ,  th e se  unpaired e le c tr o n s  

were n o t s t a b le  towards w ater. The system  ir r e v e r s ib ly  and com plet­

e ly  l o s t  i t s  unpaired e le c tr o n s  by trea tem en t w ith  w a te r (P ig .l6c ) . 

Hence, th e  param agnetic sp e c ie s  in  t h is  system  can n o t be a ttr ib u te d  

to  a polym eric system  w ith a long con ju gated  backbone. On the o th er  

hand, th e  monomer r a d ic a ls  do not co n ta in  a s u f f i c i e n t ly  long  

system  o f  co n ju g a tio n  to  e x h ib it  an ESR s in g le t  u n le s s  they are  

p h y s ic a l ly  a s s o c ia te d . The d e lo c a liz e d  nature o f  th e  unpaired  

e le c tr o n s  co u ld  be exp la ined  by th e  form ation  o f  a  complex(XVl) 

which c o n s is t s  o f  t ig h t ly  a sso c ia te d  sta c k e d  monomer u n it s .

t' •

XVI

tran s - s t i lb e n e
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Figure 16. Room tem perature ESR sp e c tr a  o f  A. AlCly'CSg, B. A lC iy tS g  

system  soon a f t e r  the a d d itio n  o f  t r a n s - s t i lb e n e ,

C. system  in  B a f t e r  e x tr a c t io n  w ith  w ater.
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The unpaired  e le c tr o n s  in  the above complex are d e lo c a liz e d  

over a large  number o f  monomer u n it s .  Such com plexes have been 

used to  e x p la in  th e  d e lo c a liz e d  nature o f  th e  fr e e  r a d ic a ls  which 

were formed i n  th e  i n i t i a l  s ta g e  o f  p o lym eriza tion  o f  benzene(28) .

In  such r e a c t io n s ,  the n system  lo s e s  an e le c tr o n  and becomes a  

r a d ic a l c a t io n . Although we do not have any d ir e c t  evidence to  

prove th a t  th e se  r a d ic a ls  are c a t io n s , th e  r a d ic a l  sp e c ie s  presen t  

in  our system  are a ttr ib u te d  to  r a d ic a l c a t io n s  based on the r e a c t iv i t y  

o f  aluminum c h lo r id e  towards o th er  n system s (R eaction  1 , s e c t io n  I ) ,  

(2 9 , 3 0 , 3 1 ) .

The d e lo c a l iz e d  r a d ica l c a t io n s  o f  rr system s such as benzene

undergo c o v a le n t  bond form ation by lin k in g  ap p rop riate  carbon atoms

o f  the monomer u n it s  (R eaction 1 , s e c t io n  i ) .  This lead s to the
3 2form ation o f  new sp  and sp carbon atom s. In  th e  presence o f  an 

ox id a n t, the system  rearom atizes by lo s in g  i t s  sp-  ̂ protons. Cupric 

c h lo r id e  i s  a  very  e f f e c t iv e  ox id an t fo r  th e  above purpose(32) .

Less e f f e c t iv e  ox id an ts such as f e r r ic  c h lo r id e  and atmospheric 

oxygen have a l s o  been used in  the p o lym eriza tion  o f  benzene(3 3 , 3 4 ) .  

However, under such weak o x id a tiv e  c o n d it io n s , unoxid ized  

p-quinoid  m o ie tie s (X V Il)  have been observed in  th e  f in a l  product 

o f  polyphenylene even a f t e r  a r e a c t io n  tim e o f  two weeks(34)

XVII
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I f  t h is  mechanism i s  indeed  ap p lica b le  to  our system , i t  may be 

p o ss ib le  to  i s o l a t e  analogous unoxidized p roducts by u sin g  a l e s s  

e f f e c t iv e  ox id an t and a sh o r t period o f  r e a c t io n  tim e.

The r e a c t io n  o f  tr a n s -s t i lb e n e  w ith  aluminum c h lo r id e  using  

atmospheric oxygen a s  the oxidant y ie ld e d  an orange co lored  product 

a f te r  a  r e a c t io n  tim e o f  an hour. This product con ta in ed  20 d i f f e r e n t  

sp carbon atoms having chem ical s h i f t  v a lu e s  i n  the reg ion  35 ~ 65 ppm 

and 39 d i f f e r e n t  sp carbon atoms w ith chem ical s h i f t  va lues in  the  

120 -  155 ppm r e g io n ( F ig ,1 7 ) . These carbon atoms could  be formed by 

co v a len t bond form ation  o f  the d e lo c a liz e d  r a d ic a l  c a tio n  o f t r a n s - s t i -  

lbene according to  r e a c t io n s  7 and 8.

CH=̂ CH-
XVI

C ovalent bond form ation

HrrCH

XVIII

V

(7)
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Figure 17- C ME spectrum o f  the products o f  A lC l^ /tr a n s-s tilb e n e  

r e a c t io n  by using  atm ospheric oxygen as the oxidant and 

a r e a c t io n  time o f  an hour. C on d ition s: 20?&(w/v) in  CS^,

C .S . r e la t iv e  to  TMS a t  room tem perature, 3^1^ tr a n s ie n t s ,  

it-5 °p u lse  a n g le , k seconds d e la y  between p u lse s .

ppm
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XVIII

XVIII ^

The broken l in e s  in  s tr u c tu r e  XVI r e p r esen ts  d e lo c a liz e d  it e le c tr o n s  

or p a r t ia l  c o v a le n t  bond ch a ra cter . C ovalent bond form ation  o f  

XVI would produce XVIII. The form ation o f  XIX from XVIII in v o lv e s  

a six-membered r in g  c lo su r e  o f  a  carb ocation  s im ila r  to  the form ation  

o f  phenanthrene from d ib e n z il  in  the in tra m o lecu la r  S c h o ll r e a c t io n

( 3 5 ) .

In  a s im i la r  manner, one can p o s tu la te  th e  form ation o f  s tr u c tu r e s  

such as XX, XXI, X l(T able 2 , s e c t io n  I I IA 2 ), XXII, XXIII, XXIV, XXV and 

var io u s com b inations.

(8)

XIX

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



5 0

XXI

j t  p

XXIII

XXII

XXIV

XXV

Many o f  the ahove p o s s ib le  s tr u c tu r e s  may form a t  the i n i t i a l  s ta g e  

o f  th e  p o lym eriza tion . However, due to s t e r i c  and e le c tr o n ic  reaso n s, 

most o f  them would s to p  propagation a t  th e  o ligom er le v e l .  The 

observed average degree o f  polym erization  o f  2 6 f o r  poly( tra n s-  

s t i lb e n e )  does not correspond to  an o ligom er. The most s t e r i c a l ly  and 

e le c t r o n ic a l ly  favoured propagation o f  th e  propagatin g  sp ec ie s
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o f  the s tr u c tu r e s  XIX, XX, XXI, XXII, XXIII, XXIV and XV could

o n ly  ach ieve  degree o f  polym erization  a s  h igh  as 26. The s t e r i c a l ly

and e le c t r o n ic a l ly  l e s s  favoured propagation may form oligom ers

which cou ld  he r e a d ily  e lim in ated  during the p u r if ic a t io n  p r o cess .

The observed 26% y ie ld  o f  th e  r e c r y s t a l l iz e d  p o ly (tr a n s -s t ilb e n e )

su g g e sts  the p o s s ib le  e lim in a tio n  o f  such low m olecular w eight and

ir r e g u la r  products during the p u r if ic a t io n  p ro cess . The r e a c t io n

products ob ta in ed  a t  one hour could be h ig h ly  contaminated with a l l

th e se  p o s s ib le  s id e  products.

13The C MR peaks o f  th e  above products in  the range o f  35 -65

ppm(for sp carbons) a ls o  su g g ests  th a t  atm ospheric oxygen i s  n o t

an e f f e c t iv e  ox id an t f o r  sh o r t r e a c tio n  p er iod s such as one hour.

However, by u s in g  stro n g  oxidants such as CuGlg, the system  l o s t  
3

a l l  i t s  sp hydrogens w ith in  a period o f  f iv e  hours as observed  

through NMR s p e c tr a (se e  F ig . 6 ) .

The form ation  o f  the proposed polymer s tr u c tu r e , XV(Section  

IIIA 2) fo r  p o ly ( t r a n s -s t i lb e n e )  could be exp la ined  in  terms o f  

th e  fo llo w in g  r e a c t io n  mechanism:

14" !  2
XXVII

(9 )

XXVIIIA
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XXVIIIA

XXVIIIB

XXVIIIB XXIX
n-Fl

XXX

(10)

XXX O xidation ^

( 11)

XV

S p ec ies  XXVII i s  the r a d ic a l c a t io n  o f  t r a n s - s t i lb e n e  which was 

d isc u sse d  e a r l i e r .  I t  undergoes c o v a le n t bond form ation  lead in g  

to  the form ation  o f  XXVIIIA. Although a tta c k  o f  th e  s t i lb e n e  r a d ica l  

c a tio n  on s t i lb e n e  would be exp ected  to  occur e q u a lly  w e ll  a t  the  

para and orth o p o s it io n s ,  o n ly  ortho a tta c k  can y i e ld  th e  phenanth­

rene u n its  lin k ed  togeth er  through C -l  and G—4- p o s i t io n s .  A bond
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r o ta t io n  o f  XXVIIIA lead s to  form ation  o f  XXVIIIB which could  he 

the common in term ed iate  in  the p o lym eriza tion  process o f  c i s -  and 

t r a n s - s t i lh e n e s . Our ob serv a tio n  th a t  c i s - s t i lh e n e  polym erized  

much f a s t e r  than tr a n s - s t i lb e n e  to  g iv e  th e  same f in a l  polymer 

in d ic a t e s  the im portance o f  XXVIIIB r e la t iv e  to  XXVIIIA. The 

form ation  o f  XXIX from XXVIIIB in v o lv e s  th e  six-membered r in g  

c lo s u r e  o f  a carb ocation  s im ila r  to  th e  form ation  o f  phenanthrene 

from d ib e n z il  in  th e  in tram olecu lar  S c h o l l  r e a c t io n (3 5 )  • By 

r e p e a tin g  t h is  r e a c t io n  sequence many t im e s , th e  polymer s tr u c tu r e  

XXX cou ld  be ob ta in ed . The o x id a tio n  and rearom atization  o f  XXX 

y ie ld s  th e  proposed polymer s tr u c tu r e  XV o f  po ly ( t r a n s - s t i lb e n e )  

which c o n s is t s  o f  phenanthrene u n it s  lin k ed  through th e  C -l and C-4 

p o s i t io n s .
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D. P o ly (d ip h en y l a c e ty len e )

1 . Paramagnetism

S im ila r  to  p o ly ( t r a n s - s t i lh e n e ) , p o ly (d ip h en y l a c e ty len e)  

e x h ib ite d  a  s i n g l e t  ESR spectrum in  th e  s o l id  state(com pare F ig .18 

w ith  F ig .^ B ). I t  a lso  e x h ib ited  a s i n g l e t  ESR spectrum in  s o lu t io n .  

