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Semi-empirical potential energy functions in 
conjunction with quantum mechanical methods were 
used to characterize the intrachain interactions and 
conformational aspects of the processable polymers 
PPS and PPO. The purpose of this study was to 
elucidate the structural aspects of the dopant-polymer 
interaction and mechanism of electrical conduction 
subsequent to doping of these materials. These 
polymers, upon doping, can reach high levels of 
conductivity in spite of the fact that the crystalline 
conformation of the chains is non-planar and little 
conjugation along the chains is expected due to the 
presence of the chalcogenide atom. Chain flexibility 
and rearrangement upon doping will be discussed. 
Calculations have indicated that the rotations about 
C-X (X=O,S) bonds and stretching of theLC-X-C angle 
can facilitate the intercalation of a dopant moiety 
in a manner that conduction can occur via an inter- 
chain mechanism. A dopant intercalation model will 
be presented and its consequences on conductivity 
anisotropy will be discussed. 

INTRODUCTION 

The preparation of Poly(Pheny1ene Sulfidf) (PPS) was first 
described as early as 1897 by Grenvesse. 
numerous investigations have been carried out on PPS. This 
is primarily due to the resistence to chemicals of this 
industrial resin and also because of its excellent mechani- 

Since then, 
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240/[ 12721 S. TRIPATHY 

cal and thermal proper t ies .  2 y 3  
have been mainly due t o  its i n t e r e s t i n g  electrical proper- 
ties. 
has  been rendered 
oxidizing dopants. 

A s  opposed t o  a l l  o t h e r  known doped conducting polymer 
systems, t he  morphology of PPS can be manipulated very 
e a s i l y  using s tandard polymer processing techniques.  I n  
con t r a s t  t o  t h i s ,  t h e  micros t ruc ture  of polyacetylene (PA), 
t he  most s tud ied  conducting polymer system t o  da t e ,  can be 
inf luenced pr imar i ly  a t  the  syn thes i s  s t age .  
important consequences upon the  mechanism of conduction. 
The e f f e c t  of s t r u c t u r a l  v a r i a t i o n  on conduction f o r  both 
these  systems has  been inves t iga t ed  i n  our  labora tory .  7 

The lack  of p r o c e s s i b i l i t y  of  PA stems from its r i g i d  
chain s t r u c t u r e  which p r i n c i p a l l y  exists i n  t h r e e  cha in  
conformijtions v i z .  t rans- t ransoid ,  c i s - t ransoid  and t rans-  
c i so id .  
been speculated upon, t he  overwhelming t h e o r e t i c a l ,  as w e l l  
as experimental evidence, supports  a p lanar  conformation. 
This forms the  b a s i s  f o r  some of t h e  conduction mechanism 
models proposed f o r  PA and a l s o  expla ins  t h e  very high 
degree of c r y s t a l l i n i t y  t h a t  can be reached i n  some samples. 
The work i n  our  laboratory7 has  shown t h a t  h igher  
c r y s t a l l i n i t y  of t h e  samples l eads  t o  h igher  l e v e l s  of 
conduct ivi ty .  

PPS has  been found t o  be h ighly  c r y s t a l l i n e .  
unl ike PA, PPS can be e a s i l y  or ien ted  upon s t r e t c h i n g .  
Although some controversy regarding t h e  c r y s t a l  s t r u c t u r e  
of PA s t i l l  e x i s t s  ( d i f f i c u l t  t o  ob ta in  o r i en ted  PA f o r  
reasons mentioned be fo re ) ,  thg  c r y s t a l  s t r u c t u r e  of PPS has  
been e luc ida ted  by Boon e t  a1 
and p e l l e t s ,  I n  t h e  c r y s t a l l i n e  arrangement, t he  PPS chains  
pass  through the  centre and c o m e r s  of an orthorhombic u n i t  
cel l .  
successive phenyl r i n g s  a l t e r n a t e  a t  k45 t o  t he  (100) c r y s t a l  
plane. I n  t h i s  regard,  t h e  c r y s t a l  s t r u c t u r e  of PPS s 
very s i m i l a r  t o  t h a t  of Poly(Pheny1ene oxide) (PPO). 

