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Resul ts  o f  ab i n i t i o  SCF LCAO c r y s t a l  o r b i t a l  
ca l cu la t i ons  are presented f o r  pure and doped po ly -  
acetylenes, po lyd iace ty lene backbones, stacked TCNQ 
and TTF columns and f o r  l i n e a r  chains of (SN),. The 
s t r u c t u r a l  parameters o f  f i v e  d i f f e r e n t  po lyacety lene 
chains were f u l l y  opt imized a t  t he  Hartree-Fock l e v e l  
and the  c i s - t rans  isomer isa t ion  energy was ca l cu la ted  
by tak ing  i n t o  account i n t e r c h a i n  i n t e r a c t i o n s  i n  the  
3D c r y s t a l  i n c l u d i n g  d ispers ion.  Several one -pa r t i c l e  
p roper t i es  are discussed both f o r  symmetry adapted 
and symmetry break ing s o l u t i o n s  (bonbzndsp in  dens i ty  
waves, P e i e r l s  d i s t o r t i o n )  and the  e f f e c t  o f  e l e c t r o n i c  
c o r r e l a t i o n  on those q u a n t i t i e s  i s  demonstrated. The 
e f f e c t  o f  n-type doping w i t h  L i  and Na was i n v e s t i g a t e d  
i n  both c i s -  and t rans  polymers. Besides charge 
t r a n s f e r  the i m p u r i t y  atoms fundamentally change the  
geometr ica l  s t r u c t u r e  ( t rans forming  the  P e i e r l s  
d i s t o r t e d  chains t o  equ id i s tan t  ones) and s u b s t a n t i a l l y  
reduce the  fundamental gap. Four d i f f e r e n t  po l yd i -  
acetylene backbones are  a l so  compared from t h e  p o i n t  
o f  view o f  s t a b i l i t y  and t h e i r  one-electron 
p roper t i es  are discussed. F i n a l l y , t h e  e f f e c t  o f  
randomly d i s t r i h u t e d  hydrogen i m p u r i t y  i n  (SN), on 
the e l e c t r o n i c  s t r u c t u r e  i s  i nves t i ga ted  w i t h  the  
he lp  o f  t he  CPA method. 

[ 123 1]/199 
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2004 12321 S. SUHAI and J. LADIK 

I N  TRODUC T I ON 

We g i v e  i n  th i s  paper a s h o r t  rev iew  o f  t h e  r e s u l t s  o f  
c r y s t a l  o r b i t a l  c a l c u l a t i o n s  per formed r e c e n t l y  i n  o u r  
Laboratory  f o r  four  d i f f e r e n t  c lasses  o f  po l ymer i c  
substances: po l yace ty lenes ,  p o l y d i a c e t y l e n e s ,  s tacked 
i n f i n i t e  columns o f  TCNQ and TTF, and s i n g l e  chains o f  (SN),. 
Emphasis w i l l  be l a i d  on t h e  ab i n i t i o  n a t u r e  o f  t h e  
computat ional  schemes a p p l i e d  i n  these c a l c u l a t i o n s .  The 
s t a r t i n g  p o i n t  i n  these s t u d i e s  i s  t h e  computat ion o f  
r e l i a b l e  wavefunct ions w i th in  t h e  framework o f  t h e  one- 
e l e c t r o n  approx imat ion ( v a r i o u s  Hartree-Fock schemes1) 
f rom f i r s t  p r i n c i p l e s  i . e .  w i t h o u t  i n t r o d u c i n g  any e m p i r i c a l  
i n f o r m a t i o n  bes ides s t r u c t u r a l  data'. This f a c t  a l l ows ,  on 
t h e  one hand, a l s o  t h e  s tudy  o f  c h e m i c a l l y  unusual  
s i t u a t i o n s  ( l i k e  t h e  i n t e r a c t i o n  o f  i m p u r i t i e s  with t h e  
polymer cha ins )  and p r o v i d e s  a reasonable b a s i s  t o  
i n v e s t q a t e  con fo rma t iona l  p r o p e r t i e s ,  e l e c t r o n i c  charge 
d i s t r i b u t i o n ,  e t c .  On t h e  o t h e r  hand, i t  makes p o s s i b l e  a 
systemat ic  t rea tmen t  o f  t h e  e l e c t r o n i c  c o r r e l a t i o n  e f f e c t s  
which have t o  be taken i n t o  account i n  t h e  c a l c u l a t i o n s  o f  
more accu ra te  s i n g l e  p a r t i c l e  gaps, o p t i c a l  p r o p e r t i e s ,  
e tc .  

