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LOW-TEMPERATURE AND HIGH-PRESSURE REFLECTANCE SPECTRA 
OF BENZIDINE-TCNQ CHARGE-TRANSFER COMPLEX 

KYUYA YAKUSHI, TOMOZUMI UESAKA and HARUO KURODA 
Department of Chemistry, F a c u l t y  of Sc ience ,  The 
U n i v e r s i t y  of Tokyo, Hongo, Tokyo 113,  Japan  

Abs t r ac t  Re f l ec t ance  s p e c t r a  of s o l v e n t - f r e e  and 
dichloromethane-containing s i n g l e  c r y s t a l s  of t h e  
cha rge - t r ans fe r  complexes between benz id ine  and TCNQ 
were measured a t  30 K and a t  56 .7  Kbar. The degree  of 
charge  t r a n s f e r  w a s  e s t i m a t e d  by t h e i r  o s c i l l a t o r  
s t r e n g t h s  of  t h e  f i r s t  CT band t o  b e  0 .28  at  room 
tempera ture  and 0 . 4 3  a t  30 K f o r  s o l v e n t - f r e e  modi f ica-  
t i o n ,  and -0.35 a t  room t empera tu re  f o r  d i c h l o r o -  
methane-containing m o d i f i c a t i o n .  

INTRODUCTION 

For a s o l i d  molecular  complex of a mixed donor-acceptor  

s t a c k ,  t h e r e  is a b o r d e r l i n e  v a l u e  of t h e  d i f f e r e n c e  

between t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  donor and t h e  

e l e c t r o n  a f f i n i t y  of t h e  a c c e p t o r ,  above which a charge- 

t r a n s f e r  complex of  e s s e n t i a l l y  n e u t r a l  ground s ta te  i s  

formed and below which a n  i o n i c  complex formed. There a r e  

s e v e r a l  molecular  complexes i n  which t h e  d i f f e r e n c e  between 

t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  donor and t h e  e l e c t r o n  

a f f i n i t y  of t h e  a c c e p t o r  i s  j u s t  on t h e  abovementioned 

b o r d e r l i n e .  

f u l v a l e n e  (TTF) and c h l o r a n i l  (CA) i s  one t y p i c a l  example of  

such  a case ,  and i s  known t o  e x h i b i t  a n e u t r a l - i o n i c  phase  
1,2 t r a n s i t i o n  on lowering t h e  tempera ture .  

The molecular  complex between t e t r a t h i a -  

The sys tem which invo lves  benz id ine  (BD) as e l e c t r o n  
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356 K .  YAKUSHI, T. UESAKA AND H. KURODA 

donor and 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) as 

e l e c t r o n  a c c e p t o r  i s  a l s o  an  example of a b o r d e r l i n e  c a s e .  

P rev ious ly ,  w e  found t h a t  t h e r e  are a s o l v e n t - f r e e  modi f ica-  

t i o n  and so lven t - con ta in ing  m o d i f i c a t i o n s ,  a l l  of which have 

e s s e n t i a l l y  n e u t r a l  ground s ta tes  at  room t e m p e r a t ~ r e . ~  

t h e  p r e s e n t  pape r ,  we r e p o r t  t h e  low-temperature r e f l e c t a n c e  

s p e c t r a  measured on s i n g l e  c r y s t a l s  of t h e  s o l v e n t - f r e e  and 

I n  

dichloromethane-containing m o d i f i c a t i o n s  of  BD-TCNQ, and 

d i s c u s s  t h e  degree  of charge  t r a n s f e r  ob ta ined  from t h e  

a n a l y s i s  of t h e  observed s p e c t r a .  We w i l l  a l s o  p r e s e n t  t h e  

p re l imina ry  r e s u l t s  of  t h e  r e f l e c t a n c e  spec t rum of BD-TCNQ 

so lven t - f r ee  c r y s t a l  a t  h igh  p r e s s u r e s .  

