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DIRECT MOLECULAR I M A G I N G  OF LOW DIMENSIONAL SOLIDS 
BY H I G H  RESOLUTION ELECTRON MICROSCOPY 

N .  WEDA, T. KOBAYASHI, K .  ISHIZUKA, Y. FUJIYOSHI 
H .  I N O K U C H I *  AND G. SAITO* 
I n s t i t u t e  f o r  Chemical Research ,  Kyoto U n i v e r s i t y  
U j i ,  Kyoto-Fu 611, J apan  

Japan  
* I n s t i t u t e  of Molecular  Sc ience ,  Okazaki,  A i c h i ,  

A b s t r a c t  High r e s o l u t i o n  e l e c t r o n  microscopy w a s  
performed t o  c h a r a c t e r i z e  t h e  s t r u c t u r e o f m e t a l  con- 
p l e x e s  of cyano-compounds formed by s o l i d  s t a t e  re- 
a c t i o n s .  Examples of molecu la r  images are p r e s e n t e d  
t o  show normal and f a u l t e d  a r rangements  i n t . h e l a t f i c e .  

INTRODUCTION 

Recen t ly ,  t h e  adop t ion  of  t h i n  f i l m s  i s  g a t h e r i n g  i t s  i m -  

po r t ance  as a s tudy  mode of t h e  s t a t u s  of low d imens iona l  

c r y s t a l s .  The knowledge of  molecu la r  arrangement i n  t h i n  

f i l m s  can be  most e f f e c t i v e l y  o b t a i n e d  by e l e c t r o n  micro- 

scopy and s e l e c t e d  area e l e c t r o n  d i f f r a c t i o n  (SAD). 

Although h i g h l y  a c c u r a t e  c r y s t a l  d a t a  should  be g iven  by 

X-ray d i f f r a c t i o n  s t r u c t u r e  a n a l y s i s ,  e l e c t r o n  microscopy 

i s  a l s o  esteemed f o r  t h e  c a p a b i l i t y  of  r e v e a l i n g  t h e  l o c a l  

and o r i e n t e d  s t r u c t u r e s .  Owing t o  t h e  r a p i d  p r o g r e s s  i n  

t h e  i n s t r u m e n t a t i o n  as w e l l  as i n  t h e  image fo rma t ion  

t h e o r y ,  t h e  r ecogna izab le  l o c a l i t y  h a s  reached  t h e  o r d e r  

of  s i n g l e  molecule and even t h a t  of c o n s t i t u e n t  atoms i n  

t h e  u l t i m a t e  case .  Thence t h e  s t a t e  of  molecular  pack ing  

i n  t h i n  c r y s t a l l i n e  f i l m s  i s  c u r r e n t l y  s t u d i e d  on t h e  b a s i s  

of  d i r e c t  imaging by u s i n g  conven t ioan l  h igh  r e s o l u t i o n  

e l e c t r o n  microscope (HREM). 
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104 N. UYEDA ct al. 

The p o t e n t i a l i t y  of v i s u a l i z a t i o n  of atoms was p red ic t ed  

even be fo re  t h e  evo lu t ion  of e l e c t r o n  microscope. 

ever i t  w a s  only 1970 t h a t  t h e  f i r s t  molecular images were 

taken’ t o  e s t a b l i s h  a p o s s i b l e  approach t o  t h e  v i s u a l i z a -  

t i o n  of atoms. The e s s e n t i a l  drawback t h a t  t h e  l e n s  d e f e c t  

l i m i t s  t he  u l t i m a t e  r e s o l u t i o n  i s  an i n e v i t a b l e  d i f f i c u l t y  

a g a i n s t  t h i s  purpose. To overcome t h i s  d i f f i c u l t y ,  s h o r t e r  

