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CHARGE-TRANSFER EXCITATIONS I N  PARTLY-IONIC COMPLEXES 

2. G. SOOS, R. €1. HARDING, and S .  RAMASESHA 
Department of Chemistry,  P r ince ton  U n i v e r s i t y ,  
P r ince ton ,  N J  08546 ,  USA 

Abs t rac t  The Mulliken dimer of admixed DA and D+A- con- 
f i g u r a t i o n s  r e q u i r e s  e x t e n s i v e  g e n e r a l i z a t i o n  t o  s o l i d  
complexes of n-donors ( D )  and v a c c e p t o r s  (A) w i t h  many more 
c o n f i g u r a t i o n s .  Diagrammatic valence-bond t echn iques  y i e l d  
c o r r e l a t e d  c r y s t a l  s t a t e s  t h a t  r a t i o n a l i z e  t h e  cohes ive  
ene rgy  of p a r t l y - i o n i c  (q - 0.50) o r g a n i c  complexes, l e a d  
n a t u r a l l y  t o  a q-dependent k i n e t i c  energy  c o n t r i b u t i o n ,  and 
produce cha rge - t r ans fe r  (CT) e x c i t a t i o n s  and i n t e n s i t i e s  t h a t  
d i f f e r  s i g n i f i c a n t l y  from dimer r e s u l t s  f o r  i n t e r m e d i a t e  
i o n i c i t y .  CT s p e c t r a  i n  s o l i d s  a r e  s e n s i t i v e  t o  i n t e r s t r a n d  
Coulomb i n t e r a c t i o n s  t h a t  s t a b i l i z e  i n t e r m e d i a t e  q r e l a t i v e  
t o  both n e u t r a l  and i o n i c  ground s t a t e s .  

INTRODUCTION -____ 

Molecular  complexes of e l e c t r o n  donors (D) and a c c e p t o r s  ( A )  

occu r  i n  both s o l u t i o n s  and t h e  s o l i d  state.  Mul l iken  asso-  

c i a t e d ’  t he  s t r o n g  new c h a r g e - t r a n s f e r  (CT) a b s o r p t i o n  of 

d imers  wi th  c o n f i g u r a t i o n  i n t e r a c t i o n ,  o r  admixing, of 

n e u t r a l  1 DA> and i o n i c  D+A-> s t a t e s .  While o t h e r  i n t e r -  

molecular  i n t e r a c t i o n s *  a l s o  s t a b i l i z e  t h e  d imer ,  t he  CT 

i n t e n s i t y  goes as t 2 ,  w i t h  

Such c o n f i g u r a t i o n  i n t e r a c t i o n  (CI)  becomes p r o h i b i t i v e l y  

more d i f f i c u l t  i n  s o l i d  CT complexes c o n t a i n i n g  N donors  and 

N a c c e p t o r s ,  even when t h e  CT i n t e g r a l  t i s  r e s t r i c t e d  t o  

face- to- face  s t a c k s  of p l a n a r  n-donors D and n-acceptors  A. 

R e a l i s t i c  d e s c r i p t i o n s  of CT s o l i d s  n e v e r t h e l e s s  r e q u i r e  

c o r r e l a t e d  c r y s t a l  s t a t e s  i n v o l v i n g  many c o n f i g u r a t i o n s .  

The n e u t r a l - i o n i c  t r a n s i t i o n  of D = t e t r a t h i a f u l v a l e n e  (TTF) 
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60 

and A = c h l o r a n i l  explored by Torrance e t  a15 and o t h e r s ,  

i n  p a r t i c u l a r ,  demands such admixtures of n e a r l y  degenerate  

n e u t r a l  and i o n i c  configurat ions.  

Diagrammatic valence bond (VB)  methods” * y i e l d  exact, 

o r  f u l l y  c o r r e l a t e d ,  states f o r  quantum cel l  models with Ne 

= 12-14 e l e c t r o n s .  The b a s i c  r e s t r i c t i o n  t o  one Wannier 

o r b i t a l  Op per  s i te i s  r e a d i l y  adapted’ t o  CT s o l i d s  by 

choosing the h ighes t  occupied molecular o r b i t a l  (HOMO) f o r  D 

s i tes  and the lowest unoccupied molecular o r b i t a l  (LUMO) f o r  

A sites. Indeed, we may choose” the  site func t ions  i n  Fig. 