EXPERIMENTAL 

The p o l a r i z e d  r e f l e c t a n c e  spec t rum was measured on a small 

s i n g l e  c r y s t a l  of BD-TCNQ by use  of a microspec t rophotometer  

combined w i t h  a c r y o s t a t  t o  keep t h e  sample c r y s t a l  a t  low 

tempera ture .  The sample c r y s t a l  is mounted on a goniometer 

head which is  f i x e d  on t h e  co ld  head of  a c ryogen ic  r e f r i g e -  

r a t o r .  The lowest tempera ture  of t h e  sample c r y s t a l  a t t a i n -  

a b l e  w i t h  t h i s  system was 30 K. Details of t h e  a p p a r a t u s  

and t h e  method of a n a l y s i s  of  r e f l e c t a n c e  d a t a  have been 

desc r ibed  e l sewhere .  3 ’ 4  

spectrum of a s i n g l e  c r y s t a l  w a s  measured by u s i n g  a diamond 

a n v i l  cell .  The 1:l mix tu re  of i s o p e n t a n e  and n-pentane w a s  

used as a p r e s s u r e  medium. The a p p l i e d  p r e s s u r e  w a s  d e t e r -  

mined by measuring t h e  s h i f t  of t h e  R1 f l u o r e s c e n c e  l i n e  of 

ruby c r y s t a l s .  S i n g l e  c r y s t a l s  of t h e  s o l v e n t - f r e e  modi f ica-  

t i o n  were grown by s low c r y s t a l l i z a t i o n  from a h o t  s a t u r a t e d  

ch loroform s o l u t i o n  c o n t a i n i n g  a p p r o p r i a t e  amounts of BD and 

TCNQ. The dichloromethane-containing m o d i f i c a t i o n  w a s  

The h igh  p r e s s u r e  r e f l e c t a n c e  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
54

 2
0 

Fe
br

ua
ry

 2
01

3 



REFLECTANCE SPECTRA OF BENZIDINE-TCNQ COMPLEXES 357 

prepared  from a d ich loromethane  s o l u t i o n  by t h e  same method. 

RESULTS AND DISCUSSION 

Figure  1 shows t h e  room-temperature and 30 K r e f l e c t a n c e  

s p e c t r a  measured on t h e  (010) f a c e  of  BD-TCNQ s o l v e n t - f r e e  

c r y s t a l  f o r  l i g h t  p o l a r i z a t i o n s  p a r a l l e l  and p e r p e n d i c u l a r  

t o  t h e  c a x i s .  I n  t h e  c r y s t a l ,  BD and TCNQ are a l t e r n a t e l y  

s t acked  a long  t h e  c a x i s  as shown i n  Fig.  l.5 

t a n c e  d i s p e r s i o n s  a t  6 x l o 3  and 20 x l o 3  cm-I are comple te ly  

p o l a r i z e d  p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  c a x i s ,  

r e s p e c t i v e l y .  These d i s p e r s i o n s  have been a s s i g n e d  t o  t h e  

f i r s t  and second CT t r a n s i t i o n s  which are a s s o c i a t e d  w i t h  

e l e c t r o n  t r a n s f e r  from t h e  h i g h e s t  and second-highes t  

occupied molecular  o r b i t a l s  of BD t o  t h e  lowes t  unoccupied 

molecular  o r b i t a l  of TCNQ, r e ~ p e c t i v e l y . ~  

The r e f l e c -  

Note t h a t ,  i n  

7c 

6C 

5c 

s - 4c 
U E 

2 3c 
5 a 

2c 

1 c  

U 

FIGURE 1 Ref l ec t ance  spectrum of t h e  BD-TCNQ s o l v e n t -  
f r e e  mod i f i ca t ion .  
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358 K. YAKUSHI. T. UESAKA A N D  H.  KURODA 

t h e  r eg ion  of t h e  f i r s t  CT t r a n s i t i o n ,  r e f l e c t a n c e  i s  

s i g n i f i c a n t l y  enhanced and a series of s h a r p  s t r u c t u r e s  

appears  a s  t h e  c r y s t a l  is  cooled  t o  30 K ,  wh i l e  t h e  d i spe r -  

s i o n  due t o  t h e  second CT t r a n s i t i o n  remains broad  and 

s t r u c t u r e l e s s .  We analyzed  t h e  v i b r a t i o n a l  s t r u c t u r e  of t h e  

f i r s t  CT band by u s i n g  t h e  e l e c t r o n  molecular  v i b r a t i o n  

coupl ing  c o n s t a n t s  of TCNQ r e p o r t e d  by M. J. Rice e t  a l . ,  

and concluded t h a t  t h e  prominent v i b r a t i o n a l  s t r u c t u r e  arises 

from t h e  i n t r a m o l e c u l a r  v i b r a t i o n s  of TCNQ. 