wavelenghs must be adopted as t h e o r e t i c a l l y  proposed by 

Scherzer.’ I n  1974, a 500kV e l e c t r o n  microscope was const-  

ructed a t  Kyoto Universi ty  t o  achieve t h e  atomic r e s o l u t i o n  

as proved with t h e  high r e s o l u t i o n  images of c h l o r i n a t e d  

Cu-phthalocyanine reproduced i n  Fig.  1. Nowadays, conven- 

t i o n a l  200kV inst ruments  are  widely used f o r  high resolu-  

t i o n  s t r u c t u r e  s t u d i e s ,  The p resen t  r e p o r t  i s  t o  in t roduce  

some recen t  r e s u l t s  obtained with t h i n  f i l m s  of low dimen- 

s i o n a l  c r y s t a l s  produced as t h e  r e s u l t s  of s o l i d  s ta te  

su r face  r e a c t i o n s .  

How- 

Fig. 1. High r e s o l u t i o n  molecular images of c h l o r i n a t e d  
Cu-phthalocyanine showing c o n s t i t u e n t  C 1  and Cu 
atoms as w e l l  as benzene and phorphyrin r i n g s  
N .  Uyeda e t  a l . ,  Chem. S c r i p t a ,  14, 47 (1978179). 
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DIRECT IMAGING OF MOLECULES IN LOW DIMENSIONAL SOLIDS 105 

FORMATION AND STRUCTURE OF METAL TCNQ COMPLEXES 

When t h i n  b i l aye red  f i l m s  of metal(M) and TCNQ are produced 

by success ive  vacuum evapora t ion  on a s i n g l e  c r y s t a l  f a c e ,  

M-TCNQ complexes are s lowly  formed tu rn ing  i n t o  b l u e  i n  

c o l o r .  Obviously, t h e  r e a c t i o n  i s  based on t h e  d i f f u s i o n  

of meta l  i ons  due t o  charge  t r a n s f e r  mechanism. A p re l imi -  

nary  i n s p e c t i o n  by s e l e c t e d  a r e a  d i f f r a c t i o n  i n d i c a t e d  t h a t  

t h e  axes  of segrega ted  columnsof TCNQ and metal are normal 

t o  t h e  s u b s t r a t e  f ace .  F ig .  2 shows two examples of HREM 
images of Ag and A1-TCNQ taken  wi th  a conven t iona l  i n s t r u -  

ment (JEM-200CX) opera ted  a t  200kV. Apparently,  t h e  c rys-  

t a l  assumes a n e a r l y  t e t r a g o n a l  symmetry wi th  two dimension- 

a l  c e l l  c o n s t a n t s  a r e  a-12.5A and 12.4A, r e s p e c t i v e l y .  A s  

obvious from t h e  i n s e t  i l l u s t r a t i o n s ,  t h e  image elements 

such as t h e  square  n e t  of ob tuse  z igzag  l i n e s  and s l i g h t l y  

oblong b locks  can be i n t e r p r e t e d  i n  terms of images of TCNQ 

molecules p ro jec t ed  a long  t h e  column axes ,  wh i l e  t h e  da rk  

dot  l o c a t e d  a t  each co rne r  of squa re  mesh i s  t h e  image of 

meta l  column, Ag o r  A l ,  as p r o j e c t e d  a long  t h e i r  a l i g n i n g  

d i r e c t i o n s .  Although t h e  c r y s t a l l o g r a p h i c  symmetry i s  d i f -  

f e r e n t  from those  r epor t ed  by Konno e t  a l ?  

a14 

ment i s  almost isomorphic wi th  t h e  normal complex c r y s t a l .  

The r e l a t i v e  c o n t r a s t  between Ag and A 1  i o n s  w e l l  p a r a l l e l s  

t h e  r e l a t i v e  e l e c t r o n  s c a t t e r i n g  power of bo th  i o n s .  

