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THREE DIMENSIONALLY MODIFIED TCNQ. A CASE STUDY OF 
INTRAMOLECLnAR CHARGE TRANSFER PHENOMENA 

ICHIRO MURATA AND KAZUHIRO NAKASUJI 
Department of Chemistry, Faculty of Science, 
Osaka University, Toyonaka, Osaka 560, Japan 

Abstract Eight different 1:l charge-transfer complexes 
prepared from the three-dimensionally modified TCNQ's 
with TTF, TMTTF, and OMTTF can be classified into three 
groups, 1-111, on the basis of the magnitude of both 
the degree of CT and the electrical resistivity. 
These groups are characterized by small band gap semi- 
conductivity with moderate CT, low conductivity with 
weak CT, and low conductivity with complete CT, re- 
spectively. The stacking mode of the complexes are 
also discussed. 

INTRODUCTION 

The paper presented at the Symposium on Celebration of 30 
Years of Mulliken's Charge-transfer Theory falls into two 

parts. 
study on the intramolecular CT phenomena, and interesting 

but rarely documented notion "charge-transfer transition 
for symmetry-forbidden charge-transfer interaction", ob- 
served in the three-dimensionally modified tetracyanoquino- 
dimethane (TCNQ). 

In the first part there is a brief review of our 

1 

Since the main body of the first part has already been 
published, some solid state properties of the intermolecular 

CT-complexes between the three-dimensionally modified TCNQ'S 

and tetrathiafulvalene (TTF) family, which form the second 

part of the paper, will be described in the present report. 
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20 1. MURATA A N D  K.  NAKASUJI 

The h igh ly  conducting o rgan ic  CT complexes u s u a l l y  have 

t h e  fol lowing s t r u c t u r a l  and e l e c t r o n i c  p r o p e r t i e s  i n  the 

s o l i d  state:' ( a )  segregated s t a c k i n g  of donors and ac- 

c e p t o r s ,  and (b) incomplete C'r between t h e  components. 

Several. s y n t h e t i c  design c r i t e r i a  have been proposed f o r  

o b t a i n i n g  high conduc t iv i ty .  General ly ,  two-chain o rgan ic  

conductors  composed of donor and acceptor  moie t i e s  have been 

designed mainly w i t h  p l a n a r  IT-systems. We s t a r t e d  t h e  f i r s t  

sys t ema t i c  s tudy  on t h e  e f f e c t  of c e r t a i n  bulky group on 

t h e  s o l i d  s ta te  p r o p e r t i e s  of CT complexes composed of t h r e e  

dimensional ly  modified molecules of t h e  TCNQ and TTF fami ly ,  

and would l i k e  t o  stress t h a t  (i) s m a l l  band gap semicon- 

duc to r  can be prepared even from TCNQ having bulky groups,  

and t h a t  both ( i i )  t h e  s t a c k i n g  mode, and ( i i i )  t h e  degree 

of CT (Z) can be a f f e c t e d  by the  bulky groups. 

RESULTS AND DISCUSSION 

I n  t h i s  s tudy,  w e  aimed a t  gaining r i g i d  and bulky modifi- 

c a t i o n s  with s m a l l  e l e c t r o n i c  p e r t u r b a t i o n s  on TCNQ. To t h i s  

end, f o u r  a c c e p t o r s ,  tetrahydrobarreleno-TCNQ (THBTCNQ, e), 
dihydrobarreleno-TCNQ (DHBTCNQ, &), monobenzobarreleno- 