POLYACETYLENES 

S i n g l e  Chain S t r u c t u r e  O p t i m i z a t i o n  

A r e c e n t  p r e l i m i n a r y  s tudy  o f  t h e  e l e c t r o n i c  s t r u c t u r e  o f  
d i f f e r e n t  p o l y a c e t y l e n e  (PA) models2 has shown t h a t  s e v e r a l  
conformers o f  t h e  c i s -  and t r a n s  m o d i f i c a t i o n  o f  th is 
polymer d i f f e r  f rom each o t h e r  o n l y  on t h e  m i l i h a r t r e e  ( o r  
kcal /mol )  sca le.  D e t a i l e d  s t r u c t u r a l  da ta  a r e  n o t  
a v a i l a b l e  even f o r  pu re  (undoped) PA's. Since, on t h e  o t h e r  
hand,the c a l c u l a t e d  va lues o f  n e a r l y  a l l  p h y s i c a l  
p r o p e r t i e s  depend ve ry  s e n s i t i v e l y  on them, i t  i s  
i n e v i t a b l e  t o  pe r fo rm as f i r s t  s t e p  a s t r u c t u r e  o p t i m i z a t i o n  
wi th in t h e  framework of  t h e  q i v e n  compu ta t i ona l  scheme. For 
t h i s  prupose we used a m in ima l  (STO-3G) atomic b a s i s  s e t  
and t h e  r e s t r i c t e d  Hartree-Fock (HF) method wi th  p roper  
t r u n c a t i o n  o f  t h e  i n f i n i t e  l a t t i c e  sums2. Bo th  f o r  t h e  
t rans -  and c i s  isomers a four-d imensional  energy hyper-  
su r face  has been i n v e s t i g a t e d  u s i n g a s  v a r i a b l e s  t h e  C-C 
d i s tances  R 1  and R2, r e s p e c t i v e l y  see F i g u r e  11, t h e  
C-C-C angle and t h e  C-H d i s t a n c e  5 . 
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ELECTRONIC STRUCTURE OF POLYMERS [ 1233]/20 1 

TRANS - PA C I S - P A  

F i g u r e  1: Trans- and c i s - p o l y a c e t y l e n e  s i n g l e  c h a i n s  shou ing  
t h e  s t r u c t u r a l  parameters which have been 
opt imized.  The u n i t  c e l l  c o n s i s t s  o f  a C2H2 group 
f o r  t h e  t rans -cha ins  and of  a C4H4 group f o r  t h e  
c i s -cha ins ,  r e s p e c t i v e l y .  

The most i m p o r t a n t  parameters c h a r a c t e r i z i n g  t h e  f i v e  
p h y s i c a l l y  i n t e r e s t i n g  l o c a l  minima a r e  shown i n  Table 1. 
Two o f  them b e l o n g  t o  trans-PA, t h e  o t h e r  t h r e e  t o  cis-PA. 
We found a l s o  f o r  these o p t i m i z e d  parameters ( a s  i n  Ref. 2)  
t h a t  t h e  bond a l t e r n a t i n g  s t r u c t u r e s  a r e  e n e r g e t i c a l l y  more 
s t a b l e  f o r  b o t h  isomers ( t h e  c i s - t r a n s o i d  b e i n g  t h e  s t a b l e  
c i s  m o d i f i c a t i o n ) .  I t  i s  i n t e r e s t i n g ,  however, t h a t  among 

Table 1 Opt imized Single-Chain S t r u c t u r a l  Parameters and The 
Corresponding T o t a l  Energy Values Per C2H2 U n i t s  For 
F i v e  D i f f e r e n t  Po lyace ty lene  Modelsa 

Po lyace ty lene  
c h a i n  un i t  ( h a r t s e e )  

RYpt' (8)  R;Pt' (8)  gpt' (degree) Energy/CzHz 

e q u i d i s t a n t - t r a n s  1.390 1.390 125.12 -75.935765 
a l t e r n a t i n g - t r a n s  1.325 1.481 124.10 -75.947121 
e q u i d i s t a n t - c i s  1.395 1.395 126.75 -75.933784 
c i s -  t r a n s o i d  1.479 1.333 126.31 -75.944058 
t r a n s - c i s o i d  1.327 1.484 124.16 -75.942055 

For  t h e  meaning of  t h e  v a r i a b l e s  R 1 ,  R2 and see F i g .  1. a 

these f i v e  s t r u c t u r e s  t h e  most s t a b l e  i s  t h e  t r a n s - a l t e r -  
n a t i n g  one. On t h e  o t h e r  hand, in  ou r  p r e v i o u s  s tudy2  i n  
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2024 12341 S. SUHAI and J. LADIK 

which ' s t a n d a r d '  v a l u e s  f o r  t h e  bond l e n g t h s  and bond a n g l e s  
were a p p l i e d ,  we have found t h e  c i s - t r a n s o i d  s t r u c t u r e  as  
t h e  most s t a b l e  one. T h i s  e x p e r i e n c e  shows t h a t  f o r  a c c u r a t e  
confo rma t iona l  p r e d i c t i o n s  c a r e f u l  s t r u c t u r e  o p t i m i z a t i o n  is 
needed i n  t h e s e  systems.  