I n  view of t h e  or thogonal  arrangement of success ive  
phenylene groups, and t h e  presence of a chalcogen i n  the  
backboneyl? s i g n i f i c a n t  overlap i n  t h e  o r b i t a l s  is  not  
expected. Besides, t he  polymer cha in  i n  bulk  PPS is  n o t  
expected t o  have an  extended cha in  f f p r i l a r  morphology 
because of en tha lp i c  cons idera t ions .  Also, t h e  con- 
duct ing anisotropy i n  t h e  "chain" and or thogonal  t o  the  
chain d i r e c t i o n  has  been found t o  be approximately 2:1, 
which is q u i t e  d i f f e r e n t  from t h e  7 : l  r a t i o  found f o r  PA 

Recent i n t e r e s t s  i n  PPS 

PPS is t h e  only processable  polymeric system t h a t  
o duct ing upon doping wi th  d i f f e r e n t  6-8 

This  has  

Although s l i g h t l y  off-planar  geometries have 

However, 

us ing  h ighly  o r i en ted  f i l m s  

They have a l s o  shown t h a t  t h e  p lages  of t h e  
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MODEL FOR POLYPHENYLENE SULFIDE AND OXIDE [1273]/241 

and which is expected for a quasi one dimensional conductor. 
Further, doping of biaxially stretched films of PPS has 
led to anisotropic optical and electrical properties con- 
sistent with the chain orientation of the starting polymer. 
It is thus expected that the disruption in crystallinity 
(as seen in the x-ray patterns of the doped samples) does 
not seriously distort the parallel orientation of the PPS 
chains. 

An intercalation model has been proposedl$or some of 
the conducting polymer systems, including PA. However, 
as mentioned before, the polymer chain in these systems 
are rigid and adopt a planar conformation. Intercalation 
has been postulated to occur in these systems in the form 
of a doy3nt layer displacing two adjacent crystallographic 
planes. However, such a situation will seem unlikely 
for the nonplanar PPS chains. To get an understanding of 
this and its other seemingly uncorrelated properties, we 
have carried out the conformational analysis of a segment 
of PPS and PPO. The present study employs semi-empirical 
potential energy functions to investigate intrachain 
interactions in PPS and PPO, specifically as they relate 
to the mode of intercalation of the dopant species. 
Another question of particular interest is whether or not 
the intrachain features alone can explain the two ordeft 
of magnitude difference in conductivity of PPS and PPO 
upon doping, and also the problem of structural changes 
which can occur in the process of doping. 

THEORY 

Valence Geometry 

The starting geometry for both PPS and PPO was assumed to 
conform to the crystal structure. Thus, the starting bond 
lengths and bond angles were taken as follows: for PPS, 
C-S = 1.755 LC-S-C = 110'; for PPO, C-0 = 1.42 LC-O-!&= 124: 
The partial charges were calculated using the CND0/2 
method. 
having increasing numbers of repeat units until constant 
values are obtained for the central unit in the sequence. 
The partial charges were found to differ only slightly 
between crystal conformation and upon excursions up to 
30' around each C-S bond. 
formation dependence of partial charges is adequately 
accounted for in the process of defining the torsional 
function for rotations about the C-X bonds. Thus, the 

The calculations were carried out on sequences 

In any event, slight con- 
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2424 12741 S. TRIPATHY 

p a r t i a l  charges i n  these  ca l cu la t ions  were taken as shown 
i n  Fig. 1. 