1 t o  be exact  ground states of i s o l a t e d  D, D+a, D+2 o r  A, 
A’a, A-2 species .  

forming molecular s o l i d s ,  as  shown by v i b r a t i o n a l  and o p t i -  

cal  s t u d i e s ,  and r e a d i l y  inco rpora t e  e l e c t r o n  t r a n s f e r s  v i a  

t. C k  consider  i n  t h i s  paper t he  s t a b i l i t y  and s p e c t r a  s o l i d  

complexes a t  i n t e rmed ia t e  i o n i c i t i e s ,  where both f i n i t e  t 

and i n t e r c h a i n  Coulomb i n t e r a c t i o n s  are important.  

Z. 0. SOOS, R. H. W I N G  AND S. RAMASESHA 
6 

These states are ha rd ly  per turbed on 

D++ 

D+Q 

D 0 
A t  

A 

Fig. 1. Energies of donor and acceptor  s i tes  f o r  empty, 

singly-occupied , and doubly occupied OP. 
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CT EXCITATIONS IN PARTLY-IONIC COMPLEXES 61 

When 1 DA> and 1 D+A-> a r e  degene ra t e ,  t he  dimer ground 

s t a t e  D+qA-q has i o n i c i t y  q = 0.5 and a CT a b s o r p t i o n  at  

2 4 2  1 t I . 
about  t h e  q-dependence of v i b r a t i o n a l ,  o p t i c a l ,  o r  magnet ic  

p r o p e r t i e s ,  even i n  mixed r e g u l a r  s t a c k s  whose e q u a l l y  

s t r o n g  t r a n s f e r s  t o  both  ne ighbors  s h a r p l y  l i m i t  q u a n t i t a -  

t i v e  a p p l i c a t i o n s .  

Dimers and e f f e c t i v e  dimers s t i l l  provide  i n s i g h t s  

Elodels f o r  CT s o l i d s  have so f a r  been p r i m a r i l y  of con- 

c e p t u a l  i n t e r e s t .  McConnell e t  a l .  i n t roduced”  a Hartree 

approximat ion  f o r  Coulomb i n t e r a c t i o n s  i n  p a r t l y - i o n i c  

s o l i d s  the reby  e n t i r e l y  n e g l e c t i n g  i n s t a n t a n e o u s  charge  

c o r r e l a t i o n s .  S t r a igh t fo rward  arguments t hen  show t h a t  on ly  

n e u t r a l  (q - 0) and i o n i c  (q  - 1)  ground s ta tes  are 

p o s s i b l e ,  a s  indeed observed  i n  many weak complexes and a 

few s t r o n g  complexes, r e s p e c t i v e l y .  But subsequent  ev idence  

f o r  i n t e r m e d i a t e  q i n  TTF-chloranil  in1*  d imethylphenaz ine-  

TCNQ, and i n  many seg rega ted - s t ack  conduc to r s  l i k e  TTF-TCNQ 

c l e a r l y  r e q u i r e  e x p l i c i t  c o n s i d e r a t i o n  of c o r r e l a t i o n s .  The 

t + 0 l i m i t  of p e r f e c t  charge  c o r r e l a t i o n s  i n  Wigner la t -  

t i c e s  r a t i o n a l i z e s  l 3  t h e  occurrence  of p a r t l y - i o n i c  

s o l i d s ,  bu t  suppres ses  t h e  CT a b s o r p t i o n s  and a n t i f e r r o -  

n a g n e t i c  exchange t h a t  dominate the  o p t i c a l  and magnetic 

p r o p e r t i e s .  

e l e c t r o s t a t i c  energy of Wigner l a t t i c e s .  