TCNQ (MBBTCNQ, Id), and dibenzobarreleno-TCNQ (DBBTCNQ, &) 

i n  which a TCNQ moiety is incorporated i n t o  t h e  r i g i d  ba r re -  

l e n e  ske le ton ,  w e r e  used t o  exp lo re  new in t e rmolecu la r  CT 

complexes. The f i r s t  r educ t ion  p o t e n t i a l s  (E ) of l b - l e  

show t h a t  t h e  accep to r  s t r e n g t h  i n c r e a s e s  g e n t l y  and gradu- 

a l l y  with i n c r e a s i n g  u n s a t u r a t i o n  i n  t h e  b a r r e l e n e  moie t i e s .  
r However, t h e  d i f f e r e n c e  of El,' between TCNQ (la) and both 

extremes, and &, is  only +O.07 V and -0.05 V ,  respec- 

t i v e l y :  t hus  t h e  e l e c t r o n i c  p e r t u r b a t i o n  t o  t h e  TCNQ caused 

by t h e  i n t r o d u c t i o n  of br idged segments is  f a i r l y  s m a l l .  

r 
1 1 2  
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THREE DIMENSIONALLY MODIFIED TCNQ 21 

THBTCNQ DHBTCNQ MBBTCNQ DBBTCNQ 

Id le lb lc 
.. 

E;,, 0.11 0.1 G 0.18 0.23 ( V )  

t:x;l cK;H:'10 H3C H3c)TJ=3;~;  
T T F  OMTTF TMTTF 

EE2 0.33 0.26 0.26 ( V )  
2b 2c 2a 

Eigh t  d i f f e r e n t  1:l CT complexes were prepared  us ing  

- l b  -* as a c c e p t o r s  and TTF (a), octamethylene-TTF (OMTTF, 

- 2b) and tetramethyl-TTF (TMTTF, 2) as donors.  Some of t h e i r  

p h y s i c a l  p r o p e r t i e s  a r e  summarized i n  T a b l e I .  The d i f f e r e n c e  

between o x i d a t i o n  p o t e n t i a l  (E ) o f  t h e  donor and r e d u c t i o n  

p o t e n t i a l  (Er12)  of t h e  a c c e p t o r ,  i . e . ,  h E o y r =  E;/2 - 
can be used  t o  p r e d i c t  t h e  degree  of CT f o r  a complex. The 

AEo'r v a l u e s  f o r  t h e  e i g h t  complexes of Table  I are i n  t h e  

range of  +0.03 Q, +0.22 V ,  which meet t h e  requirement f o r  i n -  

complete CT. 2b'3 I n t e r e s t i n g l y ,  t h e  complexes can be classi-  

f i e d  i n t o  t h r e e  d i s t i n c t  groups,  1-111, on t h e  b a s i s  of t h e  

magnitude of  bo th  t h e  deg ree  of  CT, Z , 4  and t h e  e l e c t r i c a l  

r e s i s t i v i t y ,  p, of compacted powders ( s e e  Table  I). 

0 

1 / 2  

E;/2 * 

F i r s t ,  t h e  group-I complexes are c h a r a c t e r i z e d  by small 

band gap semiconduc t iv i ty  and incomple te  CT. The two requ i -  

s i tes  ( a )  and (b)  f o r  t h e  o rgan ic  h i g h l y  conduct ing  complexes,  

TTF-TCNQ f o r  example, can  be s u b s t a n t i a t e d  by t h e  d e t e c t i o n  

of a ve ry  low energy band a t  n e a r  3000 c m  , which h a s  been 

determined t o  be an i n t r a s t a c k  CT t r a n s i t i o n  i n  a s eg rega ted  

s t a c k  wi th  an incomple te  CT.5 F igu re  l ( a )  shows t h e  s o l i d  

s t a t e  e l e c t r o n i c  s p e c t r a  of TTF-THBTCNQ and TTF-DHBTCNQ as 

-1 
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THREE DIMENSIONALLY MODIFIED TCNQ 23 

w e l l  as t h a t  of TTF-TCNQ. I n  a d d i t i o n  t o  t h e  s i m i l a r i t y  of 

t h e  s p e c t r a  between TTF-TCNQ and t h e  group-I complexes i n  

t h e  bands B,  C,  and D, t h e  presence  of band A a t  n e a r  3000 

c m  s u g g e s t s  t h a t  the group-I complexes posses s  a seg rega ted  

s t a c k i n g  mode. I n  a d d i t i o n ,  t h e  e lectr ical  r e s i s t i v i t y  f o r  

a s i n g l e  c r y s t a l  of TTF-THBTCNQ (2.5 x lo-' R cm) i s  f a i r l y  

low and about two o r d e r s  o f  magnitude smaller t h a n  t h a t  f o r  

t h e  compacted powder sample. 

a c t i v a t i o n  energy (0.045 eV) a l s o  suppor t  t h e  p r e d i c t i o n  o f  

a seg rega ted  s t a c k i n g  mode f o r  t h e  group-I complexes, 

a l though  more d a t a  are needed t o  conclude t h e  argument. 