P o t e n t i a l  Energy Functions 

Non-bonded in te ra tomic  i n t e r a c t i o n s  were represented  by a 
6-12 d i spe r s ive  r epu l s ive  and coulomb type e l e c t r o s t a t i c  
i n t e rac t ions .  A f ixed  d i e l e c t r i c  cons tan t  of  4 was em- 
ployed in  a l l  ca l cu la t ions .  The t o r s i o n a l  p o t e n t i a l  f o r  
r o t a t i o n s  about t h e  C-S and C-0 bonds were e s t ab l i shed  by 
comparing t h e  CND0/2 energ ies  and t h e  non-bonded molecular 
mechanics energ ies  f o r  d i f f e r e n t  conformer states. 

Conformational Analysis 

Fixed valence geometry molecular mechanics c a l c u l a t i o n s  were 
done on a dimer of PPS and PPO.(> Rotat ions about t h e  
$,$ bonds were c a r r i e d  ou t  a t  5 ointegvals t o  scan t h e  
e n t i r e  range of r o t a t i o n s  fromlg -360 . Molecular me- 
chanics segment of t he  CHEMLAB software system, i n  con- 
junc t ion  wi th  the  t o r s i o n a l  p o t e n t i a l  func t ions ,  w a s  used 
fo r  t h i s  purpose. Subsequently, t h e  conformational energy 
of t h e  PPS and PPO dimers were ca l cu la t ed  as a func t ion  of 
the  C-S-C and C-0-C angles  f o r  t h e  c r y s t a l  conformation 
as w e l l  as t h e  in t r acha in  energy minimum. 

RESULTS AND DISCUSSION 

The t o r s i o n a l  func t ion  f o r  t h e  C-S and C-0 bond r o t a t i o n s  
are shown i n  Fig. 2 .  Clear ly ,  a preference  f o r  t h e  ad jacent  
phenyl r ings  t o  be or thogonal  t o  each o the r ,  is  evidenced. 
The energy minima occurs  a t  45' f o r  theoC-S bond r o t a t i o n s ,  
while f o r  t h e  C-0 bond, i t  is around 50 . However, t h e  
amplitude of t he  t o r s i o n a l  b a r r i e r  is  very small except 
when conformations very c l o s e  t o  a p lanar  s t r u c t u r e  are 
r ea l i zed .  

and PPO incorpora te  t h e  r e spec t ive  t o r s i o n a l  func t ions  and 
the  o v e r a l l  minima are represented by x 's .  
t he  t o t a l  i n t r acha in  energy minimum corresponds c l o s e l y  t o  
the  c r y s t a l  conformation. The small  dev ia t ion  from c r y s t a l  
conformation can be e a s i l y  j u s t i f i e d  on the  grounds t h a t  
c r y s t a l l i n e  packing w i l l  produce s l i g h t  devia t ions  from 
in t r acha in  energy minimum. 
s t a b i l i z a t i o n  energy gained i n  packing, more than o f f s e t s  
t he  l o s s  i n  energy as a r e s u l t  of t h e  excursion away from 

The isoenergy contour maps i n  Figs .  2 and 3 f o r  PPS 

As expected, 

This  is e s p e c i a l l y  t r u e  i f  t h e  
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MODEL FOR POLYPHENYLENE SULFIDE AND OXIDE [1275]/243 

the  in t r acha in  minima. 
charac te r ized  by very deep w e l l s  separa ted  by l a r g e  steri- 
c a l l y  hindered regions (shown by f l a t  p l a t eaus ) .  The 
bottoms of t h e  wells themselves are f a i r l y  shal low and t h i s  
provides extreme r o t a t i o n a l  f l e x i b i l i t y  about t h e  c r y s t a l  
conformation and r o t a t i o n s  up t o  f 25' can be performed 
about t h e  C-S o r  C-0 bond s t a r t i n g  a t  t h a t  conformation. 