The l in e  w idth  , o f  th e  ESR s i n g l e t  o f  th e  s o l id  was 8 .0 2  G.

The sp in  d e n s i ty  o f  th e  s o l id  polymer under vacuum was 7 A  x 1 0 ^  

sp ins/gram . These unpaired e le c tr o n s  were s ta b le  towards w ater and 

s o lv e n t s ,  su g g e s t in g  a conjugated backbone in  the polymer s tr u c tu r e .  

The e f f e c t  o f  a i r  on sp in  d e n s ity  i s  shown in  F ig . 19. The sp in  

d e n s ity  reduced when i t  was su b jected  to  vacuum(a to  b to c in  

F ig .19) ,  and in c r e a se d (e  to  f  in  F ig .19 ) when i t  was exposed to  a i r .  

However, by ap p ly in g  vacuum f o r  a lo n g  p eriod  o f  tim e(d  to  e in  

F ig .19) ,  th e  s p in  d e n s ity  approached a co n sta n t va lu e  o f 7 A  x 10 

sp ins/gram . These r e s u lt s  in d ic a te  th a t  oxygen in te r a c ts  w ith  the  

polym er, perhaps by an e le c tr o n  tr a n s fe r  p ro cess .

The d i lu t io n  s tu d ie s  showed th a t  th e  r e la t iv e  sp in  d e n s ity  

versu s c o n c e n tr a tio n  i s  approxim ately l in e a r  below 3 . j $ ( w/ v ) ( F i g .2 0 ) . 

At h igh er c o n c e n tr a t io n s , the sp in  d e n s ity  d e v ia te s  upwards from' 

l in e a r i t y ,  p o s s ib ly  due to in te r m o le c u la r  e le c tr o n  tra n sfe r s  or  

conform ational e f f e c t s .

2 . C h a ra c ter iza tio n

The observed  number-average m olecu lar  w eight o f  po ly(d iph en yl
O

a c e ty le n e )  was 3 -9  x 10 corresponding to  a degree o f  po lym erization  

o f  22. The e lem en ta l a n a ly s is  r e s u l t s  showed th e  presence o f  c h lo r in e ,
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10 G
Figure 18. Room tem perature ESR spectrum o f  s o l id  poly(d iphenyl 

a c e ty le n e )  under vacuum.
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Figure 19. E f fe c t  o f  a ir  on sp in  d e n s ity  o f  po ly (d ip h en y l a c e ty le n e ) .
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5%Jfo1% 2 %

(w /v ) co n cen tra tio n

Figure 20 . R e la t iv e  sp in  d e n s it ie s  o f  p o ly (d ip h en y l a c e ty le n e )  

s o lu t io n s
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aluminum and oxygen in  a d d itio n  to  carbon and hydrogen:

C H Cl A1 0

& A 5%  5-35% 1 M &  0 . 61% Z .W o

The above percentage com positions add up to  9^ .8$ . The r e s t  may be 

r e s id u e  due to  incom plete com bustion. The observed % C va lu e  was 

much low er than the t h e o r e t ic a l  % C v a lu e s  o f  XXXI, XXXII and 

X X X III(table 3 ) su ggestin g  an incom p lete  combustion. The observed  

% H v a lu e , 5*35 was in  between th e  t h e o r e t ic a l  % H v a lu es  o f  

s tr u c tu r e s  XXXI and XXXIII. S in ce  C-Al bonds are u su a lly  n ot s ta b le  

towards w ater, the A1 im p u ritie s  are probably not in corp orated  in  

th e  polym er s tr u c tu r e . I t  i s  not c le a r  i f  oxygen and c h lo r in e  

im p u r it ie s  are incorporated  in  the polym er s tr u c tu r e . These impur­

i t i e s  in  polym ers are common fo r  t h i s  method o f  s y n th e s is . Other 

polym ers such  as polyphenylene prepared under the same c o n d itio n s  

a ls o  co n ta in ed  s im ila r  im p u r it ie s (2 1 ):

C H Cl Residue

8 9 . 7^ k.6% Z .%  z.3%

The proton NMR spectrum o f  th e  polym er (F ig . 21) c o n s is t s  o f  on ly
2

one broad peak a t  7 .2  ppm, r e v e a lin g  th e  presence o f  sp  p ro to n s .

The IR spectrum  o f  the polymer (F ig . 2 2 ) showed a new ab sorp tion
“1  ̂band a t  3000-2800 cm which norm ally in d ic a te s  sp C-H v ib r a t io n s

( 3 6 ) .  However, arom atic C-H v ib r a tio n s  cou ld  a ls o  appear a t  t h i s

wave number i f  arom atic u n its  are lo c a te d  in  a conjugated system .

We have a ls o  observed t h is  unusual IR band a t  3000-2800 cm- '*' f o r

th e  arom atic C-H v ib r a tio n s  o f  p o ly (l,^ -d ie th y n y lb ip h e n y l)  , (S e c t io n

I I I E 3 ) . S in ce  th ere  was no peak f o r  sp^ protons in  the proton NMR
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Table 3* Weight % o f  carbon and hydrogen.

S tructure S6 G % H

- ( © - c 3 5 c - @ 3 r
XXXI

95.^6

Q - c = c — 0
s T / '  XXXI1

95-^6 k . z k

&  $

,  i u
- e ° = c i -

XXXIII

9^.38 5.6 2

Experim ental va lu es f o r  

p oly (d ip h en y l a c e ty le n e )
8k . k  5 5 .3 5
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Figure 21. ^H(GW) NMR spectrum o f  po ly ( d ip h en y l a c e ty le n e )

C on d ition s; 10%(w/v) in  CBCl  ̂ a t  room tem perature, C.S. 

r e la t iv e  to  TMS.
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Figure 22 . IR sp ectra  o f  d ip h en yl a c e ty le n e  monomer and polymer 

in  CS2 , 2300-3700 cm"1 .
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spectrum  o f  p o ly (d ip h en y l a c e ty le n e ) , t h i s  new hand was a ssign ed  to

C-H v ib r a tio n s  o f  the aromatic groups which are lo c a te d  in  a

conjugated  sy stem . This su g g ests  the p resen ce  o f  d is u b s t itu te d

phenyl r in g s  in  th e  polymer s tr u c tu r e . The s u b s t i t u t io n  p a ttern

o f  th e  phenyl r in g s  cou ld  be id e n t i f ie d  by th e  C-H o u t o f  plane

v ib r a tio n s  in  th e  reg io n  o f  7^0-900 cm '*'(37) • There was a weak

a b sorp tion  f o r  th e  polymer (F ig . 23) a t  830 cm \  in d ic a t in g  th a t

the major s u b s t i t u t io n  p attern  o f  the p h en yl r in g s  are  non-para.

The ^ C  NMR spectrum o f  the polymer (F ig .  2k) c o n s is t s  o f  

2peaks o n ly  f o r  sp  carbons in  the reg io n  115-155 PT®. The a c e ty le m c  

carbons u s u a l ly  appear in  the reg ion  65-90 ppm. The sp  carbons 

norm ally have lon g  r e la x a t io n  tim es( 38) and th e  c o r r e c t  observation  

o f  NMR peaks f o r  such carbons req u ire  lon g  d e la y  tim es between 

radiowave p u ls e s . We have carried  out th e  NMR experim ent fo r
o

accum ulation tim es as long as J6 h ou rs, w ith  low p u lse  a n g le s , 25

and d e la y  p er io d s  as long  as 2 m in u tes. These experim ents d id  not

r e v e a l any h in t  o f  a d d it io n a l peaks, in d ic a t in g  th a t  C = C bonds

o f  th e  monomer u n its  are converted by p o ly m er iza tio n  in to
2

s tr u c tu r a l  u n it s  which con ta in  sp  ca rb o n s.

3 . The proposed polymer stru ctu re

There are  two d i f f e r e n t  fu n c tio n a l groups in  th e  d iphenyl 

a c e ty le n e  monomer which could  be in v o lv e d  i n  the p o lym eriza tion  

p r o c e ss . P o lym eriza tion  v ia  phenyl r in g s  o n ly  le a d s  to  form ation  

o f  s tr u c tu r e s  XXXI and XXXII(table 3) • P o ly m er iza tio n  in v o lv in g  

t r i p l e  bonds o n ly  cou ld  form stru ctu re  XXXIII. P o lym eriza tion  

in v o lv in g  both th e  phenyl and a c e ty len e  groups cou ld  lead  to
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cnrrl

Figure 2 3 . IE sp e c tr a  o f  d iphenyl a c e ty le n e  polymer and monomer 

in  CS2 , 600-1400 cm- 1 .
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13Figure 2b. C NMR spectrum o f p o ly (d ip h en y l a c e ty le n e ) .