One-Electron P r o p e r t i e s  And t h e  E f f e c t  of Symmetry Breaking 

From t h e  p o i n t  of  view o f  t r a n s p o r t  c a l c u l a t i o n s  i n  t h e s e  
polymers t h e  most i m p o r t a n t  e l e c t r o n i c  i n d i c e s  a r e  t h e  one- 
p a r t i c l e  e n e r g i e s  summarized i n  Table  2. I t  can  be s e e n  t h a t  
t h e  p u r e  cis- and t r a n s  i somers  are  q u i t e  s i m i l a r  i n  t h i s  
r e s p e c t  bo th  having broad va lence  bands o f - 7  eV and 
conduct ion bands of-9-10 eV, s e p a r a t e d  by a t o o  l a r g e  gap 
o f  - 9  eV. 

Table  2 Some One-Electron P r o p e r t i e s  O f  P o l y a c e t y l e n e  Chains:  
I o n i z a t i o n  P o t e n t i a l s  ( I P )  , E l e c t r o n  A f f i n i t i e s  (EA) 
Valence Band Width (8Ev),  Conduction Band Width 
(6Ec) And S i n g l e - P a r t i c l e  Gap (AEgap). A l l  Energy 
Values Are Given I n  eV. 

Po lyace ty l ene  
c h a i n  

IP EA 
V 

6 E  AE 
gap 

e q u i d i s t a n t - t r a n s  0.399 -0.399a 25.20Zb - 0. 
a l t e r n a t i n g - t r a n s  4.828 4.068 7.221 9.025 8.896 
e q u i d i s t a n t - c i s  2.877 1.918 8.115 11.606 4.795 
c i s - t r a n s o i d  4.928 3.964 7.099 9.478 8.892 
t r a n s - c i s o i d  4.923 4.056 6.616 9.385 8.979 

a 

b H a l f - f i l l e d  band. 

2 

P o s i t i o n  of  t h e  Fermi level .  

The u s e  o f  more ext nded a tomic  b a s i s  sets reduces  i t s  
v a l u e  o n l y  by ~1 eVz. There are no r e l i a b l e  expe r imen ta l  
v a l u e s  f o r  t h i s  very i m p o r t a n t  q u a n t i t y  i n  p u r e  P A ,  b u t  from 
t h e  p o s i t i o n  o f  t h e  first s i n g l e t  exciton s t a t e  i n  l o n g  
po lyenes  (42.2 eV) we can estimate i ts  v a l u e  t o  l i e  around 
3 eV i .e .  t h e  remaining error o f - 5  eV h a s  t o  be a s s i g n e d  t o  
t h e  error i n t r o d u c e d  by a r e s t r i c t e d  ( c l o s e d  s h e l l )  HF 
c a l c u l a t i o n  i n  t h e  p o s i t i o n  of  t h e  v i r t u a l  l e v e l s  and t o  
c o r r e l a t i o n  effects.  

i n s u l a t o r  t r a n s i t i o n s  i n  polymers i t  is very i n s t r u c t i v e  t o  
To under s t and  t h e  d r i v i n g  f o r c e s  o f  P e i e r l s - t y p e  metal- 
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ELECTRONIC STRUCTURE OF POLYMERS ( 1235]/203 

s t u d y  space-symmetry b reak ing  HF s o l u t i o n s .  A s  a n  example 
we show i n  Table  3 t h e  t o t a l  e n e r g i e s  p e r  ce l l ,  t h e  s i n g l e  
p a r t i c l e  gap and t h e  bond o r d e r s  c o n n e c t i n g  two n e i g h b o r i n g  
R - o r b i t a l s  i n  trans-PA. I n  t h e  first two c a s e s  t h e  carbon- 

Table 3 Some p r o p e r t i e s  o f  Symmetry Adapted And Symmetry 
Breaking HF S o l u t i o n s  I n  Trans -Po lyace ty l ene :  T o t a l  
Energy Per C2H2 U n i t s  ( E t o t . ) ,  S i n g l e  P a r t i c l e  Gap 
(bEgap), Dens i ty  Matr ix  Elements (Bond-Orders) F o r  
Two Neighboring T-E lec t ron  Bonds (Por,,, P&). 

s ymme t r y  

n u c l e i  wave f u n c t i o n  Etot!hartree) AE (eV)Pi,, Pi ,*  

e q u i d i s t a n t  symm.adapted -75.935765 0. 0,474 0.474 

a l t e r n a t i n g  syrnm.ada t e d  -75.947121 8.894 0.735 0.153 
e q u i d i s t a n t  SDW -75.965899 13.442 0.364' 0.364c 

gap 

e q u i d i s t a n t  BDWa -75.939089 4.444 0.644 0.290 

~~ -~ 
Bond d e n s i t y  wave s o l u t i o n  c a l c u l a t e d  with t h e  s p i n -  a 

r e s t r i c t e d  HF method. 

bSpin d e n s i t y  wave s o l u t i o n  c a l c u l a t e d  wi th  t h e  s p i n -  
u n r e s t r i c t e d  HF method. 

