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CHANGES OF LATTICE GEOMETRIES UPON CHARGE TRANSFER 

MIKLOS KERTESZ 
Department of Chemi  s t r y  , George town Univers i t y  , 
Washington, DC 20057 

A b s t r a c t  General  p e r t u r b a t i o n  t h e o r e t i c a l  arguments 
are g iven  for t h e  o p p o s i t e  e f f e c t  o f  small p o s i t i v e  
and nega t ive  cha rge  t r a n s f e r  on t h e  geometry of 
s o l i d s .  A p p l i c a t i o n s  t o  n-conductors,  such as  i n t e r  
c a l a t e d  g r a p h i t e s  and doped po lyace ty l enes ,  i n d i c a t e  
C-C bond e l o n g a t i o n  f o r  donor compounds and shor- 
t e n i n g  f o r  a c c e p t o r  compounds,in agreement wi th  
experiment.  

I NTRO DUCT1 ON 

n -e l ec t ron  m e t a l s ,  such as  i n t e r c a l a t e d  g r a p h i t e s l  and 

h i g h l y  doped po lyace ty l enes2 ,  are good e lectr ic  conduc- 

t o r s  because cha rge  t r a n s f e r  c r e a t e s  p a r t i a l l y  f i l l e d  

energy bands.  The cha rge  t r a n s f e r  ( e l e c t r o n s  from donors 

or t o  accep to r s )  c a u s e s  some changes i n  t h e  n-bonding o f  

t h e  carbon frameworks i n  t h e s e  systems. Some of t h e s e  

changes have been observed  expe r imen ta l ly  f o r  t h e  

g r a p h i t e  i n t e r c a l a t i o n  compounds ( G I C ) 3  

e x t e n t ,  f o r  doped po lyace ty l enes  ( (CH)x)4. 

s t a t i c  argument would p r e d i c t  t h e  expansion o f  l a t t i c e s ,  

due  t o  t h e  r e p u l s i o n  o f  t h e  charged atoms a f t e r  charge  

t r a n s f e r  h a s  t aken  p l a c e ,  t o  be independent o f  t h e  sign 

and, t o  a lesser 

Pure  e l e c t r e  
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104 M. KERTESZ 

of t h e  t r a n s f e r r e d  charge.  I n  t h i s  communication t h e  

i n h e r e n t  asymmetry r ega rd ing  t h e  change of t h e  bond 

d i s t a n c e s  as  a f u n c t i o n  o f  t h e  s i g n  of t h e  charge 

t r a n s f e r  (CT) is discussed.  P rev ious ly ,  we have 

i n d i ~ a t e d ~ * ~ ,  t h a t  t h e  s l i g h t  ant ibonding n a t u r e  of t h e  

Bloch o n e e l e c t r o n  f u n c t i o n s  a t  t h e  Fermi l e v e l  results 

i n  a C-C bond lengthening f o r  nega t ive  charge t r a n s f e r  

(donor  compounds) and bond shor t en ing  f o r  p o s i t i v e  charge 

t r a n s f e r  ( accep to r  compounds) . 

PERTURBATION THEORY OF THE EFFECT OF CHARGE TRANSFER ON 
THE GEOMETRY OF SOLIDS 

L e t  u s  make a nlrmber of s impl i fy ing  assumptions about t h e  

t o t a l  energy of a c r y s t a l .  Suppose t h a t  t h e  a semi- 

e m p i r i c a l  o n e e l e c t r o n  Ramiltonian (e.g., of t h e  extended 

Uuckel type’) is used. 

p e r  u n i t  c e l l  may b e  expressed as  

I n  t h a t  case, t h e  t o t a l  energy 

E = (occ)En(k) = 5 hs Pa6(j)Ua6(j)  (1) 
n ,k  

where En(k) is t h e  w t h  energy band, %S( j )  is t h e  ma t r ix  

element between o r b i t a l  a i n  t h e  r e f e r e n c e  c e l l ,  and 

o r b i t a l  6 i n  t h e  j - th  neighboring u n i t  ce l l ;  and f i n a l l y ,  

P,B(j) is t h e  corresponding d e n s i t y  ma t r ix  element (bond 

o r d e r ) .  