C on d itions: 1 j$ (w /v ) in  CDCl^ a t  room tem perature, C .S .

r e la t iv e  to  TMS, 1200 t r a n s ie n t s ,  ^ 5°pu lse  an g le , 

b seconds d e la y  between p u ls e s .
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4  fct

9t 4
xxxiv

V
XXXV

XXXVI

XXXVII

more com p licated  stru ctu res  such as XXXIV, XXXV, XXXVI and XXXVII.

S in ce  th ere  was no peak observed fo r  th e  a c e ty le n ic  carbons in
13the c NMR spectrum o f p o ly (d ip h en y l a c e ty le n e ) ,  s tr u c tu r e s  XXXI

and XXXII co n ta in in g  C=C t r ip l e  bonds can be ru led  o u t. S tru ctu re

XXXIII does not con ta in  any d is u b s t itu te d  phenyl r in g s and i s  n o t

in  agreem ent w ith  the observed IR d a ta  f o r  p o ly(d ip h en yl a c e ty le n e ) ,

S tru c tu res  XXXIV, XXXV, XXXVI and XXXVII s a t i s f y  the c o n d itio n s  

13imposed by the C NMR and in fra red  s p e c tr a l  d a ta .
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The s tr u c tu r e  o f  p o ly (d ip h en y l a c e ty len e ) may c o n s is t s  o f  any o f  

th e  s tr u c tu r e s ,  XXXIV, XXXV, XXXVI and XXXVII o r  com bination o f  

th e se  s tr u c tu r e s . The ex a c t s tru ctu re  can n o t  be d e fin ed  based 

on th e  s tr u c tu r a l  ev id en ce a v a ila b le  a t  p r e se n t.

The r e p e a t  u n its  in  s tr u c tu r e s , XXXIV and XXXV, c o n s is t  o f  

the c y c l ic  tr im er  and dimer o f  d iphenyl a c e ty le n e , r e s p e c t iv e ly .  

The form ation  o f  th e  above c y c lic - tr im e r  has been observed in  the  

r e a c t io n  o f  d ip h en y l a c e ty len e  w ith  Z ie g le r -N a tta  c a ta ly s t s  (39) .  

C yclic -d im er  has been proposed as the in term ed ia te  in  a 

p h oto-ch em ica l r e a c t io n  o f  d iphenyl a c e ty le n e  to  octaphenyl cubane 

(^ 0 ) . T etraphenylcyclobutad ien e i s  an u n sta b le  compound. However, 

th ere  i s  a p o s s i b i l i t y  th a t the c y c lic -d im e r  g a in s  s t a b i l i t y  

when i t  i s  lo c a te d  in  a polymeric s tr u c tu r e  a s  in  XXXV or XXXVI. 

S in ce  th ere  a r e  no data  a v a ila b le  on th e  s t a b i l i t y  o f  such  

polym eric sy ste m s, the s tr u c tu res  XXXV and XXXVI can n ot be ru led  

ou t.

The above p o s s ib le  s tr u c tu r e s  o f  p o ly (d ip h en y l a c e ty len e)  

su g g ests  th a t  th e  arom atic nuclear cou p lin g  i s  com p licated  by 

the presence o f  th e  t r ip l e  bond. Both the fu n c t io n a l  groups, phenyl 

r in g s  and t r i p l e  bonds, can be in vo lved  in  th e  p o lym erization  

p ro cess .

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



67

E. P o lv (4 .4  -d i  e th yn y lb ip h en y l)

P o ly (4 ,4  -d ie th yn y lb ip h en y l) was prepared by the o x id a tiv e  

cou p lin g  o f  4 ,4  -d ie th y n y lb ip h en y l(R ea ctio n  3» s e c t io n  i ) .  The 

monomer, 4 ,4  -d ie th y n y lb ip h en y l, was sy n th e s iz e d  through r e a c t io n s  

4 ,  5  an<3- 6 (S e c t io n  I IC ).

1. C h a ra c te r iz a tio n  o f  4 .4  -d ia c e ty lb ip h e n y l
o

The observed  m eltin g  p o in t 191 G, f o r  th e  r e c r y s ta l l iz e d  

product, IX (S ec tio n  I I C l ) , was id e n t ic a l  to  th e  reported  m eltin g  

p o in t o f  4 ,4  -d ia c e ty lb ip h e n y l( l7 ) . The NMR spectrum o f  IX 

( F ig .25 ) showed an AB q u artet a t  8 .1  ppm f o r  th e  arom atic hydrogens 

and a s i n g l e t  a t  2 .7 2  ppm fo r  th e  m ethyl p ro to n s . The in t e n s i t y  

r a t io  o f  q u a r t e t : s in g le t  was 4 :3 . The s tr u c tu r e  4 ,4  -d ia c e ty lb ip h e n y l, 

IX (S ec tio n  I I C ) , s a t i s f i e s  a l l  th e  requirem ents imposed by the NMR 

data  and i s  c o n s is t e n t  w ith  s tru ctu re  IX (S e c tio n  I I C l ) .

2 . C h a ra c ter iza tio n  o f  4 .4  -d ie th y n y lb ip h en y l

The p rod u ct, 4 ,4  -d i( l -c h lo r o v in y l)b ip h e n y l,  o f  r e a c tio n  5 

(S e c t io n  IIC ) was not s ta b le  a t  room tem perature in  a i r .  I t  became 

in s o lu b le  and turned dark brown upon s to r a g e . By u s in g  t h is  

in s o lu b le  m a te r ia l as th e  s ta r t in g  m a te r ia l f o r  r e a c t io n  6 (S e c t io n  

I IC ) , we were n ot ab le  to  i s o la t e  any 4 ,4  -d ie th y n y lb ip h e n y l.

Due to  th e  u n sta b le  nature o f  4 ,4  -d i( l -c h lo r o v in y l)b ip h e n y l, no attem pt 

was taken to  p u r ify  and ch a ra c ter ize  i t .  Hence the dried  crude 

product o f  r e a c t io n  5 (S e c tio n  I I C ) , was im m ediately  reduced w ith  

NaNH2  to  o b ta in  4 ,4  -d ie th y n y lb ip h en y l.
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Figure 25 . 1H(GW) NMR spectrum o f  -d ia c e ty lb ip h e n y l.

C on d itions: 10%(w/v) in  CDCl^ a t  room tem perature, C .S .

r e la t iv e  to  IMS.
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The MR spectrum (F ig .26) o f  V I l(S e c t io n  IIC 3) showed th a t  

i t  co n ta in s  two typ es o f  p rotons, a c e ty le n ic  and aromatic a t  3-0  

p p m (sin g le t) and 7 A  p p m (sing let) r e s p e c t iv e ly .  The in teg ra ted  

in t e n s i t y  r a t io  o f  th ese  peaks, a r o m a tic sa c e ty le n ic  o f  1, 

su g g e s ts  th a t  two a c e ty le n ic  groups are lin k ed  to  each "biphenyl 

u n it (s tr u c tu r e  V II, s e c t io n  i ) .

The IR s p e c tr a l  data  a lso  supported th e  assignm ent o f

s tr u c tu r e  VII f o r  th e  above product. In fra red  absorptions observed
—1 —1a t  3260 cm (v er y  stro n g ) and 3015 cm” a re  in d ic a t iv e  o f  EC-H

g rou p s(^ l) and arom atic G-H groups(37)»  r e s p e c t iv e ly (F ig .2 7 ) .

A weak a b so rp tio n  a t  2150 cm  ̂ was observed  fo r  G = G v ib ra tio n s

( F ig .2 8 ) . The s u b s t itu t io n  p attern  o f  th e  phenyl groups could

be id e n t i f ie d  by i t s  G-H out o f-p la n e  ro ck in g  v ib r a tio n s  in  the

reg ion  o f  7^0-900 cm ‘*'(37) and th e  observed ab sorp tion  a t  830 cm ^

i s  in d ic a t iv e  o f  1 ,^  para d is s im ila r  s u b s t i t u t io n (F ig .2 9 ) .

13The -'C MR s p e c tr a l  data confirm ed th e  assignm ent o f
13s tr u c tu r e  VTI f o r  the above product. The C MR spectrum o f  VII 

( F ig .30) showed s ix  peaks; two o f  them in  the a c e ty le n ic (sp )
A

reg io n ( 65- 9O ppm) and the oth er  fou r  peaks in  the aromatic ( sp  ) 

reg ion  o f  115-155 PPm. The assignm ent o f  th e  a c e ty le n ic  peaks 

was based on the chem ical s h i f t  v a lu es  o f  i t s  model compounds. 

Model compounds g iv en  in  ta b le  4 ,  having phenyl or su b st itu te d  

phenyl s tr u c t u r e s ,  were tab u la ted . R egard less o f  t h e ir  s u b s t i t ­

u t i o n  n o t  eq u al to  a  phenyl u n i t ) , the a  carbon atom always has 

a h igh er  ch em ica l s h i f t  value than th a t  o f  th e  ft carbon atom (^2).
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Figure 26. ^H(CW) NMR spectrum o f  -d ie th y n y lb ip h e n y l.

C on d ition s: 10%(w/v) in  CDCl^ a t  room tem perature, 

ch em ica l s h i f t s  r e la t iv e  ro TMS.
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Figure 27 . In fra r e d  spectrum o f  -d ie th y n y lb ip h en y l in  KBr 

m u ll, 2600-4000 cm \
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Figure 28 . In fra r e d  spectrum  o f  4 ,4  -d ie th y n y lb ip h en y l in  KBr 

m u ll, 1400-2400 cm- 1 .
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Figure 29. In fra red  spectrum o f  -d ie th y n y lb ip h en y l in  KBr 

m u ll, 1200-500 cm \
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13 *Figure 30 . JC NMR spectrum o f  4 ,4  -d ie th y n y ltd p h en y l.