Sum of  e l e c t r o n s  with s p i n  ot and 13 c o n t r i b u t i o n s .  The t o t a l  
( d + p )  s p i n  d e n s i t y  on t h e  carbon atoms is 0.886. 

C 

carbon bond l e n g t h s  a r e  e q u a l  through t h e  whole polymer,  
w h i l e  t h e  wave f u n c t i o n  o f  t h e  f i r s t  s o l u t i o n  is r i g o r o u s l y  
symmetry adopted ( P i r  = P& 1, t h i s  r equ i r emen t  is n o t  f u l -  
f i l l e d  by t h e  second  one. The r e l a x a t i o n  o f  t h e  s p a t i a l  
symmetry of  t h e  wave f u n c t i o n  ( u s i n g  s t i l l  doubly occup ied  
Bloch o r b i t a l s )  l owers  t h e  energy and i n t r o d u c e s  a gap o f  
-4.4 eV a s  compared wi th  t h e  f i r s t  m e t a l l i c  s o l u t i o n  (no 
gap) .  The e x i s t e n c e  of  such  bond d e n s i t y  wave (BDW)-type 
i n s t a b i l i t i e s 5  seems t o  be a p r e c u r s o r  o f  t h e  Peierls 
t r a n s i t i o n  a l s o  i n  o t h e r  polymers.  I n  f a c t ,  we can  see from 
t h e  t h i r d  l i n e  o f  Table  3 t h a t  t h e  r e d u c t i o n  o f  t h e  s y m m e t r y  
i n  t h e  n u c l e a r  f ramework (bond a l t e r n a t i o n )  f u r t h e r  d e c r e a s e s  
t h e  energy and i n c r e a s e s  t h e  gap to-.8.9 eV. The symmetry 
of  t h e  wave f u n c t i o n s  can be reduced a l s o  by p u t t i n g  
e l e c t r o n s  with d i f f e r e n t  s p i n s  f o r  d i f f e r e n t  s p a t i a l  Bloch 
o r b i t a l s  (unrestr iced-HF scheme6). T h i s  l e a d s  t o  a s p i n  
d e n s i t y  wave (SDW)-type s o l u t i o n  whose energy l i e s  
s u b s t a n t i a l l y  deepe r  s i n c e  t h i s .  s t a t e  a c c o u n t s  f o r  a c e r t a i n  
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2044 12361 S. SUHAI and J. LADIK 

p a r t  o f  t h e  c o r r e l a t i o n  energy. These symmetry b r e a k i n g  one- 
p a r t i c l e  wave f u n c t i o n s  proved t o  be v e r y  i m p o r t a n t  a l s o  as 
d i f f e r e n t  ze ro th -o rde r  r e f e r e n c e  f u n c t i o n s  i n  i n v e s t i g a t i n g  
t h e  c o r r e l a t i o n  e f f e c t s  i n  polymers by p e r t u r b a t i o n  
t h e o r e t i c a l  methods4. 

L a t t i c e  Energy o f  3D Po lyace ty lene  C r y s t a l s  

The polymer cha ins  i n  p o l y a c e t y l e n e  c r y s t a l s  are  c l o s e l y  
enough packed t h a t  i n t e r c h a i n  i n t e r a c t i o n s  can s u b s t a n t i a l l y  
modi fy  t h e  con fo rma t iona l  p r o p e r t i e s .  The i n t e r a c t i o n  
energy o f  polymers i n  t h e  3D s t r u c t u r e  depends ve ry  
s e n s i t i v e l y  on t h e  s e t t i n g  ang le  b which t h e  p l a n e  of t h e  
polymer backbone makes wi th t h e  (001) plane.oThe un- 
c e r t a i n  y o f  t h i s  i m p o r t a n t  v a r i a b l e  i s  8-10 
s t u d i e s  which makes a more accu ra te  c a l c u l a t i o n  o f  t h e  
i n t e r a c t i o n  energy imposs ib le .  Therefore,  we o p t i m i z e d  4 by 
summing up p a i r w i s e  t h e  i n t e r c h a i n  i n t e r a c t i o n  energ ies  
and u s i n g  t h e  orthorhornbic s t r u c t u r e  w i th  exper imen ta l  
va lues f o r  t h e  l a t t i c e  c o n s t a n t s  A and C. For t h e  
p e r i o d i c i t y  a long  t h e  cha in -ax i s  B we used t h e  t h e o r e t i c a l l y  
ob ta ined  s i n g l e - c h a i n  r e s u l t s  which a r e  i n  ve ry  good 
agreement with t h e  corresponding exper imen ta l  values7. To 
o b t a i n  t h e  HF p a r t  o f  t h e  i n t e r a c t i o n  energy we c a l c u l a t e d  
t h e  t o t a l  ene rg ies  f o r  a l l  i n e q u i v a l e n t  c h a i n - p a i r s  ( u s i n g  
a d o u b l e - c e l l  as t r a n s l a t i o n a l  u n i t ) .  f o r  t h e  c a l c u l a t i o n  
o f  t h e  d i s p e r s i o n  p a r  