6 

7 

The t o t a l  o s c i l l a t o r  s t r e n g t h  of t h e  f i r s t  CT band of 

t h e  BD-TCNQ c r y s t a l  w a s  c a l c u l a t e d  t o  be  0 .61 from t h e  

r e f l e c t a n c e  d a t a  a t  room tempera ture  and 0.94 from those  a t  

30 K. 

CT t r a n s i t i o n  on lowering t h e  tempera ture  has  been observed 

a l s o  f o r  o t h e r  cha rge - t r ans fe r  complexes .8 This  phenomenon 

i s  probably p a r t l y  due t o  a decrease  of t h e  spac ing  between 

donor and accep to r  accompanying l a t t i c e  c o n t r a c t i o n  and 

p a r t l y  due t o  suppres s ion  of thermal  v i b r a t i o n  a t  low tem- 

p e r a t u r e ,  both of which may r e s u l t  i n  an i n c r e a s e  of t h e  

ove r l ap  i n t e g r a l  between donor and accep to r .  

t h e  t r a n s f e r  i n t e g r a l  of neares t -ne ighbor  donor-acceptor 

p a i r  and t h e  degree  of charge  t r a n s f e r  u s i n g  t h e  above- 

mentioned v a l u e s  of t h e  o s c i l l a t o r  s t r e n g t h .  The t r a n s f e r  

i n t e g r a l ,  t ,  can be  c a l c u l a t e d  by use  of t h e  r e l a t i o n ,  

A similar  enhancement of t h e  o s c i l l a t o r  s t r e n g t h  of 

We es t ima ted  

9 

t / E C T  - r / ( J 2  RDA), when t 2 / E C T 2  

where E is  t h e  e x c i t a t i o n  energy of t h e  CT t r a n s i t i o n ,  

r, t h e  t r a n s i t i o n  d i p o l e  l e n g t h  of t h e  CT t r a n s i t i o n  ob ta ined  

from t h e  o s c i l l a t o r  s t r e n g t h ,  and RDA, t h e  d i s t a n c e  between 

donor and accep to r .  The degree  of charge t r a n s f e r ,  6 ,  i s  

g iven  by d = 2 t 2 / E C T 2 .  From t h e  o s c i l l a t o r  s t r e n g t h  de r ived  

from t h e  room-temperature r e f l e c t a n c e  spectrum, t h e  t r a n s f e r  

CT 
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REFLECTANCE SPECTRA OF BENZIDINE-TCNQ COMPLEXES 359 

i n t e g r a l  i s  e s t i m a t e d  t o  be  0 . 3  e V  and t h e  deg ree  of  cha rge  
t r a n s f e r  t o  be  0 . 2 8 .  We e s t i m a t e d  t h e  deg ree  o f  cha rge  

t r a n s f e r  a t  room tempera tu re  t o  be  0 .25  from t h e  f requency  

s h i f t  of t h e  CN s t r e t c h i n g  v i b r a t i o n  wi th  t h e  a i d  of  t h e  

method proposed by Chappel l  e t  We used t h e  f o l l o w i n g  

complexes as t h e  s t a n d a r d s :  TCNQ (6=0.0) ,  qu inol in ium-  

(TCNQ)2 ( 6 = 0 . 5 ) ,  and K-TCNQ (6=1.0) .  

molecular  o r b i t a l  c a l c u l a t i o n s  by t h e  SCF MO C I  method w i t h i n  

t h e  framework of  t h e  a - e l e c t r o n  approximat ion ,  t r e a t i n g  a 

BD-TCNQ p a i r  as a supermolecule .  Th i s  c a l c u l a t i o n  gave 

0 .35  f o r  t h e  degree  of  charge  t r a n s f e r  i n  t h e  ground s ta te .  

A l l  t h e s e  v a l u e s  of t h e  degree  of  CT show f a i r l y  good ag ree -  

ment w i th  each  o t h e r .  From t h e  o s c i l l a t o r  s t r e n g t h  of  t h e  

f i r s t  CT band a t  30 K ,  t h e  t r a n s f e r  i n t e g r a l  i s  e s t i m a t e d  t o  

be  0 . 3 8  eV and t h e  deg ree  of CT t o  b e  0 . 4 3 ,  i n d i c a t i n g  a 

s i g n i f i c a n t  i n c r e a s e  of charge  t r a n s f e r .  