C on d itions: 15%(w/v) in  CSg, C .S . r e la t iv e  to  TMS a t  room

tem perature, 450 t r a n s ie n t s , 4 5°p u lse  a n g le , 4  seconds

between p u lses .
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13Table 4 . G NMR ch em ica l s h i f t s  fo r  alkyne carbons in  phenyl 

a c e t y l e n e s ( 4 l ) .

Compound. <*

C H = ! - h 8 3 .3 7 7 .7

0 - C S C - C 5 C - 0 8 1 .7 7 4 .0

© — C S C ------ C H 3 8 5 .7 7 9 .8

8 2 .5 7 8 .9

<JC *
H “ G5 C — C 5  c — H 8 2 .9 8 0 .6

C S C “ S i CCH 3) 3 104.0 9 2 .5
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Based on t h i s ,  th e  a c e ty le n ic  s ig n a ls  o f  product VII a t  8 3 .5 5  

ppm and 7 8 .17  ppm can he a ss ig n ed  to  a and 0  carbons o f  the  

s tr u c tu r e  V II, r e s p e c t iv e ly .

3 2
VII

Out o f  the a c e ty le n ic  carbons o f  V II, the carbons connected  

to  p ro to n s , should  be a f fe c te d  by N0E(43). The /3 carbons may a lso  

have s h o r te r  sp in  l a t t i c e  r e la x a t io n  tim es compared to  th e  a 

carbons. The observed peak h e ig h t  r a t io ,  1 : 4 .4 ,  fo r  th e  carbons 

a : 13 o f  V II, su g g e sts  th a t the h ig h er  s ig n a l  in t e n s i t y  f o r  

/3 carbon a r is e  a s  a com bination o f  NOE and r e la x a t io n  e f f e c t s

under th e  experim en tal c o n d it io n s .

17The assignm ent o f  the C chem ical s h i f t  v a lu es  f o r  the  

arom atic carbons o f  VII was done by a comparison o f  the th e o r e t ic a l

chem ical s h i f t  va lu es w ith th o se  o f  the observed o n e s . The

t h e o r e t ic a l  chem ical s h i f t  v a lu e s  were obtain ed  by th e  fo llo w in g  

c a lc u la t io n  u s in g  reported  v a lu e s (4 4 ) , ( ta b le  5 ) f o r  th e  su b s t itu e n t  

e f f e c t s  on benzene. C onsidering th e  a c e ty le n e  and phenyl s u b s t itu t io n s  

o f  the phenyl z in g s  o f  V II, th e  chem ical s h i f t  v a lu es  o f  th e  carbons 

in  phenyl r in g s  could  be c a lc u la te d  as fo llo w s:

C1 ppm = 1 2 8 .5  -  6 .1  -  1 .2  

=  121.2
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13Table 5- G s u b s t itu e n t  e f f e c t s  o f  su b s t itu te d  benzene. 

Benzene chem ica l s h i f t  = 128 .5  ppm(43)

S u b stitu en t c i ortho meta para

1 III ft 1 X -  6 .1 3 .8  ' 0 .4 -  0 .2

6 13-1 -  l . l 0 .4 -  1 .2
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C2 ppm = 128 .5  + 3 .8  + 0 .4  

= 132 .7  

Cj  ppm = 128 .5  + ° .4  “ 1-1  

= 127.8  

ppm = 128 .5  + 1 3 .1  -  0 .2  

= l 4 l . 4

The observed ppm v a lu es  12i.99> 132 .6 3 , 126 .74  and 140.44 were 

in  c lo s e  agreem ent w ith  the c a lc u la te d  ppm v a lu e s  and have been 

assign ed  to  G^, C^f and carbon atoms r e s p e c t iv e ly .

3 . Ch a r a c te r iz a t io n  o f  p o ly (4 .4 -d ie th y n y lb ip h en y l)

The IR spectrum  o f  product VIII showed no absorption  band a t  3260 

cm ^ (F ig .31) ,  in d ic a t in g  th a t the a c e ty le n ic  bonds o f  the monomer 

are converted  in t o  some oth er  s tr u c tu r a l u n i t s  during the polymer­

iz a t io n  p r o c e ss . The absorption  band a t  2920 cm ~^usually in d ic a te s  

a lip h a t ic  G-H bonds( 36) .  However, the arom atic G-H v ib ra tio n s  

a lso  could  appear a t  t h is  wavenumber, i f  arom atic u n its  are in

a more e x te n s iv e ly  conjugated system . S in ce  th ere  was no peak

3 13observed fo r  the sp^ carbons in  the C NMR spectrum o f  the

polymer (v id e  i n f r a ) , the absorption  band a t  2920 cm- "*' was assign ed

to the aromatic G-H v ib ra tio n s  o f  the phenyl u n it s  which are in

a more e x te n s iv e ly  conjugated system . The ab sorp tion s a t  2130 cm- "*'

and 2200 cm 1 are  in d ic a t iv e  o f  C=C t r ip l e  bonds o f  the d i-su b stitu te d

and m on o-su b stitu ted  a c e ty le n e , r e s p e c t iv e l y ( 4 l ) , ( F ig .32) .

The observed change in  the in te n s i ty  r a t io  o f  th e  peaks a t  1480

cm "*" and 1595 cm "*"(compare F ig .32 w ith  F ig .28) o f  the phenyl C=C
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Figure 31.  IR spectrum o f  p o ly (4  ,4  -d ieh ty n y lb ip h en y l) in  

KBr m u ll, 2600-4000 cm- 1 .
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Figure 32 . IE spectrum  o f  p o ly ^ ,^  -d ie th y n y lb ip h e n y l)  in  KBr 

m u ll, 1^-00-2^00 cm- 1 .
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v ib r a tio n s  by t h i s  po lym erization  p rocess i s  in d ic a t iv e  o f  stro n g  

in te r a c t io n s  o f  a c e ty le n e  groups w ith  phenyl u n its  o f  the polymer 

probably due to  form ation o f  a  more h ig h ly  conjugated  system . The 

s u b s t i t u t io n  p a ttern  o f  the phenyl r in g s  cou ld  be id e n t i f ie d  by 

th e  G-H ou t o f  p lane v ib r a tio n s  in  the reg io n  o f  7^0-900 cm ~^(37).

The observed  ab sorp tion  band a t  815 cm  ̂ i s  in d ic a t iv e  o f  1 ,^  para 

d is u b s t i t u t io n  in  th e  phenyl groups (F ig . 33) • The in fr a r e d  data  

are c o n s is t e n t  w ith  a polymer s tr u c tu r e  c o n ta in in g  th e  rep ea t  

u n its  o f  s tr u c tu r e  V III.

H -^ -C = C —^ — C S C

VIII

The polym er e x h ib ite d  an ESR s i n g l e t  (F ig . 3̂ +) having a lin e w id th , 

AHmsi  o f  9 -^  G and sp in  d e n s ity  o f  5 A I  x 10^ s p in s /g r a m . These

r e s u lt s  a re  a l s o  c o n s is te n t  w ith  th e  polymer s tr u c tu r e , V III.

13The s tr u c tu r e  o f  th e  polymer was confirm ed by th e  C NMR

r e s u l t s .  The ^G  NMR spectrum o f  th e  polymer (F ig . 35) e x h ib ite d  6

peaks f o r  two d i f f e r e n t  types o f  carbons; a c e ty le n ic  sp  in  the
2

reg io n  o f  65- 9O ppm and arom atic sp  in  the reg ion  o f  115-155 ppm.

The assignm ent o f  th e se  s ix  peaks was done by comparing th e  ppm

v a lu es f o r  th e  polymer with those f o r  i t s  monomer (T able 6 ) .  The

observed chem ica l s h i f t  va lues o f  the polymer were in  c lo s e  agreement

w ith  the ch em ica l s h i f t  va lues o f  the monomer and hence th e  polymer

str u c tu r e  was a ss ig n ed  to  stru c tu re  V III .
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Figure 3 3 . IR spectrum o f p o ly ^ ,^ '  -d ieth jm ylb ip h en yl) in  

KBr m u ll, 5°0-13°0  cm- 1 .
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Figure 3^. Room temperature ESR spectrum  o f  p o ly ^ ,^ ' - d ie t h -  

y n y lb ip h e n y l) .
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Figure 35. CPMAS spectrum o f  poly(4,b-' -d ie th y n y lb ip h en y l)

C on d ition s: 2 m second c r o ss  p o la r iz a t io n  tim e, 801

s c a n s , 3 seconds between s c a n s .
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Table 6 . C o r r e la tio n  o f  chem ical s h i f t  v a lu e s  o f  4 ,4  - d ie t -  

th yn y lb ip h en y l w ith  i t s  polymer.