-- 

Cor re l a t ed  c r y s t a l  s t a t e s  r e t a i n 3  most of t h e  

CORRELATED CRYSTAL STATES 

Ue in t roduce  f e r n i o n  o p e r a t o r s  a i a ( a p a )  f o r  

c r e a t i n g  ( a n n i h i l a t i n g )  a n  e l e c t r o n  wi th  s p i n  a i n  + p ,  

t h e  HOMO of D o r  LUMO of A. The model Hamiltonian 

r e fe renced  t o  the  n e u t r a l  . . .DADA.. . s o l i d  wi th  equiva- 

l e n t  A and D s i t e s  i s  
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62 2. G .  SOOS, R. H. HARDING AND S. RAMASESHA 

a 

+ Here np = apaapa + aisaps is  t h e  number o p e r a t o r  f o r  s i t e  p, 

t h e  s i te  e n e r g i e s  ED, EA, UD and UA are g i v e n  i n  Fig.  1, 

V P p '  a r e  Coulomb o r  o t h e r  spin-independent i n t e r s i t e  

i n t e r a c t i o n s ,  tpP' van i shes  excep t  f o r  ne ighbors  i n  a s t a c k ,  

and ZD = 2, ZA = 0 a r e  t h e  cha rges  a t  si te p f o r  empty +p. 

I n  1:l complexes of N donors and N a c c e p t o r s  t h e r e  are 

Ne = 2N e l e c t r o n s  and ( 2 )  i s  h a l f  f i l l e d .  Each assignment 

of Ne e l e c t r o n s  t o  t h e  o r b i t a l s  {+,,} may be w r i t t e n '  as a 

normalized VB diagram I k> wi th  d o t s  f o r  empty +,,, c r o s s e s  

f o r  doubly-occupied I$,,, and l i n e s  o r  a r rows  f o r  s i n g l e t s  o r  

t r i p l e t s  formed from s i n g l y  occupied +,, and +,I. 
are i o n  r a d i c a l s  D+ and A-. 

a r e  l i n e a r  combinations of 1 k> w i t h  real c o e f f i c i e n t s  t h a t  

may r e a d i l y  be found f o r  over  l o 5  diagrams. 

The l a t t e r  

Cor re l a t ed  c r y s t a l  s ta tes  Jlm 

7 

As seen  from Fig.  1,  I = ED-UD i s  t h e  donor ' s  f i r s t  

i o n i z a t i o n  p o t e n t i a l  and A = EA is  t h e  a c c e p t o r ' s  e l e c t r o n  

a f f i n i t y .  High-energy D+2 and A-2 si tes  are exc luded  

from ( 2 )  by l e t t i n g  UA, UD and ED 

cons tan t .  Th i s  s i n p l i f i c a t i o n  i s  no longe r  e s s e n t i a l  s i n c e  

diagrammatic VB methods r e a d i l y  i n c o r p o r a t e  a l l  s t a t e s  f o r  

a r b i t r a r y  i n t e r s i t e  i n t e r a c t i o n s  V P p i .  

i o n i c i t y  of  a D+qA-q s o l i d  i s  

14 

+ - while keeping  ED - UD 

The ground s t a t e  

A si tes  
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CT EXCITATIONS IN PARTLY-IONIC COMPLEXES 63 

The g round-s t a t e  e x p e c t a t i o n  va lue  of t he  Vppt  terms i n  ( 2 )  

y i e l d s  t h e  c o r r e l a t e d  Madelung ene rgy  per s i t e ,  

where M 1  i s  the  neares t -ne ighbor  Vpp+l  f o r  a d j a c e n t  

s i t e s  a long  the  s t a c k .  

The i n d i c a t e d  e x p e c t a t i o n  v a l u e s  of c o r r e l a t e d  
7 may be found d i r e c t l y  up t o  N = 12 s i te  f ragments ,  

( 4 )  

D+A- 

s ta tes  

where $, 

c o n t a i n s  2 2 6 , 5 1 2  s i n g l e t  VB diagrams. The ave rage  i o n i c i t y ,  

f o r  i n s t a n c e ,  does  not  r e q u i r e  l a r g e r  fragments.  Even M(q) 

i n  ( 4 )  may be a c c u r a t e l y  e s t i m a t e d 3  v i a  shor t - range  charge  

c o r r e l a t i o n  f u n c t i o n s  and t h e  known Wigner - l a t t i ce  l i m i t  of 

t + 0. The formal development based on one p e r  s i t e  con- 

s e q u e n t l y  shows t h a t  c o r r e l a t e d  c r y s t a l  s tates l e a d  

n a t u r a l l y  t o  ground-s ta te  e x p e c t a t i o n  va lues .  The k i n e t i c  

ene rgy  c o n t r i b u t i o n  of (2),  which van i shes  as t + 0, i s  now 

seen  t o  be p e r  s i t e  

where 2p is t he  bond o r d e r ,  o r  

neares t -ne ighbor  t r a n s f e r  a long  the  s t a c k .  