These conformational c h a r a c t e r i s t i c s  answer many of 
t he  important ques t ions  pe r t a in ing  t o  the  s t r u c t u r e  of  
these  two polymers. 
energy minima provide the  necessary f l e x i b i l i t y  f o r  pro- 
cess ing  (melt, so lu t ion )  and a l s o  exp la in  t h e  f fc t  t h a t  t h e  
chains  can be h ighly  o r i en ted  upon s t r e t ch ing .  The l a r g e  
p l a t eau  covering most of t h e  map, on t h e  o the r  hand, ex- 
p l a i n s  t h e  r i g i d i t y ,  toughness, high mel t ing  po in t ,  and t h e  
fact  t h a t  t he  f i lms  don ' t  l o s e  t h e  o r i e n t a t i o n  even as t h e  
c r y s t a l l i n i t y  is l o s t  upon doping. 

d i f f i c u l t y  i n  doping h ighly  c r y s t a l l i n e  PPS. 
arrangement of success ive  phenyl r i n g s  does not  provide any 
room f o r  t h e  dopant moiety t o  i n t e r c a l a t e .  However, i n  t h e  
amorphous and semic rys t a l l i ne  reg ions  t h e  f l e x i b i l i t y  of  
t h e  phenyl r i n g  f a c i l i t a t e s  t h e  dopant spec ie s  to  i n t e r -  
calate i n t o  t h e  i n t e r s t i c e s .  This, on the  o t h e r  hand, 
l eads  t o  a cha in  conformation where t h e  success ive  phenyl 
r i n g s  adopt a quasi-planar arrangement. 
mation, t h e  aromatic  hydrogens (4) and ( 6 )  (Fig. 1) are 
phys ica l ly  c l o s e  enough t o  be chemically ex t r ac t ed  by the  
dopant moiety. This leads  t o  t h e  formation of thiophene 
r i n g s  and o the r  chemical modif igat ions i n  heavi ly  doped PPS 
as okqerved by Shackle t te  e t  a1 
ers. 
spec ie s  i n  the  i n t e r s t i c e s  ( a t  heavy doping, t h e r e  is a 
1:l r a t i o  of t h e  dopant spec ie s  and t h e  phenyl groups) 
l eads  t o  a p o s s i b i l i t y  of conduction via  an  i n t e r c h a i n  
mechanism where the  e l e c t r o n s  of t he  phenyl r i n g s  of 
ad jacent  cha ins  can interact via t h e  dopant spec ies .  
can account f o r  t h e  small conduct iv i ty  an i s t ropy  of  2 : l  
observed f o r  doped PPS, which is  q u i t e  d i f f e r e n t  from t h e  
7 : l  r a t i o  found f o r  PA and expected f o r  a quas i  one 
dimensional conductor. 

PPS and PPO (which expla ins  t h e i r  similar thermal and 
mechanical p rope r t i e s )  t h e r e  is a 2 o rde r s  of magnitude 
d i f f e rence  i n  t h e  l e v e l s  of conduct iv i ty  reached upon 
doping of these  two polymers. 
ca l cu la t ions  a lone  cannot provide t h e  complete answer t o  

The energy minima i n  t h e  map are 

The "shallow bottoms" around t h e  

These conformational f e a t u r e s  a l s o  expla in  t h e  r e l a t i v e  
The or thogonal  

I n  t h i s  confor- 

and by Rubner and cowork- 
This arrangement of polymer cha ins  wi th  t h e  dopant 

This  

However, i n  s p i t e  of t h e  s t r u c t u r a l  similarities of  

Although i n t r a c h a i n  energy 
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2444 12761 S. TRIPATHY 

t h i s  quest ion,  two conclusions are evident :  In t r acha in  
e l ec t ron  de loca l i za t ion  v i a  t h e  s u l f u r  atom is  b e t t e r  
f a c i l i t a t e d  as compared t o  the  in te rvening  oxygen atom. 
Secondly, two ad jacent  PPO cha ins  can pack c l o s e r  t o  each 
o the r  compared t o  PPS (as  evidenced i n  t h e  c r y s t a l  s t r u c t u r e  
as wel l )  due t o  smaller van der  Walls rad ius  of oxygen. 
Thus, i n t e r c a l a t i o n  of t h e  dopant moiety i n  PPO is more 
d i f f i c u l t  than i t  is  i n  t h e  case of PPS. A t h i r d  f e a t u r e  
t h a t  emerges from c a l c u l a t i o n s  shown i n  Table I is t h a t  due 
t o  t h e  h igher  p o l a r i z a b i l i t y  of t he  s u l f u r  atom, the,! C-S-C 
angle  is much more e a s i l y  deformed compared t o  the  LC-0-C 
angle. This f u r t h e r  assists t h e  PPS cha ins  i n  accommodating 
the  dopant spec ies .  