Compound a /3 G1 C2 C3 C4

VII 78 .17 83 .55 L21.99 132 .63 126 .74 140.94

VIII 74 .2 0 81.30 120.00 132 .40 126 .50 139.40

H -  C S  C— c s  c - H
3  *

VII

H -^ c s c -O -^ c s ^ H

VIII
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A com parison o f  th e  chem ical s h i f t  v a lu e s  o f  th e  a and. /3 

carbons o f  -d ie th y n y lb ip h en y l w ith  i t s  polymer showed th a t  

the above carbons o f  th e  polymer are sh ie ld e d  compared to those  

o f  the monomer. However, t h is  e f f e c t  was h ig h e r  f o r  th e  a carbon 

atom (3 .9 7  ppm d if fe r e n c e )  compared to  /3 carbon atom (2 .2 5  ppm 

d if f e r e n c e ) .
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F . P oly( 1 .4 - d ip h e n y l- l . 3-butad iyn e)

1 . C h a ra c te r iz a tio n  o f  the so lu b le  -part

The s o lu b le  p ortion  o f  p o ly ( l ,4 - d i  phenyl- 1 , 3-butadiyne) in  th e

s o l id  s t a t e  e x h ib ite d  an ESR s in g le t  having a  l in e  width, AHm sl,

o f  6 .8  G (F ig .3 6 ) . The sp in  d e n s ity  o f  th e  s o l id  polymer under

vacuum was 6 .3  x 10^  spins/gram  and th e se  unpaired e le c tr o n s

were s ta b le  towards water and s o lv e n ts , su g g e s tin g  a conjugated

backbone in  th e  polymer s tr u c tu r e . The number-average m olecular
3

w eight o f  the polymer was 1 .8  x 10 . This va lu e  was h igher than 

the rep orted  number-average m olecular w eigh ts o f  th e  th erm al(l9 ) 

and Z ie g le r -N a tta  c a t a ly s t (^5) polym erized l ,4 -d ip h e n y l- l ,3 -b u t -  

ad iyn e, 1110 and 1250, r e s p e c t iv e ly . The e lem en ta l a n a ly s is  r e s u l t s  

showed th a t  th e  polymer con ta in s a m inute amount o f  aluminum from 

th e  c a ta ly s t :

C H Cl A1 0

8 5 . 21% 5.09% 6.87%  0 . 03% 2 . 18%

S im ila r  to  p o ly (d ip h en y l a c e ty len e) ( S e c tio n  I I I D 2 ) , the so lu b le

part o f  p o ly ( 1 ,4 -d ip h e n y l-1 , 3 -butad iyne) a ls o  con ta in s oxygen and

c h lo r in e . However, the amount o f  c h lo r in e  in  th e  polymer was much

la r g e r  and su g g e sts  the p o s s ib i l i t y  o f  p a r t ia l  hydroch lorination

o f  t r ip le  bonds during the p o lym eriza tion .

The NMR spectrum o f t h is  polymer showed a very  broad peak 
2

a t  7 .3  ppm f o r  sp protons (F ig .37 ) .  The IR spectrum o f t h is  polymer 

( F ig .38) showed th e  form ation o f  a  new a b so rp tio n  band a t  2925 cm~^ 

which norm ally  in d ic a te s  a l ip h a t ic  sp  C-H v ib r a tio n s  ( 36) .  However, 

th e  arom atic C-H v ib r a tio n s  a lso  cou ld  appear a t  t h is  wavenumber
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Figure 3 6 . Room temperature ESR spectrum  o f  the so lu b le  part o f  

p oly( 1 ,4 - d ip h en y l-1 , 3 -b u ta d iy n e) in  s o l id  s t a t e .
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PPM

Figure 37- H(CW) NMR spectrum  o f  p o ly ( l ,^ -d ip h e n y l-1 ,3 - tu ta d iy n e ) .

C on d itions: 10%(w/v) in  CDCl^, chem ical s h i f t s  r e la t iv e  

to  IMS a t  room tem perature.
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Figure 3 8 . IR sp e c tr a  o f  1 ,^ -d ip h e n y l-1 ,3 -tu ta d iy n e  monomer and 

polym er in  GS^, 2200-^000 cm
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i f  th e  arom atic u n it s  are part o f  a long  conjugated  system (F ig .31  

and s e c t io n  I I I  E 3 ) . S in ce  th ere  was no peak observed fo r  sp^ 

protons in  th e  proton NMR spectrum , th e  above ab sorp tion  band 

was a ss ig n ed  to  C-H v ib r a tio n s  o f  the phenyl r in g s  lo ca ted  in  a 

conjugated  sy stem . S im ila r  s itu a t io n s  have been observed fo r  

p o ly (d ip h en y l a c e ty le n e )  and p o ly (4 ,4  -d ie th y n y lb ip h e n y l) ,

(S e c t io n s  I I I  DZ and I I I  E 3 ) . We have n o t  observed th e  above unusual 

IR band a t  2925 cm  ̂ f o r  the therm ally-polym erized  1 ,4 -d ip h e n y l-1 , 3~ 

b u ta d iy n e (P ig .3 9 ) • Hie therm ally  polym erized 1,̂ 4—d ip h en y l-1 ,3 -b u ta d ­

iy n e  was proposed( 19) to  be a  polyacene strueture(X XXV III) .

XXXVIII

Based on the above IR d a ta , the stru c tu re  XXXVIII cannot be the  

str u c tu r e  o f  th e  so lu b le  part o f  p o ly ( l ,4 -d ip h e n y l- 1 , 3 -b u ta d iy n e).

The UV-VIS spectrum  o f  p o ly ( l ,4 -d ip h e n y l- 1 , 3 -b u tad iyn e) , (F ig . 

40) showed t h a t  i t  d i f f e r s  from the reported  UV-VIS spectrum (45) 

o f  the Z ie g le r -N a tta  c a ta ly s t  polym erized 1 ,4 -d ip h e n y l- 1 ,3-butadiyne  

( F ig .4 1 ) .  Compared to  th e  Z ieg ler -N a tta  c a t a ly s t  polym erized
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Figure 39. IR spectrum of th erm ally  polym erized  1 ,4-dipheny 1 - 1 ,3 -  

butadiyne in  CSg, 2200-4000 cm \
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Figure 4 0 . UV & VIS spectrum p o ly ( l ,4 -d .i  p h e n y l- l f 3 -b u tad iyn e).
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F igure 4 l .  Reported UV spectrum (^5 ) o f  th e  Z ieg ler -N a tta  c a t a ly s t  

polym erized 1 ,^ -d ip h en y l- 1 , 3 -b u tad iyn e.
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1 , 4 -d ip h e n y l-1 , 3 -b u ta d iy n e , po ly ( 1 ,4 -d ip h e n y l-1 , 3 -b u tad iyn e) has 

h igh er  molar a b s o r p t iv ity  c o e f f i c i e n t s .  The proposed stru c tu res  

XXXIX and XL(4_5) f o r  th e  Z ie g le r -N a tta  c a t a ly s t  polym erized  

1 ,4 -dipheny 1 - 1 ,3 -b u tad iyn e do n ot con ta in  any d is u b s t itu te d  phenyl 

r in g s .  Based on th e  IR and UV-VIS s p e c tr a l  d a ta  o f  th e  so lu b le  

p a r t o f po ly ( 1 ,4 -d ip h e n y l- 1 , 3 -b u ta d iy n e), th e  s tr u c tu r e s  XXXIX 

and XL can be ru led  o u t .

The s tr u c tu r e  o f  th e  s o lu b le  part o f  p o ly  (1 ,4 -d ip h e n y l-1 ,3 -  

butad iyne) co n ta in s  d is u b s t itu te d  phenyl r in g s  which are located  

in  a conjugated system  as observed through IR sp e c tr o sc o p y . However, 

th e  exact s tr u c tu r e  o f  t h is  polymer can n ot be d e f in e d  based on 

the s tr u c tu r a l ev id en ce  a v a ila b le  a t  p resen t.

XXXIX
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2 . C h a ra c ter iza tio n  o f  the in so lu b le  p a r t

The in s o lu b le  part o f  po ly ( 1,4—d ip h en y l-1 ,3 -b u tad .iyn e) a ls o  

ex h ib ite d  an ESR s in g le t  having a l in e w id th , , o f  6 .2  G

and sp in  d e n s ity  o f  5*41 x lO1^ sp in s/gram  ( F ig .4-2). These unpaired  

e le c tr o n s  were s ta b le  towards water and s o lv e n t s , su ggestin g  a 

conjugated  backbone in  the polymer s tr u c tu r e . The IR spectrum o f  

th e  in s o lu b le  p a r t  o f  p o ly ( l ,4 -d ip h e n y l- 1 , 3-butad iyn e) was very  

s im ila r  to  th e  IR spectrum o f  th e  s o lu b le  part(compare F ig .43 w ith  

F ig . 38 in  s e c t io n  I I I  F l ) .  The new a b so rp tio n  band a t  2920 cm  ̂

may again  correspond to C-H v ib r a tio n s  o f  arom atic groups which 

are lo ca te d  in  a conjugated system . The IR absorption  bands a t  

2200 cm- "''(very weak) and 1950 cm- '*' correspond to  CeC t r ip le  bonds 

and C = C=C u n it s  r e s p e c t iv e ly (F ig .4 4 ) . The observed absorptions  

a t  700 and ?60 cm  ̂ su ggests  th a t  th e  s u b s t i t u t io n  p attern  o f  the  

phenyl r in g s  are  n on -p ara(37)> ( F ig .4-5) .

A com parison o f  the above IR data w ith  th a t  o f  p o ly ( 4 ,4 ' - d i -  

e th y n y lb ip h e n y l) , (S e c t io n  I I I  E3) showed th a t  th e  s tru ctu re  o f  

the in s o lu b le  p art o f  p o ly ( l ,4 -d ip h e n y l- 1 , 3-butad iyn e) does not 

con ta in  r e p e a t u n it s  g iven  in  s tr u c tu r e  V III (S e c t io n  i ) .  However, 

based on th e  above IR d ata , the s tr u c tu r e  o f  the in so lu b le  p ortion  

o f  p o ly ( l ,4 - d i  phenyl- 1 ,3-butadiyne) sh ou ld  co n ta in  the fo llo w in g  

s tr u c tu r a l u n i t s , X I I , XIII and X H I I .
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10G

Figure 4 2 . Room temperature ESR spectrum  o f  th e  in so lu b le  part 

o f  p o ly (1 ,4 -d ip h en y l- 1 ,3 -b u ta d iy n e) in  s o l id  s t a t e .
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Figure 4 3 . IR spectrum o f th e  in s o lu b le  p art o f  p o ly ( l ,4 -d ip h e n y l -  

1 13 -butad iyn e) in  KBr m u ll, 2400-4000 cm- 1 .