a<K > / a t n n ,  and tnn is t h e  

The t = 0 Wigner l a t t i c e  c o n t a i n s  D+ and D s i tes  wi th  np  

= 1 and 2 ,  r e s p e c t i v e l y ,  and A- and A s i tes  w i t h  np  = 0 and 

1 .  A t  q = 1, M(l )  is the conven t iona l  Madelung energy  per 

s i t e  f o r  a s ing ly - ion ized  l a t t i c e  . . .D+A-D+A-. . . . Simple 

i n o r g a n i c  s a l t s  wi th  ca t ion-anion  c o n t a c t s  i n  t h e  f i r s t  

c o o r d i n a t i o n  sphere  have a ( q )  = a ( l ) ,  s i n c e  it  is e n e r g e t i -  

c a l l y  f avorab le  t o  form f u l l y  ion ized  r eg ions .  By c o n t r a s t ,  

p a r t l y  i o n i c  n - r ad ica l  s o l i d s ’  a l s o  have D-D o r  A-A con- 

t a c t s ,  a s  i l l u s t r a t e d  most simply by t h e  seg rega ted  TTF o r  

TCNQ s t a c k s  i n  TTF-TCNQ. TTF-Chloranil o r  TMPD-TCNQ have 

p l anes  c o n t a i n i n g  e x c l u s i v e l y  DA c o n t a c t s ,  w i th  D-D o r  A-A 
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64 Z. G .  SOOS, R.  H .  HARDING AND S. RAMASESHA 

c o n t a c t s  between p lanes .  Now a ( q )  d e c r e a s e s  w i t h  i n c r e a s i n g  

q ,  e s p e c i a l l y  f o r  q > 112, s i n c e  less energy  i s  ga ined  per  

charge on f o r c i n g  D+D+ o r  A-A- c o n t a c t s .  

ground s t a t e s  a r e  then  r e a d i l y  understood a s  i n t e r m e d i a t e  

phases wi th  lower energy  than  e i t h e r  t he  n e u t r a l  o r  i o n i c  

l a t t i c e .  

t i o n a l  charges  q a t  each  s i t e  l e a d s  t o  alIF = q a ( 1 ) .  Now 

MHF(q) = M(1)q 
p a r t l y - i o n i c  ground states are exc luded .  l 5  C o r r e l a t e d  

c r y s t a l  s t a t e s  l ead  t o  M(q)  i n  ( 4 )  c l o s e  t o  t h e  Wigner l a t -  

t i c e  when 1 t I i s  s n a l l  compared t o  the  neares t -ne ighbor  

Coulomb i n t e r a c t i o n s  1 V p p 1  1 . 

P a r t l y  i o n i c  

F i n a l l y ,  t h e  Nartree-Fock approx ina t ion”  of f r a c -  

2 i s  s e v e r e l y  reduced around q = 1 /2  and 

I n  the  u s u a l  l i n i t  of exc lud ing  D+2 and A-2 s i tes ,  the  

ground-state energy  per  s i t e  of ( 2 )  becomes 

on combining (3), ( 4 ) ,  and (5 ) .  The k i n e t i c  energy  c o n t r i -  

bu t ion  has  been added n a t u r a l l y  t o  t h e  pu re ly  p o t e n t i a l  

t e r n s  1 5 ’ 3  w i th  a ( q )  t aken  as e i t h e r  t he  t l igner o r  HF va lue .  