We have c a r r i e d  o u t  

We observed  t h a t  t h e  lower ing  of  t h e  t empera tu re  induced  

a remarkable  enhancement of o s c i l l a t o r  s t r e n g t h  and a s l i g h t  

red  s h i f t  f o r  t h e  f i r s t  CT band. We examined t h e  e f f e c t  of  

p r e s s u r e ,  which causes  a l a r g e r  l a t t i c e  c o n t r a c t i o n  i n  

comparison w i t h  t h e  lower ing  of t empera tu re .  Although we 

could n o t  o b t a i n  r e l i a b l e  r e s u l t s  a s  r e g a r d s  t h e  a b s o l u t e  

v a l u e  of r e f l e c t a n c e ,  a s y s t e m a t i c  change w a s  found t o  t a k e  

p l a c e  i n  t h e  f i r s t  CT band on i n c r e a s i n g  t h e  p r e s s u r e ,  as 

shown i n  F ig .  2 .  The f i r s t  CT band g r a d u a l l y  s h i f t s  t o  low 

wavenumber, and a s h o u l d e r  grows up around 10 x l o 3  c m  

on e l e v a t i n g  t h e  p r e s s u r e .  The s h i f t  is  q u i t e  l a r g e  i n  

comparison w i t h  t h e  30 K spec t rum.  The shape of  t h e  d i s p e r -  

s i o n  curve  a t  56.7 Kbar looks  l i k e  t h e  m e t a l l i c  r e f l e c t i o n ,  

which i s  observed  i n  t h e  cyan ine  dyes  w i t h  a v e r y  s t r o n g  

e l e c t r o n i c  t r a n s i t i o n .  Th i s  p r e s s u r e  dependence of  t h e  

f i r s t  CT band i n d i c a t e s  t h a t  t h e  i n c r e a s e  of o s c i l l a t o r  

-1 
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360 K .  YAKUSHI, T. UESAKA A N D  H. KURODA 

s t r e n g t h  caused by t h e  a p p l i c a t i o n  of t h e  p r e s s u r e  of 5 6 . 7  

Kbar i s  l a r g e r  t han  t h a t  caused by lowr ing  t h e  t empera tu re  

t o  30 K. 

n e u t r a l  under 5 6 . 7  Kbar, because  t h e  l c  spec t rum showed 

on ly  a ve ry  s l i g h t  change. 

However, BD-TCNQ complex i s  l i k e l y  t o  remain 

F igu re  3 shows t h e  r e f l e c t a n c e  spectrum measured on t h e  

28.3 Kbar 

a 
U 

a 
56.7 Kbar 

F c I ....... 
a 
d 

..... . L... 

I *-.. 

5 10 15 203 i 
-*-.*. .... .: ..... 

Wave Number I 10 cm-’ 
I 

FIGURE 2 
BD-TCNQ s o l v e n t - f r e e  mod i f i ca t ion .  

P r e s s u r e  dependence of t h e  f f c  spectrum of t h e  
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REFLECTANCE SPECTRA OF BENZIDINE-TCNQ COMPLEXES 36 I 

(010) c r y s t a l  f a c e  of t h e  dichloromethane-containing m o d i f i -  

c a t i o n .  T h i s  c r y s t a l  h a s  a mixed s t a c k e d  column o f  BD and  

TCNQ as shown i n  F i g .  3 ,  l2 which i s  a l m o s t  t h e  same as t h a t  

of  s o l v e n t - f r e e  m o d i f i c a t i o n .  The n e i g h b o r i n g  columns are 

c o n n e c t e d  by hydrogen bond between t h e  amino g r o u p s  o f  BD 

and t h e  cyano groups  of  TCN?. T h i s  hydrogen  bond s t a b i l i z e s  

t h e  c h a n n e l  s t r u c t u r e  p a r a l l e l  t o  the column, t h e  d i c h l o r o -  

methane m o l e c u l e s  b e i n g  l o c a t e d  i n  t h e  c h a n n e l s .  The d i s -  

t a n c e  between BD and TCNQ i s  s h o r t e r  by 0.02 A t h a n  t h a t  o f  