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



99

80

40

 i------------------------i— _ ______ i ---------------------- 1--------------— i ----------------------- 1-----------------

2000  1700
cm

Figure kk.  IR spectrum o f the in s o lu b le  p a r t  o f  p o ly ( l ,4 -d ip h e n y l-

1400

1 , 3-b u tad iyn e) in  KBr m ull, 1300-2400 cm"1 .
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Figure ^5* IR spectrum  o f  the in s o lu b le  p a r t  o f  p o ly (l,^ -d ip h e n ­

y l'- 1 ,3 -butad iyne) in  KBr m ull, 600-1^00 cm- \
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d is u b s t itu te d  phenyl r in g s  

w ith  non-para s u b s t itu t io n

carbon-carbon t r ip le  bonds

\  /  
C = C = C ^/

xnrii

cumulated double bonds

A mechanism in v o lv in g  arom atic n u c lea r  co u p lin g  could generate  

d is u b s t itu te d  phenyl r in g s as w e ll  a s t r i p l e  bonds:

C16H10
xu v

XLVA

XLVB

XLVI

16 10
monomer

" C16H10

EOT
-2 n H

_ y
XLVB n

XLVI
( 13)

n

XLVII
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S im ila r  to  th e  i n i t i a t io n  s te p  o f  the polym erization  o f  tr a n s -  

s t i lb e n e (S e c t io n  II IC ), 1 , 4 -d ip h e n y l- 1 , 3-butadiyne cou ld  form i t s

XUV on a phenyl r in g  o f  th e  monomer cou ld  lead  to form ation  o f  

XLVA. Ortho a tta c k  was con sid ered  h e r e , based on th e  phenyl r in g  

s u b s t i t u t io n  p a ttern s o f  the observed  IR sp ectra  o f  the polymer. 

C ation XLVB, a f t e r  su c c e s s iv e  a d d it io n s  on 1 ,4 -d ip h en y l-1 ,3 -b u tr-  

ad iyn e , w i l l  generate the s tr u c tu r e  XLVI. The o x id a tio n  o f  XLVI 

cou ld  lea d  to  form ation o f  XLVII, co n ta in in g  t r ip le  bonds and 

d is u b s t itu te d  phenyl r in g s .

The s tr u c tu r e s  co n ta in in g  cum ulated double bonds co u ld  be 

gen erated  by th e  polym erization  o f  XLVII through t h e ir  t r i p l e  

bonds:

R eaction  15 i s  a concerted r e a c t io n  in v o lv in g  t r ip le  bonds, lea d in g  

to  form ation  o f  a c ro ss lin k ed  p rod u ct, XLVIII A. The s tr u c tu r e  o f  

the product co n ta in s  cumulated double bonds and d is u b s t itu te d
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phenyl r in g s .

The p o ly m er iza tio n  o f  1 ,4 - d ip h en y l- 1 ,3 -b u tad iyn e v ia  one o f

i t s  t r ip l e  bonds cou ld  form stru c tu re  XXXIX(Section I I I F l ) , which

i s  id e n t ic a l  to  th e  proposed stru c tu re  (4 5 ) o f  th e  Z ie g le r -N a tta

c a ta ly s t  polym erized  1 ,4 -d ip h en y l- 1 ,3 -b u ta d iy n e . However, un like

the in s o lu b le  p a r t o f  p o ly ( 1 ,4 -d ip h en y l- 1 ,3 -b u ta d iy n e) , th e  Z ie g le r -

N atta  c a ta ly s t  polym erized  1 ,4 -d ip h en y l- 1 ,3 -b u tad iyn e  i s  a  so lu b le
o

polymer and has l i t t l e  or  no therm al s t a b i l i t y  above 600 C (vide  

i n f r a ) . Based on th e  IR data  and a lso  by comparing th e  s o lu b i l i t y  

c h a r a c te r is t ic s  and therm al p ro p er tie s  o f  th e  above two polym ers, 

the s tr u c tu r e  XXXIX cannot be con sid ered  f o r  th e  t o t a l  s tru ctu re  

o f  th e  in s o lu b le  p a r t  o f  p o ly ( 1 ,4 -d ip h en y l- 1 , 3 -b u tad iyn e) . However, 

the p o lym eriza tion  o f  XXXIX v ia  i t s  phenyl r in g s  cou ld  form three  

dim ensional netw orks. Such s tr u c tu r e s  cannot be r u led  o u t.

P o lym eriza tion  o f  1 ,4 - d ip h en yl- 1 , 3 -b u tad iyn e v ia  both o f  i t s  

t r ip l e  bonds cou ld  form s tr u c tu r e s  XXXVIII and X L (Section  I I I F l ) . 

These s tr u c tu r e s  do n o t have d is u b s t itu te d  phenyl r in g s  and are 

not in  agreement w ith  th e  IR sp e c tr a l d a ta  o f  po l y ( l ,  4 -d i  phenyl- 

1 , 3 -b u tad iyn e) .  However, s tr u c tu r e s  XXXVIII and XL cou ld  fu r th e r  

polym erize v ia  t h e ir  phenyl r in g s  to  form 3 d im en sion a l s tr u c tu r e s .  

Such s tr u c tu r e s  cannot be ru led  out.

The rep ea t u n it s  in  s tr u c tu r e s  XLVII, XLVIIIA. XLVIIIB, XL, 

XXXVIII, XXXIX and th e  above d iscu ssed  3 d im en sion a l s tr u c tu r a l  

u n its  may be p resen t in  d i f f e r e n t  proportions in  th e  s tr u c tu r e  

o f  th e  in s o lu b le  p a r t  o f  p o ly ( 1 ,4 -d i phenyl- 1 , 3 -b u ta d iy n e ) . The
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ex a c t s tr u c tu r e  o f  the polymer cannot he esta b lish ed , based on the  

s tr u c tu r a l  ev id en ce  a v a ila b le  a t  p r e s e n t . However, our ob serva tion s  

make i t  c le a r  th a t  nuclear cou p lin g  produces non-para ca tenated  

d is u b s t itu te d  phenyl groups. I t  a ls o  shows th a t  the nuclear  

cou p lin g  p ro cess  i s  com plicated by th e  presence o f  t r ip le  bonds.
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G. Comparison o f  sy n th e t ic  ro u tes

We have used two s y n th e t ic  r o u te s , arom atic n u c lea r  cou p lin g  

and o x id a tiv e  co u p lin g , to  prepare m odified  p o lyp h en y len es. O xidative  

cou p lin g  produced ta ilor-m ad e s tr u c tu res  f r e e  from s tr u c tu r a l  

i r r e g u l a r i t i e s . U nlike o x id a tiv e  cou p lin g , arom atic n u clear  

cou p lin g  was com plicated  by the presence o f  carbon-carbon double  

and t r i p l e  bonds.

The proposed str u c tu r e  V III o f  p o ly (4 ,4  -d ie th y n y lb ip h en y l)  

(S e c t io n  IIIE 3) shows th a t  th e  o x id a tiv e  co u p lin g  o f  4 ,4  -d ie th ­

ynylb ip h en yl i s  n o t com plicated  by the presence o f  phenyl groups.

The b iphenyl m oiety  o f  th e  monomer (S tru ctu re  V II, s e c t io n  IIIE 2) 

remains in t a c t  in  the o x id a tiv e  co u p lin g . Phenyl groups o f  the  

o th er  monomers w ith  term in a l a c e ty le n e s  such as m -diethynylbenzene  

do not p a r t ic ip a te  a c t iv e ly  in  o x id a tiv e  cou p lin g  p o lym eriza tion  ( 15) .  

A pparently, copper io n s  are n o t s u f f i c i e n t ly  e f f e c t i v e  in  removing 

an arom atic proton from a phenyl r in g  to form a  copper s a l t .  Weak 

a c e ty le n ic  G-H bonds are s e l e c t i v e ly  broken to  form a  cop p er-acety len e  

s a l t  complex requ ired  fo r  th e  cou p lin g  p ro cess .

A comparison o f  th e  proposed s tru c tu re  VIII o f  p o ly (4 ,4  -d ie th ­

yn ylb ip h en yl) w ith  the p o s s ib le  s tr u c tu r e s  o f  th e  in s o lu b le  p ortion  

o f  p o ly (1 ,4 -d ip h e n y l- 1 ,3 -butadiyne)(X LV II, XLVIIIA, XLVIIIB,

XXXVIII, XXXIX, XL or t h e ir  3 -d im ension al phenyl lin k ed  s tr u c tu r e s)  

shows th a t  th ose  two polymers are n ot the same. I f  arom atic n uclear  

cou p lin g  i s  n o t in terru p ted  by the t r ip le  bonds o f  1 ,4 -d ip h en y l-

1 ,3 -b u tad iyn e, then  th ose  two polym ers, p o ly ( 1 ,4 -d ip h e n y l- 1 ,3 -bu­

tad iyn e) and p o ly (4 ,4  -d ie th y n y lb ip h e n y l) , should have the same
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polymer s tr u c tu r e  except the end grou p s. However, th e  above 

s i t u a t io n  has n o t been observed , in d ic a t in g  th a t  com p lica tion s  

do occur i n  arom atic nuclear cou p lin g  due to  the presence o f  t r i p l e  

bonds. Both the phenyl and a c e ty len e  groups are in vo lved  in  th e  

p o ly m er iza tio n .

A s im ila r  s it u a t io n  has been ob served  fo r  the arom atic n u c le a r  

cou p lin g  o f  d ip h en yl a c e ty le n e . The proposed p o s s ib le  s tr u c tu r e s  

XXXIV, XXXV, XXXVI, XXXVII(Section IIID 3 ) o f  p o ly (d ip h en y l a c e ty le n e )  

a ls o  show th a t  t r i p l e  bonds and a c e r t a in  amount o f  arom atic groups 

are in v o lv ed  in  th e  polym erization  o f  d ip h en y l a c e ty le n e .

Aromatic n u c le a r  coupling  i s  a ls o  com plicated  by th e  presen ce  

o f  C = C bonds. The proposed mechanism f o r  the po lym erization  

o f  c i s  and t r a n s - s t i lb e n e s  (S e c t io n  II IC ) shows th a t both th e  phenyl 

and double bonds are sim ultan eou sly  in v o lv e d  in  a  concerted  type  

o f  r e a c t io n  lea d in g  to  form ation o f  a polymer stru c tu re  c o n s is t in g  

o f  phenanthrene rep e a t u n it s .  The observed  data  fo r  p o ly ( tr a n s -  

s t i lb e n e )  a l s o  show th a t  the p o ly m er iza tio n  in v o lv in g  o n ly  double  

bonds does n o t propagate to  the observed degree o f  p o lym eriza tion  

o f  p o ly ( t r a n s - s t i lb e n e ) .