A s  shown i n  FiR. 2 f o r  n ixed  r e g u l a r  r i n g s  w i t h  on - s i t e  

i n t e r a c t i o n s ,  p ( q )  van i shes  nea r  q = 0 and becones s n a l l ,  

of t he  o rde r  of I t 1 /AECT, nea r  q = 1 .  

r e a d i l y  understood q u a l i t a t i v e l y ,  s i n c e  the  g r e a t c s t  n i x i n g  

occur s  when I D+A- > and I DA> a r e  n e a r l y  degenera te .  

s i n i l a r  p ( q )  curves  f o r  TI = 6 and 1 0  i n  F ig .  2 i l l u s t r a t e  

t he  weak l e n g t h  dependence and t h e  broad naxinum arounc! q - 
1/2. The s t e e p  i n i t i a l  r i s e ,  i n  p a r t i c u l a r ,  shows t h a t  3 

k i n e t i c  energy  c o n t r i b u t i o n  of 1 t 1 - 0 . 2  e v  f a v o r s  p a r t i a l  

i o n i c i t y .  S i n i l a r  c a l c u l a t i o n s  f o r  Coulonb i n t e r a c t i o n s  and 

lower Fk2, A-2 e n e r c i e s  i n c r e a s e  p ( q )  around q - 1 t o  

r e f l e c t  i nc reased  C I .  

such r e s u l t s  a r e  

The 

The e x p e c t a t i o n  value of t h e  s i te  t e r n s  i n  ( 2 )  e i v e  
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CT EXCITATIONS IN PARTLY-IONIC COMPLEXES 65 

- 
w i t h  I = ED - UD as i n d i c a t e d  i n  F ig .  1 and U = (uA+uD)/2. 

We d i s t i n g u i s h  c a r e f u l l y  between t h e  i o n i c i t y  q = <np> and 

t h e  charge o p e r a t o r s  whose e x p e c t a t i o n  va lues  are t aken  i n  

(3 ) .  For example, each  c o r r e l a t e d  c r y s t a l  s t a t e  has  q p  = 0 
2 o r  1 a t  eve ry  p on exc lud ing  D+2 and A-2 si tes ;  then  <q > = 

q and t h e  U term i n  ( 7 )  vanishes .  I f  we i n s t e a d  ( i n c o r -  

r e c t l y )  write q 2  = <q >, we o b t a i n  e x a c t l y  the  - c q ( l - q )  

c o n t r i b u t i o n  sugges ted  by Bloch" t o  f avor  p a r t i a l  i o n i c i t y .  

The p resen t  r e s u l t s  show t h a t  ( 2 )  l e a d s  t o  ( 7 )  r a t h e r  t h a n  a 

-Vq( 1-q)  term. 

- 

2 

- 

N=6 0.5 - 
n 

Regular CT Ring 

0.0 I I I I I 

0 ionicity, q I 
Fig. 2. K i n e t i c  energy  p e r  s i t e  i n  r e g u l a r  CT r i n g s  wi th  

l a r g e  ED, EA i n  ( 2 )  t o  e f f e c t i v e l y  exc lude  D+2 o r  A-2 sites.  
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66 Z. G .  SOOS. R. H. HARDING AND S. RAMASESHA 

CHARGE TRANSFER EXCITATIONS AT INTERMEDIATE I O N I C I T Y  

The microscopic parameters of the general  Hamiltonian 

( 2 )  are r a r e l y  known accura t e ly .  Indeed, a l l  s i n g l e - s i t e  

r e l a x a t i o n  e n e r g i e s  may formally be included i n  ED, EA, UA, 

and UD, which then merely desc r ibe  the  s p l i t t i n g s  among 

ground-state spec ie s  with d i f f e r e n t  occupancy i n  ,$p. 