The r e s u l t s  of obse rva t ion  r evea led  t h a t  t h e s e  complexes 

a r e  isomorphic and t h a t  t h e  r e s u l t e d  complex always keeps 

a c e r t a i n  t o p o t a c t i c  r e l a t i o n s h i p  wi th  t h e  a x i a l  o r i e n t a -  

t i o n  of t h e  mother c r y s t a l  of TCNQ, t h a t  i s ,  a r e g u l a r i t y  

e x i s t s  between t h e  molecular o r i e n t a t i o n s  i n  bo th  c r y s t a l s .  

The metal spec ie s  s o  f a r  found t o  fo l low t h e  above s o l i d  

and Richard e t  

i n  regard  t o  K-complex, t h e  g e n e r a l  molecular a r range-  
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106 N. UYEDA et al. 

state reaction mechanism are Li, Nay K, Al, Ti, V, Cry Mn, 

Fey Co, Ni, Cu, Zn, Pd, Ag, Cs, Au and T1. A similar 
phenomenon of solid state complex formation was also found 

for a reaction of TCNQ and anthra~ene,~ although it was 

confirmed that the product does not assune the segregated 
column structure but form a D-over-A structure as reported 

by Williams et al. 6 

Fig. 2.  High resolution structure images of complex 
crystals of TCNQ with Ag and A1 both formed 
by solid-solid diffusion 
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DIRECT IMAGING OF MOLECULES IN LOW DIMENSIONAL SOLIDS 107 

METAL TCNQF4 COMPLEX FROMED BV SOLID STATE REACTION 

When TCNQF4 was evaporated on clean cleavage f a c e  of K C 1 ,  

r ap id  co lo r  cange i n t o  b l u e  w a s  observed as an evidence of 

CT complex formation. By t h e  a n a l y s i s  of SAD p a t t e r n s ,  i t  

w a s  found t h a t  t h e  growth process  w a s  a l s o  based on the  

t o p o t a c t i c  mechanism s o  t h a t  the r e s u l t e d  c r y s t a l  always 

assumed a d e f i n i t e  o r i e n t a t i o n .  A HREM s t r u c t u r e  image i s  

reproduced i n  Fig. 3 a f t e r  n o i s e  e l imina t ion  by photograph- 

i c  s p a c i a l  averaging. 

of M-TCNQ ahown i n  F ig .  2. I n  s p i t e  of t h e  improved sharp- 

nes s  of images as compared with t h e  former ones,  t h e  body 

of each TCNQ molecule i s  t h i c k e r  i n  width t o  r e v e a l  a bar- 

r e l  type f e a t u r e ,  r e f l e c t i n g  t h e  presence of f o u r  s u b s t i -  

t u t e d  F atoms. From t h e  i n t e n s i t y  d i s t r i b u t i o n  of images, 

i t  w a s  deduced t h a t  t h e  normal of molecular p l ane  i s  t i l t e d  

by about  28" from the  column axis. 

of o rd ina ry  TCNQ molecule i n  potassium complex i s  i n  a 

range of 9 and 16", t h e  molecules are r a t h e r  deeply s l a n t -  

ed i n  TCNQF4 case.  Such a deep i n c l i n a t i o n  w a s  a l s o  re- 

ported by Wiygul e t  a l .  

The image appearance resembles those 

Since t h e  t i l t  ang le  

i n  regard t o  a DA cpmplex wi th  

DBTTF; 

terms of t h e  a x i a l  p r o j e c t i o n  of K column. 

Although t h e  image of molecular  l a t t i c e  as w e l l  as t h e  

e l e c t r o n  d i f f r a c t i o n  p a t t e r n  appa ren t ly  shows t e t r a g o n a l  

symmetry, t h e  e x t i n c t i o n  of r e f l e c t i o n s  i n d i c a t e s  t h a t  t h e  

space group is  most poss ib ly  P21/c of monoclinic system. 