In g e n e r a l, aromatic n u clear  c o u p lin g  i s  com plicated by th e  

presence o f  carbon-carbon double or t r i p l e  bonds. These co m p lica tio n s  

may vary from one monomer to  another depending on the s tr u c tu r e  

o f  the monomer. However, the o x id a tiv e  co u p lin g  o f  term in al 

a c e ty len e  groups i s  n o t com plicated by th e  presence o f  arom atic  

groups.
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H. Thermal p r o p e r tie s

I .  Thermal p r o p e r tie s  o f  p o ly ( t r a n s - s t i lb e n e )

P o ly ( tr a n s -s t l lh e n e )  did. n o t m elt even when i t  was heated  to  

th e  p o in t o f  becoming red -h o t, p rov id in g  fu r th e r  c ir c u m sta n tia l  

ev id en ce f o r  i t s  h ig h ly  r ig id  polyphenylene backbone (S tr u c tu r e  

XV, s e c t io n  I I I A 2 ) . The d i f f e r e n t ia l  sca n in g  ca lor im etry  curve  

o f  p o ly ( t r a n s - s t i lb e n e )  showed an endotherm ic d r i f t  up to  335°G 

lea d in g  to  a  broad endothermic peak; around 4 0 0 °C (F ig .4 6 ). The 

continuous endotherm ic d r i f t  could  be a t tr ib u te d  to  th e  therm al 

energy absorbed due to  r e la t iv e  movements( l e s s  than l80°movem ents) 

o f  phenanthrene u n it s .  Random or h ig h er  degree o f  movements( >180°  

a n g le ) o f  phenanthrene u n its  are s t e r i c a l l y  not p o ss ib le  u n le ss  

the c lea v a g e  o f  chem ical bonds tak es p la c e .  The endothermic 

peak around 4-00°G could  be due to  h ig h er  degree movements o f  

phenanthrene u n it s  lead in g  to  c leavage  o f  c e r ta in  chem ical bonds.

The therm ogravim etric a n a ly s is ,  TGA, o f  p o ly ( tr a n s -s t i lb e n e )  

shows th a t  th e  polymer s ta r t s  to  p a r t ia l ly  degrade a t  th e  same 

tem perature, 400° G, as the endothermic peak in  the DSC and confirm s  

the c leavage  o f  c e r ta in  chem ical bonds a t  400°G (F ig .4 7 ) .  A fte r  

the p a r t ia l  c lea v a g e  o f  chem ical bonds, a c e r ta in  fr a c t io n  o f  

products may have the co rrec t s tr u c tu r e  requ ired  fo r  the recom bination  

to  produce a more s ta b le  graph ite  l ik e  system . The s ta b le  p o r tio n  

o f  the TGA curve above 600 G may correspond to  graphatized  p rod u cts.
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Figure 46 . D i f f e r e n t ia l  Scaning c a lo r im e try  curve o f  p o ly (tr a n s-  

s t i l b e n e ) .  C onditions: 20 C per m inute; in  g a s .

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



109

90-

30

1000 °C500

Figure 4 7 . Thermal gravim etric  a n a ly s is  curve o f  p o ly ( t r a n s - s t i lh e n e ) .
o

C on ditions: 50 C per m inute in  Ng g a s .
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2 . Thermal p r o p e r tie s  o f  poly( 4 .4  -d ieth yn ylb i-p h en yl)

This polym er a ls o  did not m elt even  when i t  was heated to  the

p o in t o f  "becoming red -h o t, provid in g  fu r th e r  c ir cu m sta n tia l

evidence fo r  i t s  h ig h ly  r ig id  r o d - lik e  "backbone(Structure V III ,

s e c t io n  I ) . The polymer stru ctu re  does n o t con ta in  any f le x ib le

u n its  which co u ld  accumulate la rg e  amount o f  k in e t ic  energy a t

h igh er tem peratures lead in g  to  c lea v a g e  o f  chem ical bonds. This

was c le a r ly  r e f l e c t e d  in  i t s  thermogram ( F ig .48A ). The polymer
0

l o s t  16% o f  i t s  w eight when i t  was h eated  to  1000 C in  n itro g en .

The 16% w eight lo s s  could probably be due to  lower m olecular  

weight f r a c t io n s  and resid u a l c a t a ly s t  im p u r it ie s . Compared to  

o th er  con ju gated  polymers such a s  p o ly ( t r a n s - s t i lb e n e ) , th is  

polymer has a much h igh er therm al s t a b i l i t y  and could  be 

a ttr ib u te d  to i t s  h ig h ly  r ig id  r o d - l ik e  polym eric backbone w ith  

no pendant groups.

3 . Thermal p r o p e r tie s  o f  the polymers o f  1 .4 -d i  p h enyl-1 .3 -bu tad iyne

The in s o lu b le  p ortion  o f p o ly (1,^4—d ip h en y l- 1 ,3 -butadiyne) 

e x h ib ited  b e t t e r  therm al s t a b i l i t y  compared to  therm ally  polym erized  

and Z ie g le r -N a tta  c a ta ly s t  polym erized polymers o f  1 ,4 -d ip h en y l-

l ,3 -b u ta d iy n e (F ig .4 8 ,B ,C ,D ) . The Z ie g le r -N a tta  c a ta ly s t  polymerized  

polymer co m p lete ly  decomposes above 600° G ( 4 5 ) .  This thermal 

i n s t a b i l i t y  o f  th e  Z ieg ler -N a tta  c a ta ly se d  polymer could  a r is e  

from i t s  -C 3!-Ph and Ph pendant groups and the f l e x i b i l i t y  o f  

i t s  backbone (S tru c tu re  XXXIX, s e c t io n  I I I  F l ) .
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Figure 4 8 . Thermal gravim etric  a n a ly s is  cu rves: A, p o ly ( 4 ,4  -  

d ie th y n y lb i p h en y l); B , in s o lu b le  part o f  p o l y ( l ,4 -  

d ip h e n y l-1 ,3 -b u ta d iy n e ); G, th erm ally  polym erized

1 ,4 -d ip h en y l- 1 ,3 -b u tad iyn e; D, Z ieg ler -N a tta  

c a t a ly s t  polym erized 1 ,4 -d ip h e n y l- 1 ,3 -butadiyne (4 5 ) .
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The th erm ally  polym erized 1 ,^ -d ip h en y l- 1 ,3 -butadiyne has 

a r ig id  polyacen e ‘backbone( 19) and e x h ib ite d  b e t te r  thermal s t a b i l i t y  

compared to  th e  Z ie g le r -N a tta  c a ta ly se d  polym er. The therm al polymer 

l o s t  40% o f  i t s  w eight when i t  was heated  to  1000°C. This could  

probably be due to  th e  combined e f f e c t  o f  i t s  low m olecular w eight 

(M = 1110) and th e  pendant phenyl groups.

Compared to  th e  above two polym ers, th e  in so lu b le  p ortion  

o f  p o ly ( 1,̂ 4—d ip h en y l-1 ,3 -b u ta d iy n e) has a  much b e t te r  therm al 

s t a b i l i t y .  I t  l o s t  ?£>% o f  i t s  w eight when i t  was heated to  1000°C.

The h ig h e r  therm al s t a b i l i t y  o f  t h is  polymer cou ld  be due to  i t s  

connected  phenyl r in g s  which could  reduce i t s  f l e x i b i l i t y  and 

number o f  pendant groups. However, compared to  p o ly (4 ,4  -d ie th y n y l-  

b ip h en y l) , t h i s  polymer has a low er therm al s t a b i l i t y  and t h is  

p rovid es fu r th e r  c ir c u m sta n tia l ev id en ce f o r  i t s  non-para 

c a te n a t io n  and p o s s ib le  s tr u c tu r a l i r r e g u la r i t ie s  formed due to  

the com p lica ted  nature o f  the arom atic n u c le a r  cou p lin g .
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I .  E le c t r ic a l  p r o p e r tie s

1 . E le c t r ic a l  -properties o f  p o ly ( t r a n s - s t i lb e n e )

The proposed stru ctu re  f o r  p o ly ( t r a n s - s t i lb e n e )  con ta in s a 

polyphenylene backbone and i s  b a s ic a l ly  a  m odified  polyphenylene 

system  (S tr u c tu r e  XV, se c t io n  I I IA 2 ). Compared to  polyphenylene, 

t h i s  polymer has a  g r e a te r  non-planar b a r r ie r  f o r  the e le c tr o n ic  

tra n sp o r t. T h is s i t u a t io n  i s  n o t favou rab le  f o r  e le c tr o n ic  tra n sp o rt. 

However, by doping w ith  io d in e  i t  underwent a  t r a n s i t io n  from 

in s u la to r  t o  sem iconductor. The e l e c t r i c a l  c o n d u c t iv ity  o f the  

io d in e  doped polym er was much h ig h er  than  th a t  o f  the io d in e  doped 

commercial polyphenylene (Table 7 ) .  The h ig h er  co n d u c tiv ity  o f  th e  

io d in e  doped p o ly ( t r a n s -s t i lb e n e )  cou ld  be r a t io n a l is e d  in  terms 

o f  i t s  a b i l i t y  to  undergo charge tr a n s fe r  complex form ation.