HF c o n t r i b u t i o n  l e d  i n  a l l  cases t o  an e f f e c t i v e  

i n  exper imen ta l  5 .  

we used ab i n i t i o  atom-atoni 
d i s p e r s i o n  p o t e n t i a l s  t!j . I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  

Table 4 C r y s t a l  S t r u c t u r e  Parameters And L a t t i c e  Energy 
Per CsHe Unit I n  Three D i f f e r e n t  Po lyace ty lene  
C r y s t a l s  

Po lyace ty lene  A ( i > a  B (8 )b  C ( 8 I a  6 (degreeIb Energy / 
c r y s t a l  CgHg Un i t  

( h a r t  ree) 9 

a l t e r n a t i n g - t r a n s  7.410 2.466 4.08 46.7 -303.853186 
c i s - t r a n s o i d  7.610 4.435 4.39 45.3 -303.838400 
t r a n s - c i s o i d  7.610 4.463 4.39 45.0 -303.826101 

a Exper imenta l  va lue  taken f rom Ref. 7. 

b T h e o r e t i c a l  va lue  c a l c u l a t e d  i n  Ref.  3. 
C The u n i t  cel l  o f  t h e  t r a n s  m o d i f i c a t i o n  c o n t a i n s  four CH 

u n i t s ,  t h i s  energy va lue  r e f e r s  t o  a double c e l l .  
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ELECTRONIC STRUCTURE OF POLYMERS [ 1237]/205 

r e p u l s i o n  which was, however, overcompensated by an 
a t t r a c t i v e  d i s p e r s i o n  i n t e r a c t i o n .  The b i n d i n g  i n  t h e  p o l y -  
mer c r y s t a l  i s  thus e x c l u s i v e l y  due t o  d i s p e r s i o n  fo rces .  
I n  Table 4 we show besides t h e  s t r u c t u r a l  parameters t h e  
energy o f  a CBHB u n i t  i n  t h e  t h r e e  s t r u c t u r e s  i n v e s t i g a t e d .  
Comparing these va lues w i t h  t h e  co r respond ing  ones o b t a i n e d  
f o r  s i n g l e  cha ins  we can see t h a t  t h e  i n t e r - p o l y m e r  i n t e r -  
a c t i o n  f u r t h e r  s t a b i l i z e s  t h e  t r a n s  s t r u c t u r e  r e l a t i v e  t o  
t h e  c i s  ones. 

E f f e c t  o f  Doping wi th L i  and Na 

To understand t h e  riiechanisni and e f f e c t  o f  doping i n  p o l y -  
ace ty lenes  we performed c a l c u l a t i o n s  f o r  b o t h  c i s -  and 
t r a n s  s i n g l e  cha ins  doping thein by 25 p e r  c e n t  L i  and Na 
atoms, r e s p e c t i v e l y .  I n  t h e  case o f  t h e  t r a n s  c h a i n s  t h e  
c a l c u l a t i o n s  have been repea ted  w i th  33 p e r  c e n t  dopants. 
Two d i f f e r e n t  t ypes  o f  i m p u r i t y  p o s i t i o n s  have been 
c 0 n s i d e r e d . b  t h e  case o f  p o s i t i o n  A t h e  i m p u r i t y  atom l i e s  
e q u i d i s t a n t l y  f rom atoms C 1 ,  C2 and C 3  f o r  t h e  t r a n s  c h a i n  
and i t  has t h e  same d i s t a n c e  f rom atoms C 1 ,  C2, C3  and C 4  
i n  t h e  c i s  cha in ,  r e s p e c t i v e l y  (see F i g u r e  1); i n  p o s i t i o n  
B i t  l i e s  above t h e  c 1 - C ~  bond i n  b o t h  systems. 

c h a i n  carbon-carbon d i s tances  have been s i rnu l taneously  
o p t i m i z e d  i n  a l l  cases. Our r e s u l t s  can be summarized ac 
f o l l o w s  ( f o r  more d e t a i l s  see Ref. 3 ) :  
i) I n  c o n t r a s t  t o  Grev ious c a l c u l a t i o n s  perfor i i ied wi th  

The impur i t y -ca rbon  d i s tances  a s  w e l l  as a l l  i n t r a -  

t h e  FSGO method 
always a d e f i n i t i v e  energy m i r i i r n u n i  wi th r e s p e c t  t o  
t h e  i m p u r i t y - c h a i n  d i s t a n c e  i .e .  t h e  L i  and Na atoms 
r e a l l y  b i n d  t o  po l yace ty lene .  T h i s  f a c t  i n s u r e s  a 
p h y s i c a l l y  meaningfu l  o p t i m i z a t i o n  o f  t h e  new c h a i n  
s t r u c t u r e s  i n  t h e  presence o f  t h e  i m p u r i t y  atoms. 