With t h i s  l a t t i ce  s e t t i n g ,  b and c axes a r e  supposed t o  

run i n  t h e  diagonal  d i r e c t i o n s  of t h e  square l a t t i c e  of t h e  

real  image, f o r  which t h e  c e l l  cons t an t s  were e s t ima ted  t o  

be b=c=12.17A while  t h e  a-axis n e a r l y  normal t o  t h e  square 
l a t t i c e  was found t o  be 3.398 from t i l t e d  d i f f r a c t i o n .  

The dark dot  a t  each mesh c o m e r  is  i n t e r p r e t e d  ia 
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108 N. UYEDA er d. 

Fig. 3 .  High reso lu t ion  s tructure  image of K.TCNQF4 
complex c r y s t a l  projected along the a x i s  of 
molecular column 
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DIRECT IMAGING OF MOLECULES IN LOW DIMENSIONAL SOLIDS 109 

F i g .  4 .  S t a c k i n g  f a u l t s  o f  n o l e c u l a r  a r r a y s  i n c l u d e d  i n  
K.TCNQF4 c r y s t a l  f i l m .  

A 
a b. 

0 3 
0 

F i g .  5.  I n t e r p r e t a t i o n  of s t a c k i n g  f a u l t  f o r m a t i o n  and  
t h e  s t a t u s  of d i s t o r t e d  s t r u c t u r e  a r o u n d  t h e  
p o t a s s i u n  column 
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I10 N. UYEDA et al. 

f o r  normal TCNQ vacuum evaporated on K I  cleavage f a c e ,  al- 

though the r e a c t i o n  rate w a s  r a t h e r  slow. The in s t an tene -  

ous formation of complex observed with TCNQF4 i s  considered 

t o  be due t o  the  e l e c t r o n  a f f i n i t y  l a g e r  than TCNQ. 

POTASSIUM-OCTACYANOPHTHALOCYANINE COMPLEX FORMATION 

a Another exchange r e a c t i o n  w a s  a l s o  found by Ashida e t  a l .  

when TCNB w a s  vacuum evaporated on K I  s i n g l e  c r y s t a l  f ace .  

I n  t h i s  example, four  TCNB molecules are condensed t o  form 

a macrocyclic r i n g  of octacyanophthalocyanine[(CN)gPc] and, 

a t  t he  same t i m e ,  produce a complex with K i on  as a r e s u l t  

of exchange r e a c t i o n .  By H E M  obse rva t ion ,  t h e  complex 

c r y s t a l  was found t o  assume a s t r u c t u r e  i l l u s t r a t e d  i n  Fig.  

6 ,  which i s  a p r o j e c t i o n  of  t e t r a g o n a l  l a t t i c e ,  a=15.67A 

and c=6.72A, having symmetry of P41mcc. The c r y s t a l  con- 

s is ts  of segregated columns of (CN)gPc and K i o n .  The Pc 

molecules a r e  packed normal t o  t h e  column a x i s  with an 

in t e rmolecu la r  spacing of 3.36A. The molecular ove r l ap  i s  

based on a l t e r n a t i n g  r o t a t i o n  by *27.4' i n  r ega rd  t o  t h e  

symmetry a x i s .  A similar packing w a s  r epor t ed  by Schramm 

e t  a l .  f o r  NiPc.13 complex. 

It i s  noteworthy t h a t  (CN)gPc molecules i n  t h e  complex a r e  

considered t o  e x e r t  c e r t a i n  intercolumnar  i n t e r a c t i o n  as 

they a r e  mutually overlapped between two neighbor columns, 

where CN groups a r e  a n t i p a r a l l e l l y  o r i e n t e d  i n  an  alter- 

n a t i n g  manner. A s  a r e s u l t ,  fou r  CN groups of a molecule 

are used t o  accomodate K i o n s  while  t h e  o t h e r  f o u r  a c t  as 

arms t o  i n t e r a c t  with sourrounding f o u r  molecules i n  t h e  

n e a r e s t  neighbor columns. 
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DIRECT IMAGING OF MOLECULES IN LOW DIMENSIONAL SOLIDS 1 I I 