CONCLUSION 

In  conclusion, i n t r acha in  conformational a n a l y s i s  on a 
segment of PPS and PPO has  helped answer many of t h e  p e r t i -  
nent ques t ions  r e l a t i n g  t o  t h e i r  s t r u c t u r e  proper ty  rela- 
t ionship.  A model f o r  t h e  i n t e r c a l a t i o n  of t he  dopant 
spec ies  i n t o  the  i n t e r s t i c e s  is proposed. Unlike PA, t h i s  
predominantly occurs  i n  t h e  amorphous reg ions  and i s  
f a c i l i t a t e d  by the  f l e x i b i l i t y  of t h e  phenyl r ings .  
i n t e r c a l a t i o n  process  i t s e l f  fo rces  t h e  ad jacent  phenyl 
r ings  t o  adopt a quasi-planar arrangement which can subse- 
quent ly  l ead  t o  formation of thiophene br idges .  

atom (as  compared t o  s u l f u r ) ,  i ts smal le r  van der  Walls 
rad ius ,  and the  lesser f l e x i b i l i t y  of t h e  LC-0-C bond angle  
are some of t he  reasons f o r  t h e  lower l e v e l s  of conuc t iv i ty  
reached f o r  PPO. 

A complete packing ana lyses ,  i n  conjunct ion wi th  t h e  
e l ec t ron ic  s t r u c t u r e  ca l cu la t ions  w i l l  be  necessary t o  g e t  
a q u a n t i t a t i v e  answer t o  the  e l e c t r o n i c  behavior of  t hese  
systems. These and o the r  experimental i nves t iga t ions  are 
underway at  present  i n  our  labora tory .  

The 

A smaller va lue  of t h e  p o l a r i z a b i l i t y  of t h e  oxygen 
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FIGURE 1 
t runca ted  segment of PPS 

Par t ia l  charges  and va lence  geometry of  a 
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I..( 1.1 

S. TRIPATHY 

PPS - 
PPO ---- 

ROTATION ANGLE C - X 

FIGURE 2 Torsional potential energy for rotations about the 
C-X bond (X=S,O) in PPS and PPO. Energies are i n  K C a l s  
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MODEL FOR POLYPHENYLENE SULFIDE AND OXIDE [1281]/249 

MINIMUM ENERGY = -11.42 kcd  

0 '  120' 180' 240 ' 300' 330' 
v 

PPS 

F I G U R E  3 
PPS.  Minima are represented by dots. The rotations are 
performed about C-S bonds shown in  Figure 1. 

Conformational energy contour maps of a dimer of 
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MINIMUM ENERQY = -9.7 k C h  

0' 120' 180' 240" 300' 330° 

w 
PPO 

FIGURE 4 Conformational energy contour maps of  a dimer of 
PPO. Minima are represented  by x's. The r o t a t i o n s  a r e  
performed about C-0 bonds shown i n  Figure 1. 
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MODEL FOR POLYPHENYLENE SULFIDE AND OXIDE [1283]/251 

< CSC ANGLE 
( " 1  

102 

106 

108 

110 

112 

114 

116 

~ ~~~ 

STABILIZATION ENERGY 
kcallmole 

0.945 

0.1 60 

0.0 

0.1 32 

0.501 

0.664 

1.239 

TABLE I Deformation energy f o r  stretching of L C-S-C angle 
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