ii) The P e i e r l s  i n s t a b i l i t y  d isappears i n  b o t h  c i s -  and 
trans-PA, i . e .  t h e  e q u i d i s t a n t  c h a i n s  become more 
s t a b l e  than t h e  b o n d - a l t e r n a t i n g  ones. I m p u r i t y  
p o s i t i o n  A i s  e n e r g e t i c a l l y  more favourab le  i n  cis-PA 
w h i l e  p o s i t i o n  €3 i s  p r e f e r r e d  i n  trans-PA. 

iii) The charge t r a n s f e r  f rom b o t h  L i  and Na t o  t h e  PA 
cha ins  i nc reases  wi th decreas ing bond a l t e r n a t i o n  
and reaches i t s  maximum va lue  f o r  t h e  e q u i d i s t a n t  
s t r u c t u r e s  (-0.15e f o r  L i  and 4 . 7 e  f o r  Na, 
r e s p e c t i v e l y ) .  

i v )  P a r a l l e l  w i th  i n c r e a s i n g  charge t r a n s f e r  and 
decreas ing bond a l t e r n a t i o n  t h e  s i n g l e  p a r t i c l e  gap 
i s  d i m i n i s h i n g  and i t  i s  reduced t o  -2.5eV (as 
compared w i t h  i t s  va lue  o f  ~ 9 e V  i n  t h e  p u r e  m a t e r i a l ) .  

t h e  ab i n i t i o  procedure y i e l d s  
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2064 12381 S. SUHAI and J. LADIK 

C a l c u l a t i o n  o f  C o r r e l a t i o n  C o r r e c t i o n s  by P e r t u r b a t i o n  
Theory 

We a p p l i e d  f o r  t h i s  pu rpose  t h e  Mrbller-Plesset p a r t i t i o n i n g  
scheme and made u s e  o f  t h e  f a c t  t h a t  i n  second o r d e r  o f  
p e r t u r b a t i o n  t h e o r y  t h e  t o t a l  c o r r e l a t i o n  ene rgy  can b e  
c a l c u l a t e d  a s  a sum o f  p a i r - c o r r e l a t i o n  c o n t r i b u t i o n s .  
Ob ta in ing  i n  t h i s  way t h e  c o r r e l a t e d  t o t a l  e n e r g i e s  o f  t h e  
N+l,N and N-1 p a r t i c l e  systems one  can  c a l c u l a t e  t h e  
p o s i t i o n s  o f  t h e  new, c o r r e l a t i o n  c o r r e c t e d  con u c t i o n  - 
va lence  band is s h i f t e d  upwards w h i l e  t h e  conduc t ion  band 
moves downwards due t o  t h e  c o r r e l a t i o n  c o r r e c t i o n .  A s  a 
r e s u l t ,  t h e  new q u a s i - p a r t i c l e  gap is s u b s t a n t i a l l y  l o v e r  
t han  t h e  HF gap. I n  pu re  trans-PA t h e  gap i s  reduced by 
-.50 p e r  c e n t .  We are  r e p e a t i n g  now t h i s  c a l c u l a t i o n  a l s o  i n  
t h e  p re sence  o f  i m p u r i t i e s  t o  see whether  t h e  combinat ion 
o f  t h e  two f a c t o r s  p roduces  really a n e a r l y  z e r o  gap i n  PA. 

and va lence  band s t a t e s ,  r e s p e c t i v e l y .  We found E' t h a t  t h e  

POLYDIACETYLENES 

Four t y p i c a l  backbones o f  p o l y d i a c e t y l e n e  
been a l s o  i n v e s t i g a t e d  s u b s t i t u t i n g  t h e  s i d e  c h a i n s  by 
hydrogen atoms.1° F i g u r e  2 shows t h e  u n i t  c e l l  o f  t h e s e  
c a l c u l a t i o n s .  The d i f f e r e n t  i n t e r a t o m i c  d i s t a n c e s  u s e d  a r e  
c o l l e c t e d  i n  Table  5. From t h e  t o t a l  e n e r g i e s  p e r  e l e m e n t a r y  

(PDA) c h a i n s  have 

F i g u r e  2: Segment o f  a t y p i c a l  polydiacety1en.e  (PDA) back- 
bone. The s i d e  c h a i n  g roups  are s u b s t i t u t e d  by 
hydrogen atoms and t h e  t r a n s l a t i o n a l l y  i n v a r i a n t  
u n i t  c e l l  is  su r rounded  by broken l i n e s .  The 
carbon-carbon bond d i s t a n c e s  are  v a r y i n g  f o r  
d i f f e r e n t  models as  d e f i n e d  i n  T a b l e s .  
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ELECTRONIC STRUCTURE OF POLYMERS [ 1239]/207 

Table 5 Atomic D is tances  (81, T o t a l  Energ ies  Per 
D i a c e t y l e n e  Un i t  (Har t ree ) ,  Valence- And Conduct ion 
Band Widths ( dEv and 6Ec, r e s p e c t i v e l y ,  i n  eV). 
The Numbering O f  The Atoms Is D e f i n e d  I n  F i g u r e  2. 