t h e  s o l v e n t - f r e e  m o d i f i c a t i o n .  The // c s p e c t r u m  measured 

a t  room t e m p e r a t u r e  i s  a l m o s t  t h e  same as t h a t  o f  t h e  

s o l v e n t - f r e e  m o d i f i c a t i o n  e x c e p t  t h a t  t h e  d i s p e r s i o n  i s  
-1 s h i f t e d  by a b o u t  2,500 cm t o  t h e  low-wavenumber s i d e  and 

t h e  r e f l e c t a n c e  is h i g h e r .  S i n c e  t h e  o s c i l l a t o r  s t r e n g t h  

o b t a i n e d  by t h e  c u r v e  f i t t i n g  a n a l y s i s  w a s  n e a r l y  t h e  same 

0 

80 
I) 

- 1  , , , , , , , , , , , : : : : : : : I  I 

15 20 i 
Wave Number / 103c,-' 

FIGURE 3 R e f l e c t a n c e  s p e c t r u m  o f  t h e  BD-TCNQ d i c h l o r o -  
methane-conta in ing  m o d i f i c a t i o n .  
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as t h a t  of t h e  so lven t - f r ee  mod i f i ca t ion  and t h e  e x c i t a t i o n  

energy ,  E i s  s m a l l e r  t han  t h a t  of t h e  s o l v e n t - f r e e  

mod i f i ca t ion ,  t h e  degree  of charge t r a n s f e r  is e s t i m a t e d  t o  

be about 0.35, which i s  l a r g e r  t han  t h a t  of  t h e  s o l v e n t - f r e e  

mod i f i ca t ion .  This  i s  i n  accord  w i t h  t h e  o b s e r v a t i o n  t h a t  

a p a r t  of BD-TCNQ p a i r s  i s  e a s i l y  i o n i z e d  by t h e  mechanical 

g r ind ing .13  

bu t  a l s o  t h e  hydrogen bond seems t o  p l ay  a n  impor t an t  r o l e  

i n  t h e  i n c r e a s e  of t h e  degree  of charge  t r a n s f e r ,  s i n c e  BD 

i s  a p ro ton  donor and TCNQ i s  a p ro ton  a c c e p t o r .  The 30 K 

r e f l e c t a n c e  spectrum i s  remarkably d i f f e r e n t  from t h e  

cor responding  spectrum of t h e  s o l v e n t - f r e e  m o d i f i c a t i o n .  

The f i r s t  CT band i s  s t r u c t u r e l e s s  even a t  low t empera tu re ,  

and s h i f t s  t o  t h e  high-wavenumber s i d e  a t  30 K. Fur thermore ,  

a sma l l  hump appeared  around 15 x l o 3  c m  

tempera ture  dependence of t h e  f i r s t  CT band resembles t h a t  

of TTF-CA, which undergoes phase t r a n s i t i o n  from n e u t r a l  t o  

i o n i c  phase.14 

e s s e n t i a l l y  n e u t r a l  even a t  low t empera tu re ,  because  t h e  

second CT band, which should  n o t  b e  observed  i n  t h e  i o n i c  

ground s ta te ,  s t i l l  remains a t  30 K .  

CT ' 

Not on ly  t h e  s h o r t  d i s t a n c e  between BD and TCNQ 

-1 at 30 K. The 

However, t h i s  complex is cons idered  t o  be 

I n  conclus ion ,  t h e  r e s u l t s  shown h e r e  demonst ra te  t h a t  

t h e  degree  of charge t r a n s f e r  of BD-TCNQ complex s i g n i f i -  

c a n t l y  i n c r e a s e s  on lower ing  t empera tu re ,  by app ly ing  

p r e s s u r e ,  and probably  by i n t r o d u c i n g  i n t e r m o l e c u l a r  hydrogen 

bonds. However, a l l  t h e s e  p e r t u r b a t i o n s  does n o t  b r i n g  o u t  

a change of t h e  n e u t r a l  BD-TDNQ complex t o  an i o n i c  complex. 

T h i s  work was suppor t ed  by a Grant-in-Aid f o r  S p e c i a l  

P r o j e c t  Research on " the  P r o p e r t i e s  of Molecular Assembly" 

(No. 59112002) from t h e  Min i s t ry  of  Educat ion ,  Sc ience  and 

Cu l tu re .  
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