-1 

Such small r e s i s t i v i t y  and 

FIGURE 1 Absorption s p e c t r a  of t h r e e  d i s t i n c t  groups o f  

CT complexes as powders d i spe r sed  i n  K B r .  

The group-I1 complexes are c h a r a c t e r i z e d  by low conduc- 

t i v i t y  and s m a l l  CT, i .e . ,  n e u t r a l  o r  non-ionic complexes. 

Such p r o p e r t i e s  c l o s e l y  resemble those  of OMTTF-TCNQ. The 

s t a c k i n g  mode of t h e  complexes has  been shown t o  be  a mixed 

s t a c k i n g  of donor and accep to r  A s  shown i n  

F igu re  l ( b ) ,  w e  found a weak CT t r a n s i t i o n  f o r  OMTTF-TCNQ 

(curve-d) a t  5300 cm-l which is  i n  good agreement w i t h  an  

e s t ima ted  va lue  based on AEoSr = M.08 V . 7  

s o r p t i o n  band H and I are n e a r l y  i d e n t i c a l  w i t h  t h e  intramo- 

The s t r o n g  ab- 
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24 1. MURATA AND K .  NAKASUJI 

l e c u l a r  abso rp t ion  of n e u t r a l  TCNQ and OMTTF, r e s p e c t i v e l y :  

t h i s  i s  c o n s i s t e n t  w i th  a s m a l l  degree of CT of t h e  complex. 

These s p e c t r a l  f e a t u r e s  are recognized e x a c t l y  i n  t h e  group- 

I1 complexes (F igu re  l ( b ) ) .  Hence, w e  expect  t h a t  t h e  

group-11 complexes possess  a mixed s t a c k i n g  mode. 

The group-111 complexes are c h a r a c t e r i z e d  by low con- 

d u c t i v i t y  and almost  complete CT, i . e . ,  i o n i c  complexes. I n  

agreement wi th  t h e  complete CT,  t he  abso rp t ion  bands K ,  L ,  

and M of t h e  group-I11 compleices were a l s o  found i n  t h e  

i o n i c  salts  of t h e  c o r r e s p o n d h g  ccmponents, K-MBBTCNQ, K- 

DBBTCNQ, and OMTTF-BF4 (Figure l ( c ) ) .  Furthermore,  an ad- 

d i t i o n a l  band a t  5000 cm-' (band J) w a s  observed i n  each of 

t h e  group-I11 complexes, which can be a s s igned  t o  a back CT 

t r a n s i t i o n  between donor and accep to r .  ' 
s t r o n g l y  suggest  a mixed s t a c k i n g  mode of t h i s  group. 

These r e s u l t s  

C r y s t a l  s t r u c t u r e  a n a l y s l s  of OMTTF-DBBTCNQ shows 

indeed a mixed s t a c k i n g  donor and accep to r .  This  complex 

c o n t a i n s  s o l v e n t  molecule,  benzene: t h e  molecular r a t i o  of 

t h e  components, OMTTF : DBBTCNQ : benzene, w a s  found t o  be 

1:l:l. As shown i n  Figure 2 ,  t h e  donor and t h e  accep to r  

form mixed s t a c k i n g  columns along c-axis  w i t h  a l t e r n a t i n g  

t h e  two components. The accep to r s  a r r ange  i n  a columnar 

a r r a y  so  as t o  release t h e  unfavorable  s ter ic  repu l s ion  be- 

tween t h e  bulky dibenzobarreleno moiety on TCNQ. The mean 

s e p a r a t i o n  between t h e  v -e l ec t ron  Erameworks of t h e  donor 

and t h e  accep to r  is 3 . 4 6  A. r h e  overlapping mode of t h e  

two components and t h e  view of i n t e r s t a c k  i n t e r a c t i o n  are 

dep ic t ed  i n  Figure 3 .  