The energy may be expanded i n t o  a power series around 

The l a t t e r  may be a g i v e n  geometry, R, and charge state.  

c h a r a c t e r i z e d  by q ,  t h e  number of e l e c t r o n s  p e r  u n i t  

cell .  For s i m p l i c i t y  w e  d i s c u s s  one geometry parameter 

on ly .  
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CHARGE TRANSFER IN CRYSTALS 105 

For any given q t h e  e q u i l i b r i m  

- a 2 E  -- 6R2 + 
a R2 

6q6R 

geometry is defined by 

(3 1 

We want t o  f ind  t h e  e f f e c t  of CT, i .e . ,  t h e  change i n  q ,  

6q, on t h e  geometry. 

The minimum occurs  a t  

6 E  is a quadra t i c  func t ion  of 6 R .  

provided (3) is f u l f i l l e d .  Thus, t h e  change I n  t h e  

equi l ibr ium geometry , 6R, is propor t iona l  t o  6q f o r  

small amounts of  6q and i n v e r s e l y  p ropor t iona l  t o  t h e  

f o r c e  cons t an t ,  f - a E / a R  . 
t i o n a l  t o  t h e  coupl ing of t h e  charge t r a n s f e r  t o  geometry. 

For t h e  simple e f f e c t i v e  Hamiltonian y i e l d i n g  (11, 
equ. (4) can be expressed as fol lows ( k f  and j a r e  

vec t ors)  8 

2 2  The e f f e c t  i s  a l s o  propor- 

where Can is t h e  Bloch o r b i t a l  c o e f f i c i e n t  corresponding 

t o  t h e  a - th  atomic o r b i t a l  f o r  t h e  kl wave v e c t o r  a t  t h e  

Fermi energy, Ep, normalized over  a u n i t  c e l l  and 

&S-Ep$,S. 'Ihe expressfon i n  f ] is t h e  c o n t r i b u t i o n  of 

= 
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106 M. KERTESZ 

t he  Bloch o r b i t a l s  a t  t h e  Permi l eve l  t o  t h e  dens i ty  

matrix P,B(j). The sign of 6R depends on t h e  s ign  of 

t h i s  tern. 

DOPED POLYACETnENE AND GRAPHITE 

Energy band cacula t ions  have been done' on (CA), chains  

with a varying degree of charge t r ans fe r ,  q .  follovcd by 

geometry opt imizat ions f o r  d i f f e r e n t  q va lues  using t h e  

extended Huckel Rarniltonian. The optimized C-C distam- 

ces ,  bpt, a s  a func t ion  of q a r e  given in Fig. 1. The 

cn [i) 
FIG. 1. 

Variat ions of t he  

optimal C-C bond 

length  i n  all-  

t ran* polyace t ylene * 
a s  a funct ion of  t h e  

charge t ram f er q . - 0 3  -01 v3 01 s/cn[kll 

- 
, 

1 .  

zero of  q i s  set f o r  t h e  neu t r a l  n-system. 

va lues  of q the  devia t ions  of bpt a r e  l i n e a r  as predicted 

by t h e  present  theory.  Ihe slope of t he  curve i s  nega- 

t i ve ,  because (5) can be nw r c v r i t t e n  as (ti is used 

in r t ead  of 8' a r s u i n g  orthonormal atoaic o r b i t a l s )  

For mall  

where 11' i s  t h e  index p a i r  corresponding t o  t h e  n orbi- 

t a l s  on at- 1 and 1' i n  neighboring u n i t  cells. Ihe 

p a t t e r n  of t h e  o r b i t a l ,  from which t h i s  is  calculated,  i s  
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CHARGE TRANSFER IN CRYSTALS 

i l l u s t r a t e d  in 1 

107 

Formula 1. O r b i t a l  a t  t h e  Fermi l e v e l  in p l y a c e t y l e n e  

There is no c o n t r i b u t i o n  from t h e  H12 matr ix  element 

because p12  = 0. T h i s  reduces ( 5 )  t o  (6) and only a 
s l i g h t  (second neighbor) ant ibonding e f f e c t  remains. 

The c a s e  of g r a p h i t e  is analogous.  The wave func t ion  

a t  t h e  F e m i  l e v e l  ( a t  t h e  famous K point  i n  t h e  hexago- 

n a l  2D B r i l l o u i n  zone) is i l l u s t r a t e d  i n  2 ,  where t h e  

phase f a c t o r s  f o r  t h e  six neighboring cel ls  are given 

r e l a t i v e  t o  t h e  r e f e r e n c e  ce l l .  I n  a carbon l a y e r  first 

Formula 2 .  