C 
PDA model R1,2  R2,3 R 4 , l  E t o t .  SEV 6E 

- I d e a l  ace ty lene  1.45 1.20 1.34 -150.5762 3.33 5.11 
PTS backbone 1.43 1.21 1.36 -150.5735 5.12 5.42 
TCDU backbone 1.38 1.24 1.42 -150.5553 6.18 6.56 
I d e a l  b u t a t r i e n e  1.35 1.26 1.48 -150.5434 6.20 6.68 

~ 

c e l l  we can see t h a t  t h e  r e l a t i v e  s t a b i l i t y  o f  t h e  PDA back- 
bone inc reases  b y  -20 kca l /mo l  p e r  d i a c e t y l e n e  u n i t  as t h e  
bonding sequence goes ove r  f rom t h e  i d e a l  b u t a t r i e n e  
s t r u c t u r e  t o  t h e  ace ty lene  one. The co r respond ing  energy 
d i f f e r e n c e  i n  t h e  case o f  t h e  TCDU t o  PTS t r a n s i t i o n  i s  
~ l l  kcal /mol .  Bo th  t h e  valence- and conduc t ion  band w i d t h s  
i n c r e a s e  m o n o t o n i c a l l y  i n  go ing  from t h e  a c e t y l e n e - l i k e  
s t r u c t u r e  t o  t h e  b u t a t r i e n e - l i k e  one. The e x p l i c i t e  
c a l c u l a t i o n  o f  t h e  e f f e c t  o f  d i f f e r e n t  s ide -cha in  groups on 
t h e  e l e c t r o n i c  p r o p e r t i e s  o f  these backbones i s  i n  progress.  

INFINITE STACKS OF TCNQ AND TTF MOLECULES 

Ab i n i t i o  HF CO c a l c u l a t i o n s  were per formed a l s o  f o r  s tacked  
cha ins  o f  TCNQ and TJF molecules u s i n g  t h e  geometry o f  t h e  
mixed c r y s t a l  (3.18 A i n t e r p l a i n  d i s t a n c e  i n  TCNQ and 
3.47 4 i n  t h e  TTF s tack ,  r e s p e c t i v e l y .  I n  Table 6 we show 
t h e  p o s i t i o n s  and w i d t h s  o f  t h e  va lence and conduc t ion  bands 
o f  poly(TCNQ) and poly(TTF).  The most i n t e r e s t i n g  r e s u l t  

Table 6 The Valence- and Conduct ion Bands o f  Poly(TCNQ) and 
Poly(TTF). For Coriiparison The Table Con ta ins  Also 
The Corresponding S i n g l e  MO L e v e l s  ( A l l  Q u a n t i t i e s  
i n  eV). - 

S E  co 
EMO Ek& Emax 

Valence band -6.838 -7.252(T)a -7.157(0) 0.095 

Conduct ion band 0.438 -0.487(0) 0.687(Jr) 1.174 
p l y (  TCNQ) 

Valence band -3.774 -3.801(R) -3.498(0) 0.303 

Conduct ion band 8.466 8.511(Jf) 8.594(0) 0.083 
poly(TTF) 

I n  parentheses t h e  co r respond ing  va lues  o f  k-2 are given. a 
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2084 12401 S. SUHAI and J. LADIK 

obtained i n  t h i s  study” was t h a t  the  valence band o f  p o l y  
(TTF) (from which t h e  charge t r a n s f e r  [C.T.] occurs) i s  
comparatively broad (-0.3 eV) and the  conduction band o f  
poly(TCNQ) ( t o  which the charge i s  t rans fe r red )  i s  broad 
( ~ 1 . 2  eV), wh i l e  both the valence band o f  poly(TCNQ) and 
the conduction band poly(TTF) (which do n o t  take p a r t  i n  the  
C T  process) have widths l e s s  than 0.1 eV. We found f u r t h e r -  
more t h a t  the conduction and valence bands o f  both systsms 
are %-bands w i t h  opposi te  d ispers ions and the  p o s i t i o n  o f  
the conduction band i n  poly(TCNP) and t h a t  o f  the valence 
band i n  poly(TTF) favours more C T  than the  corresponding 
s ing le  MO l eve l s .  The i n v e s t i g a t i o n  o f  the  C T  process i n  
the 3D c r y s t a l  i s  i n  progress. These c a l c u l a t i o n s  w i l l  
throw most probably  a l so  some l i g h t  on the experimental 
f i n d i n g  t h a t  wh i le  i n  a mixed TCNQ-TTF aqueous s o l u t i o n  
there  i s  no C.T. between the  two componentslz, i n  t h e i r  
molecular c r y s t a l  there  i s  a charge t r a n s f e r  of-0.6 e per 
molecule p a i r .  I t  i s  worthwhile t o  mention i n  t h i s  r e l a t i o n  
t h a t  p e r i o d i c  nuc leo t ide  base s tacks have a geometr ica l  
s t ruc tu re  which i s  very s i m i l a r  t o  the  stacked columns o f  
TCNQ w i t h  a s tack ing  d is tance o f  3.36 l. As a consequence 
t h e i r  band widths13 are comparable t o  those o f  the TCNQ and 
TTF stacks and the re fo re  one can expect t h a t  by doping them 
w i th  appropr ia te donor o r  accpetor molecules h i g h l y  
conducting reg ions could be formed a l so  i n  these nuc leo t ide  
base stacks (which are exper imenta l ly  ava i l ab le ) .  