actual  observables  are e x c i t a t i o n  e n e r g i e s  l i k e  AECT f o r  

dipole-allowed t r a n s i t i o n s ,  AEp f o r  magnetic e x c i t a t i o n s  

above a s i n g l e t  ground s ta te ,  o r  e x p e c t a t i o n s  va lues  l i k e  

the i o n i c i t y  q i n  ( 3 )  and, less  d i r e c t l y ,  the cohesive 

energy go i n  (6 ) .  AECT and q are r e l a t e d  i n  DA dimers12 as 

The 

with 0 < q < 1 on excluding D+2 and A-2. The i n t e n s i t y  of 

t he  CT abso rp t ions  i n  Fig. 3 i s  ind ica t ed  by the  width of 

t he  curve. The dimer r e s u l t s  f o r  charge t r a n s f e r  o r  back 

charge t r a n s f e r ”  are symmetric about q - L/2, but no such 

symmetry occurs i n  longer  fragments o r  i n  s o l i d s .  The 

general  approach of eva lua t ing  AECT and AEp a t  given ion i -  

c i t y  q i s  more u s e f u l ,  i n  our  opinion,  t han  the  immediate 

assignment of a l l  parameters i n  ( 2 ) .  

The n e u t r a l  (q - 0) ground state i s  nondegenerate and 

separated by a gap AEp .y AECT from the lowest t r i p l e t .  

i o n i c  (q = 1) ground state i s  22N-fold degenerate f o r  i o n  

r a d i c a l s  D+u and A-u. F i n i t e  t f o r  q - 1 s p l i t s 4  the  s p i n  

s ta tes ,  gives  a s i n g l e t  ground s t a t e ,  and r e s u l t s  i n  a n t i -  
2 ferromagnetic exchange J - t / a C T .  

d ipole  t r a n s i t i o n s  vanishes i n  pure s p i n  s ta tes ,  where no 

charge r e d i s t r i b u t i o n  is  poss ib l e ,  i t  follows t h a t  back CT 

i n  i o n i c  l a t t i ces  c o r r e l a t e s  with q u i t e  d i f f e r e n t ,  higher- 

energy CT e x c i t a t i o n s  of n e u t r a l  segments. CT abso rp t ions  

The 

Since the i n t e n s i t y  of 
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CT EXCITATIONS IN PARTLY-IONIC COMPLEXES 

2.5 

+ - 
?! 

a 

\ 

W 

1.5 

t- o 

0.5 I I I 1 I 1 I I 1 

0.2 0.5 q 0.8 
Fig. 3.  CT spectra and relat ive i n t e n s i t i e s  I / N  v8. i o n i c i t y  

q for the DA dimer (eq. 8 ) ,  tetramer ( T ) ,  and tetramer pair 

(TT). The absorption width r e f l e c t s  0 .1  < I / N  < 0.5; s o l i d  

l i n e s  indicate 0.01 < I / N  < 0 .1 ,  broken l i n e s  0.001 to  0.01, 

and dots < 0.001. 
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68 Z. G.  SOOS. R. H. HARDING AND S. RAMASESHA 

and i n t e n s i t i e s  f o r  t h e  l i n e a r  tetramer i n  Fig. 3 ,  wi th  j u s t  

two S = 0 i o n i c  states on exc lud ing  D+2 o r  A-2 si tes ,  

i l l u s t r a t e  t h e  d i f f e r e n t  s ta tes  involved  i n  CT and back CT. 

As d i scussed  by Bondeson and S O O S , ~  CT e x c i t a t i o n s  i n  longe r  

segments may be approximated by d i n e r s  a t  e i t h e r  q - 0 o r  q - 1, but  no t  i n  t h e  i n t e r e s t i n g  i n t e r m e d i a t e  r e g i n e  q - 112 

where f i n i t e  t adn ixes  many c o n f i g u r a t i o n s .  

The TT cu rves  i n  Fig. 3 r e p r e s e n t  two tetramers wi th  

r e p u l s i v e  Coulomb c o n t a c t s  bu t  no e l e c t r o n  t r a n s f e r s  

( t l  = 0). 
equa l  i n t r a -  and i n t e r  t e t r a m e r  spac ing  wi th  e /R = 10 I t I , 
and have exc luded  D+2 and A-2 sites. 

lowest-energy c o n f i g u r a t i o n  is a n e u t r a l  and f u l l y - i o n i c  

tetramer t h a t  l e a d s  t o  q u i t e  d i f f e r e n t  CT s p e c t r a .  Our 

i l l u s t r a t i v e  example undoubtedly o v e r e s t i n a t e s  i n t e r s t r a n d  