Phases of neighbors  

i n  g r a p h i t e  a t  t h e  

K po in t .  

neighbor bond o r d e r s  t h u s  van i sh  (1+2 COB 2 ~ 1 3  = 0 ) .  

So t h e  l a r g e s t  c o n t r i b u t i o n s  t o  t h e  r.h.8. of ( 5 )  w i l l  

come from second neighbors  i n d i c a t e d  by dashed l i n e s  in 

2. 

atomic o r b i t a l s ) .  

The r e s u l t  w i l l  be  now ( aga in  assuning orthonormal 
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108 

1 6~ = -6qf- n1 2 a q  

The e f f e c t  sems t o  be  3 

M .  KERTESZ 

times smaller ( t h e  d i f f e r e n c e  i n  

t h e  number of  second ne ighbors)  i n  a polymer than  a honey- 

comb l a t t i c e .  

= -42. For t h e  polymer p11 = -2N2 = -1. Thus, about  a 

50% d i f f e r e n c e  r e s u l t s  from d imens iona l i ty .  Ac tua l ly ,  

t h e  2D l a y e r  is more r i g i d ,  t h u s  a r a t h e r  small d i f -  

f e r e n c e  is expected. F u l l y  optimized c a c u l a t i o n s 6  for a 

g r a p h i t e  l a y e r  w i t h  a se r ies  of d i f f e r e n t  charge trans- 

f e r  va lues  a r e  g iven  in Fig .  2 .  The con t inuous  curve  

cor responds  t o  a I-only charge  t r a n s f e r  and a g r e e s  very  

w e l l  w i t h  t h e  coresponding  (CH), curve  g iven  in Fig .  1. 

However, h e r e  p11 = 2N2cos(2n/3) = - N2 

MC M donor 

FIG. 2. 

V a r i a t i o n  of t h e  tu--. 
Sm. 

op t ima l  C-C bond 

d i s t a n c e  i n  inter-  

c a l a t e d  g r a p h i t e s .  Coe csci 

-0.15 -0.10 -0.05 

G-As 

Acceptor Compounds 
6Q ;A) 

0.02 

t 0.01 \\ 
\ 
\ 
\ 

\ 

- 0.02 

\ 
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CHARGE TRANSFER IN CRYSTALS 109 

The experimental  p o i n t s  were taken from d i f f e r e n t  

sources3. 

v a l u e s ,  f o r  t h e  donor compounds f u l l  charge t r a n s f e r  

has  been a s s m e d  i n  r e p r e s e n t i n g  t h e  po in t s .  We would be 

compelled t o  a s s m e  in some of  t h e  cases ,  t h a t  t h e  l a r g e  

d e v i a t i o n s  from our  t h e o r e t i c a l  curve impl i e s  a p a r t i a l  

charge t r a n s f e r .  For t h e  accep to r  compounds t h e  q v a l u e s  

were based on s e v e r a l  experimental  methods3. 

agreement w i t h  experiment is reasonable  i n  t h e  case  of 

(CH), a s  we l l ,  a l though t h e  evidences t h e r e  a r e  more 

i n d i r e c t 4 .  

c o r r e c t  dependency of 6 R  on 6 q ,  optimized geometries had 

t o  be used. 

As t o  t h e  experimental  charge t r a n s f e r  (q)  

The 

Let  u s  no te  t h a t  i n  o rde r  t o  a r r i v e  a t  t h e  

The asymmetric charge t a n s f e r  e f f e c t  descr ibed h e r e  

h a s  a n  o r b i t a l  o r i g i n .  Espec ia l ly  t h e  shr inking of la t -  

t ices  upon charge t r a n s f e r  can n o t  be explained by 

e l e c t r o s t a t i c  agruments. The e f f e c t  of t h e  dopants has  

t o  be assessed.  In  t h e  g r a p h i t e  compounds f u l l  band 

s t r u c t u r e  c a l c u l a t i o n s  ind ica t e9  ,lo t h a t  l a r g e  f r a c t i o n  

o f  t h e  t r a n s f e r r e d  charge goes i n t o  t h e  r i g i d  bands o f  

g raph i t e .  We p l a n  t o  i n v e s t i g a t e  t h i s  ques t ion  f o r  doped 

polyacetylene using r e c e n t l y  e x t a b l i s h e d l l  3D s t r u c t u r a l  

models f o r  h igh ly  doped (CH),. 
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