ELECTRONIC STRUCTURE OF (SN)x 

I n  the  case o f  m e t a l l i c  polymers the  e l e c t r o n i c  p r o p e r t i e s  
are espec ia l l y  s e n s i t i v e  t o  the  q u a l i t y  o f  the atomic bas is  
se t  used i n  the ca l cu la t i ons .  l ierefore,  besides ab i c i t i o  
minimal bas i s  se t  ca l cu la  t ioosT4 we s tud ied  s i n g l e  chains 
o f  (SN), a l so  a t  the  double-5 leve l15 .  For the w id th  o f  
the h a l f - f i l l e d  m e t a l l i c  band we obta ined 4.12 eV (Emin. = 
-9.854 eV, Emax. = -5.734 eV) and the Fermi l e v e l  l i e s  a t  
EF -7.821 eV. The ca l cu la ted  e f f e c t i v e  e l e c t r o n i c  mass a t  
EF (1.7 mc), the corresponding dens i ty  o f  s ta tes  (0.14/ 

atom t o  the N atom (0.4 e )  are i n  reasonable agreement w i t h  
experiment. 

To understand the  e f f e c t  o f  var ious  i m p u r i t i e s  on the  
t r a n s i t i o n  temperature o f  the superconductive s t a t e  i n  (SN), 
we inves t i ga ted  the  changes i n  the dens i ty  o f  e l e c t r o n i c  
s ta tes  3 (E) o f  t h i s  polymer due t o  hydrogen i m p u r i t i e s  
bound t o  the  N atoms ( a t  IBM San Jose 4-8 per  mole cent  
hydrogen i m p u r i t i e s  were found i n  (SN),l6. We app l i ed  f o r  
these ca l cu la t i ons  the coherent p o t e n t i a l  approximation 

eV sp in  molecule ) and the  charge t rans fe r red  from the S 
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ELECTRONIC STRUCTURE OF POLYMERS [ 124 1]/209 

(CPA)  u s i n g  an energy and momentum dependent s e l f - e n e r g y  
2(E,k) I7 .  The most i n t e r e s t i n g  two conc lus ions  o f  t hese  
i n v e s t i g a t i o n s  a r e  t h e  f o l l o w i n g :  
i) The f ( E )  cu rves  o f  t h e  doped system e x h i b i t  a 

comp l i ca ted  s t r u c t u r e  wi th s p i k e s  and d i p s  which go t o  
zero i n  many cases p roduc ing  gaps i n  t h e  mixed systems. 
S ince t h e r e  i s  no s i g n  o f  such d i p s  i n  t h e  h o s t  system 
t h e i r  occurence ( a l r e a d y  a t  3 p e r  c e n t  i m p u r i t y  c o n t e n t )  
i s  a genuine e f f e c t  o f  a p e r i o d i c i t y .  

t onous ly  wi th  the  i m p u r i t y  c o n t e n t  ( ~ ( E F )  = 0.10, 0.11, 
0.13, 0.18 and 0.26 a t  0, 3 ,  10, 30 and 50 p e r  c e n t  o f  H 
i m p u r i t y ,  r e s p e c t i v e l y ) .  Accord ing t o  t h e  BCS t h e o r y  o f  
s u p e r c o n d u c t i v i t y  t h e  c r i t i c a l  temperature Tc depends 
e x p o n e n t i a l l y  on t h i s  parameter ( T c  exp 1 - l / f ( E ~ ) s V ) ,  
where V i s  an e f f e c t i v e  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n  
parameter) .  One would expect,  t h e r e f o r e ,  t h a t  due t o  
t h e  i n c r e a s e  o f  ~ ( E F )  wi th t h e  c o n c e n t r a t i o n  o f  hydrogen, 
t h e  t r a n s i t i o n  temperature would a l s o  i n c r e e a s e  a t  h i g h e r  
l e v e l  o f  dopings. 

ii) The va lue  o f  f ( E )  a t  t h e  Fermi  l e v e l  i n c r e a s e s  mono- 
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