Coulomb i n t e r a c t i o n s ,  which f o r  p l a n a r  n o l e c u l e s  a r e  c l o s e r  

t o  second-neighbor i n t r a s t a c k  coupl.ing. The poin t -charge  

approximation can a l s o  be inproved15 by t a k i n g  d e l o c a l i z e d  

molecular  charge  d i s t r i b u t i o n s .  More r e a l i s t i c  c a l c u l a t i o n s  

w i l l  a l s o  inc lude  D+2 and A-2 sites.  Ve emphasize h e r e  

t h a t  t h e  r e p u l s i v e  i n t e r s t a c k  c o n t a c t s  which s t a b i l i z e  a 

p a r t l y - i o n i c  ground s t a t e  a l s o  a f f e c t  t h e  CT s p e c t r a .  

Higher-energy o p t i c a l  t r a n s i t i o n s  of bo th  n e u t r a l  D o r  A and 

i o n i c  D+ o r  A- s p e c i e s  may then  be expec ted .  

For s i n p l i c i t y ,  we have t aken  po in t  changes ,  
2 

Around q = 112, t he  

DISCUSSION 

Tetramer r e s u l t s  underscore  t h e  q u a l i t a t i v e  n a t u r e  of 

any d i n e r  model a t  i n t e r m e d i a t e  i o n i c i t i e s .  S i m i l a r  s ta te  

and i n t e n s i t y  c o r r e l a t i o n s  v e r s u s  q are be ing  found f o r  N < 
8 segments o r  N < 12 r i n g s  on exc lud ing  D+2 and A-2 s i tes ,  

o r  i n  g e n e r a l  N < 10 r i n g s ,  whenever symmetry-adapted l i n e a r  

combinations of VB diagrams l e a d s  t o  subspaces  of < 10 3 
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CT EXCITATIONS IN PARTLY-IONIC COMPLEXES 69 

b a s i s  v e c t o r s .  Se l ec t ed  e x c i t a t i o n  e n e r g i e s  among low-lying 

s t a t e s  and a l l  ground s ta te  e x p e c t a t i o n  v a l u e s  may be found 

f o r  100 times l a r g e r  bases.  A d d i t i o n a l  work i s  needed i n  

connec t ion  wi th  t h e  proper  cho ice  of e f f e c t i v e  Coulomb 

p o t e n t i a l s  V P p i  

Organic CT s o l i d s  a r e  f a r  more d i v e r s e  t h a n  con juga ted  

hydrocarbons and t h e r e  are no " s t anda rd"  parameters. 

i n  (2) and of o t h e r  microscopic  parameters .  

Neve r the l e s s ,  r i g o r o u s  and p r a c t i c a l  s o l u t i o n s  t o  quan- 

tum c e l l  models l i k e  (2) are now a v a i l a b l e  as c o r r e l a t e d  

c r y s t a l  s t a t e s .  The enormous C I  problem i n  s o l i d s  r educes  

t o  c o r r e l a t i o n  f u n c t i o n s  among nearby  si tes.  The k i n e t i c  

energy  c o n t r i b u t i o n  (5), f o r  i n s t a n c e ,  i s  p r o p o r t i o n a l  t o  

t h e  bond o r d e r  i n  Fig. 2. I n t e r s i t e  Coulomb i n t e r a c t i o n s  

s t a b i l i z e  q - 112 complexes nea r  t h e  n e u t r a l - i o n i c  t r a n -  

s i t i o n  and consequent ly  a l t e r  t h e i r  CT s p e c t r a .  The h i g h e r  

r e s o l u t i o n  p o s s i b l e  wi th  s i n g l e - c r y s t a l  s p e c t r a  a t  low tem- 

p e r a t u r e  and improved probes  of molecular  v i b r a t i o n s ,  a l s o  

demand more complete a n a l y s e s  t h a t  i n c o r p o r a t e  composite CT 

band, d i f f e r e n t  i n t e n s i t i e s ,  i n t e r s i t e  Coulomb i n t e r a c t i o n s ,  

and a d i a b a t i c  electron-phonon coupl ing .  

We g r a t e f u l l y  acknowlege suppor t  f o r  t h i s  work by t h e  

Na t iona l  Sc ience  Foundation, th rough DMR-8403819. 
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