Compared to  po lyp h en ylen e, p o ly ( t r a n s - s t i lb e n e )  c o n s is t s  o f h igh er  

membered arom atic u n i t s .  Higher-membered arom atics such as pyrene 

and pery len e have low er io n iz a t io n  p o t e n t ia ls  compared to  lower-mem- 

bered arom atics and r e a d ily  form charge tr a n s fe r  complexes w ith io d in e  

having good e l e c t r i c a l  p ro p er tie s  ( 4 6 ) .  In  c e r ta in  io d in e  charge 

tr a n s fe r  com plexes (e g . N,N -d ip h en y l-p -d iam in ob en zen e/lg ) i t  has been  

shown th a t th e  c o n tr ib u tio n  o f  e le c tr o n ic  tra n sp o rt a long  the p o ly ­

io d in e  ch a in s  would be a large  fa c to r  to  i t s  e l e c t r i c a l  co n d u ctiv ity  

( 4 7 ,4 8 ,4 9 ) .  A s im ila r  s itu a t io n  may be p r e sen t in  doped p o ly (tr a n s-  

s t i lb e n e ) .  M olecu lar iod in e  by charge t r a n s fe r  complex form ation  

could  form p o ly io d in e  ch a in s. U nlike m o lecu lar  io d in e , po ly iod in e  

io n  chains co u ld  p a r t ic ip a te  in  e le c tr o n ic  con d u ction . The e le c t r i c a l
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Table 7 • Room temperature powder average e le c t r i c a l  c o n d u c t iv it ie s  

o f  doped polym ers.

Polymer Weight^ o f  

io d in e

D.C. C on ductiv ity

P o ly ( t r a n s - s t iI b e n e ) 65
-4 -1  -11 .5  x 10 ohm cm

Commercial
55

, n-6 , -1  -1  ■4 x 10 ohm cm
polyphenylene

F o ly (4 ,4  -d ie th yn y lb ip h en y l) 53 9*5 x 10 ^ohm~^cm ^
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c o n d u c tiv ity  due to  p o ly iod in e  ion s in  doped p o ly ( tran s - s t i lb e n e ) 

pro b a l ly  exceed s th e  e le c tr o n ic  c o n d u c t iv ity  due to  th e  charge 

tran sp ort a lo n g  polymer ch a in s.

The form ation  o f  charge tr a n sfe r  com plexes by io d in e  doping  

was e s ta b lis h e d  through ESR s tu d ie s . Io d in e  doping o f  poly  ( tr a n s -  

s t i lb e n e )  , in c r e a se d  the sp in  d e n s ity  by a f a c t o r  o f  58 and changed 

i t s  ESR spectrum  l in e  shape from G aussian to  a  Dysonian sh ape(F ig . 

4 9 ) .  This r e v e a ls  th a t  p o ly (tr a n s -s t i lb e n e )  undergoes an e le c tr o n  

tr a n s fe r  p ro cess  w ith  io d in e . The change from th e o r ig in a l  

Gaussian shape to  a  Dysonian shape in d ic a te s  a change in  e le c tr o n ic  

s t a t e  and such changes have been observed f o r  o th e r  conjugated  

polymers when th e y  assume conducting s t a t e s  by charge tr a n sfe r  

complex form ation  ( 50 ) •

2 . E le c tr ic a l  p r o p e r tie s  o f  •polyf^.^t- -d ie th yn y lb i•p h en y l)

The io d in e  doped system  o f  t h is  polymer d id  n o t e x h ib it  good 

conducting p r o p e r t ie s  (Table 7)* Compared to  io d in e  doped polyphe­

n y len e , t h is  doped polymer has a lower e l e c t r i c a l  c o n d u c tiv ity , 

probably due t o  i t s  h igh er  io n iz a t io n  p o t e n t ia l .  H igher io n iz a t io n  

p o te n t ia ls  have been observed fo r  s t r u c t u r a l ly  s im ila r  system s.

For example, by in trod u cin g  G = C t r i p l e  bonds in to  p-polyphenylene  

to  form an a l te r n a t in g  co-polym er, i t s  t h e o r e t ic a l  io n iz a t io n  

p o te n t ia l  in c r e a s e s  from 5-5  eV to  5*6 eV (6 ).
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DOPING?

7-3x10 Spirw/grm
Mn Mn

MnMn

1.4 X I 0 '4 
Ohm"1 cm '

50 G

4-2xlOl7 Spins/grm

Figure ^9. Room tem perature ESR sp e c tr a  : A, p o ly ( t r a n s - s t i lb e n e )  ; 

B, io d in e  doped p o ly ( t r a n s - s t i lb e n e )  in  s o l id  s t a t e .
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3* E le c t r ic a l  p r o p e r tie s  o f  u o ly fd ip h en y l a c e ty le n e ) .

The AsF^ doped p o ly (d ip h en y l a c e ty le n e )  d id  n o t e x h ib it  good 

conductin g  p r o p e r tie s  (Table 8 ) .  The maximum c o n d u c tiv ity  ob ta in ed  

fo r  the above doped system  was 1 .6  x 10- ^ohm’Scm- \  Compared to  

th e  c o n d u c t iv ity  va lu e  o f  the correspond ing  polyphenylene system , 

the above polymer has a very poor c o n d u c t iv ity . The lower 

e l e c t r i c a l  c o n d u c t iv ity  o f  t h is  polymer cou ld  probably be due to  

i t s  non -p lan ar backbone with non-para ca ten a ted  phenyl u n it s .  

k . E l e c t r ic a l  oro-perties o f  th e  in s o lu b le  p art o f  poly( 1 A - diph­

e n y l-1  . 3 -b u ta d iy n e) .

The AsFj- doped system  o f  the above polymer d id  not e x h ib it  

good e l e c t r i c a l  p ro p erties(T a b le  8 ) .  I t  has a s l i g h t l y  h igh er  

e l e c t r i c a l  c o n d u c t iv ity  compared to  th a t  o f  AsF^ doped p o ly (d ip h en y l  

a c e ty le n e ) .  However, t h is  c o n d u c tiv ity  was much lower than the  

reported  c o n d u c t iv ity  o f  AsF^ doped p o lyp h en ylen e(10) and could  

be a t tr ib u te d  to  i t s  cumulated carbon-carbon double bonds w ith  

p erp en d icu lar  o r b ita ls  which do n o t p a r t ic ip a te  in  e le c tr o n ic  

con d u ction . The h igh er  io n iz a t io n  p o t e n t ia l  o f  th e  C = C t r ip l e  

bonds and non-para caten ated  phenyl r in g s  cou ld  a ls o  be reasons  

fo r  i t s  low  e l e c t r i c a l  c o n d u c tiv ity .
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Table 8 . Room tem perature powder average e le c t r i c a l  c o n d u c tiv ity  

(D.C) o f  AsFj. doped polym ers.

Polymer D.C. C on ductiv ity

P o ly (d ip h en y l ac e ty le n e )

In so lu b le  p a rt o f  p o ly (l,^ -d ip h e n ­

y l  - 1 ,3 -b u tad iyn e)

P olyphenylene(10 )

1 .6  x 10”^ohm_^cm- ^

2 .5  x 10 ^ohm- ^cni~  ̂

500 ohm"^cm_1
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IV. CONCLUSIONS

We have attem pted to  extend th e  scope o f  aromatic nuclear  

c o u p lin g  polym erization  to  more com p licated  monomers such as 

c i s -  and t r a n s - s t i lh e n e s ,  d iphenyl a c e ty le n e  and 1 ,4 -d ip h en y l- 1 ,3 -  

h u tad iyn e . The process can be com p lica ted  by the in te r a c t io n  o f  

fu n c t io n a l groups such as carbon-carbon double bonds and t r ip le  

bonds w ith  the phenyl r in g s  i f  th ey  are p resen t in  the monomer 

a s  a conjugated  system . Hence r e a c t io n s  fo r  such monomers could  

produce polymers w ith very  com p licated  s tr u c tu r e s  (S e c tio n  I I I F , 1 

and 2 ) .  U nlike th e  above r e a c t io n , o x id a tiv e  coupling o f  

4 ,4  -d ie th y n y lb ip h en y l produced w e ll  d e fin ed  tailor-m ade polymer 

s tr u c tu r e s  fr e e  from s tr u c tu r a l i r r e g u l a r i t i e s .  In th is  r e a c t io n , 

c o u p lin g  o f  a ce ty len e  groups i s  n o t a f fe c te d  by the presence o f  

phenyl groups.

P olyphenylene, p o lyacety len e  and t h e ir  a lte r n a t in g  co-polym er  

(50) are  in s o lu b le  m a te r ia ls . However, p o ly  ( tr a n s - s t i lb e n e )  i s  a  

s o lu b le  polym er, w ith a m odified  polyphenylene stru ctu re  and 

e x h ib it s  b e t te r  e le c t r ic a l  p r o p e r tie s  compared to  polyphenylene. 

This c le a r ly  shows th a t t r a c t a b i l i t y  and e le c t r i c a l  c o n d u c tiv ity  

are n o t m utu ally  e x c lu s iv e  and su g g e s ts  the p o s s ib i l i t y  o f  having  

t r a c ta b le  polymers e x h ib it in g  good e l e c t r i c a l  p r o p e r tie s .

We have obtained  experim ental ev id en ce th a t  h igher io n iz a t io n  

p o t e n t ia l ,  non-planar s tr u c tu r e s , and cumulated double bonds w ith  

p erp en d icu lar  n o r b ita ls  are major b a r r ie r s  f o r  the e le c t r i c a l  

c o n d u c t iv ity  o f  a  doped polymer.
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O xid ative  s t a b i l i t y  i s  a ls o  a very  im portant property o f  the  

doped polymer sy stem s. The e f f e c t  o f  v a r io u s  o x id iz in g  agents  

in c lu d in g  oxygen on th ese  doped polymer system s may rev ea l  

im portant in fo rm a tio n  on the s t a b i l i t y  o f  doped sy stem s.

The conjugated  polymers in  gen era l en joy  h igh  thermal s t a b i l i t y .  

F l e x i b i l i t y  o f  th e  polymer backbone, la r g e  pendant groups and 

non-planar o r  n o n - lin e a r  s tr u c tu res  cou ld  remarkably lower t h e ir  

therm al s t a b i l i t y .
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