d i r e c t  ove r l ap  mode as found i n  OMTTF-TCNQ, i n  which t h e  

symmetry p l anes  pe rpend icu la r  t o  t h e  long a x i s  co inc ide  

n e a r l y  wi th  each o t h e r .  ti 

s h o r t  i n t e r s t a c k  i n t e r a c t i o n s  of S . * - S  and S..*N types.  

0 

The components are s h i f t e d  from t h e  

I n t e r e s t i n g l y ,  t h e r e  e x i s t  no 
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THREE DIMENSIONALLY MODIFIED TCNQ 25 

The s h o r t e s t  S...N c o n t a c t  d i s t a n c e  i s  4.69 b, which is  

f a i r l y  l o n g e r  t h a n  t h e  sum of t h e  a p p r o p r i a t e  van d e r  Waals 

r a d i i .  

i s o l a t e d  w i t h  each  o t h e r .  

Thus t h e  mixed columns i n  OMTTF-DBBTCNQ are s t r o n g l y  

C 

a 

FIGURE 2 FIGURE 3 

We c a l c u l a t e d  t h e  deg ree  of  CT u s i n g  t h e  bond l e n g t h  

r a t i o  procedure  by Kistenmacher et  a l .  For OMTTF-DBBTCNQ , 
t h e  c a l c u l a t e d  Z is  1.08, which i n d i c a t e s  complete. t r a n s f e r  

of  charge .  Th i s  va lue  i s  w e l l  c o n s i s t e n t  w i t h  Z determined  

by I R  and Ramn procedures  (Table  I). 

CONCLUSION 

Recent ly ,  Soos e t  a l .  p re sen ted  expe r imen ta l  and t h e o r e t i c a l  

a s p e c t s  on i o n i c i t y  and paramagnetism o f  s t r o n g  o r g a n i c  CT 

complexes. One of  t h e i r  impor tan t  f i n d i n g s  is t h a t  M,P-TCNQF4 

and TMF'D-TCNQF4 a r e  t h e  f i r s t  h igh ly  i o n i c  ( Z  L 0.9)  and 

paramagnetic o r g a n i c  CT complexes. 

is  found t o  be t h e  t h i r d  example of  such  h igh ly  i o n i c  com- 

p l exes  w i t h  r e g u l a r  mixed s t a c k i n g  mode, t h e  complex i s ,  t o  

b e s t  of o u r  knowledge, t h e  f i r s t  example w i t h i n  t h e  l i m i t s  

of t h e  TTF-TCNQ t y p e  complexes. I n t e r e s t i n g l y ,  a l though  t h e  

Although OMTTF-DBBTCNQ 
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26 I .  MURATA AND K. NAKASUJI 

accep to r  s t r e n g t h  of MBBTCNQ and DBBTCNQ are c l o s e  t o  t h a t  

of  TCNQ and much weaker than t h a t  of TCNQF 

complexes a r e  complete CT. 

lo t h e  group-I11 4' 

F i n a l l y ,  w e  prepared r e l a t i v e l y  highly conduct ing,  non- 

i o n i c ,  and i o n i c  CT complexes having bulky groups on accep- 

t o r ,  which a r e  probably su i t ed  t o  t h e o r e t i c a l  s tudy on t h e  

c r y s t a l  cohesion i n  o r g a n i c  C?' complexes. These r e s u l t s  may 

open an unexplored area f o r  chemical mod i f i ca t ions  t o  design 

molecular conductors,  s i n c e  many v a r i a t i o n s  of t h e  b a r r e l e n e  

ske le ton  are  p o s s i b l e .  11 
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