The s t r o n g  r e f l e c t i o n s  a s s o c i a t e d  w i t h  t h e  a-axis a p p e a r  

jn t h e  t i l t e d  d i f f r a c t i o n  p a t t e r n s  t o  g i v e  t h e  above  c e l l  

c o n s t a n t ,  weak r e f l e c t i o n s  are a l s o  o b s e r v e d  i n d i c a t i n g  t h e  

p r e s e n c e  o f  a s u p e r l a t t i c e  a b o u t  4 times l a r g e r  t h a n  t h a t  

of  r e g u l a r  a -d imens ion .  

An i n t e r e s t i n g  f i n d i n g  i s  t h e  a p p e a r a n c e  o f  s t a c k i n g  f a u l t s  

o f  m o l e c u l a r  a r r a y s  which a re  i n c l u d e d  a l o n g  t h e  d i a g o n a l  

d i r e c t i o n  of  s q u a r e  n e t .  A s  r e p r o d u c e d  i n  F i g .  4 a ,  t h e  

f a u l t e d  a r r a n g e m e t  t a k e s  p l a c e  r e s u l t i n g  i n  a n  a r r a y  o f  

p a r a l l e l l y  p a i r e d  m o l e c u l e s  which r u l e d  o u t  aa d i a g o n a l  

a r r a y  o f  p e r p e n d i c u l a r l y  o r i e n t e d  m o l e c u l e s  t o  b e  sand-  

wiched  b e t Q e e n  them. The s c h e m a t i c  r e p r e s e n t a t i o n  i n  F i g .  

4b i s  a wide  view o f  m o l e c u l a r  l a t t i c e  where  a few s t a c k i n g  

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

The c o n f i g u r a t i o n  o f  s u c h  a s t a c k i n g  f a u l t  c a n  b e  i n t e r -  

p r e t e d  i n  terms o f  a p a r t i a l  m i r r o r  o p e r a t i o n  t o  t h e  mole- 

c u l a r  l a t t i c e .  A s  i l l u s t r a t e d  i n  F i g .  5 a ,  a p a r t i a l  m i r -  

r o r  p l a n e  i n c l u d i n g  one o f  t h e  n i t r o g e n  column i s  c o n s i d e r -  

ed  t o  r u n  a l o n g  t h e  d i a g o n a l  d i r e c t i o n .  When a l l  t h e  l a t -  

t i c e  f u l l y  b e l o n g s  t o  t h e  area B i s  s u b j e c t e d  t o  t h e  m i r r o r  

o p e r a t i o n ,  t h e  r e s u l t  w i l l  a p p e a r  as shown i n  F i g .  5b .  The 

ne t  o f  K i o n  column be tween t h e  p a i r e d  m o l e c u l a r  a r r a y  i s  

c o n s i d e r a b l y  d i s t o r t e d  showing a good agreement  w i t h  t h e  

real  image i n  F i g .  3 a .  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 ,  i n  

s p i t e  o f  s u c h  d i s t o r t i o n ,  t h e  f o u r  n i t r o g e n  atoms around K 

i o n  s t i l l  k e e p s  a similar c o n f i g u r a t i o n  t o  t h a t  of t h e  

r e g u l a r  case as f a r  as t h e  2D p r o j e c t i o n  i s  c o n c e r n e d .  It 

i s  a l s o  w i r t h n o t i n g  t h a t  t h e  s t a c k i n g  f a u l t  o f  t h i s  t y p e  

h a s  n o t  b e e n  found i n  t h e  o r d i n a r y  TCNQ complex s o  f a r .  

The f o r m a t i o n  o f  K.TCNQF4 complex i s  due  t o  t h e  exchange  o f  

i o d i n e  w i t h  TCNQF4 on the i o n i c  s u r f a c e  o f  K I  s i n g l e  c r y s -  

t a l .  A s i m i l a r  exchange r e a c t i o n  w a s  e x p e r i e n c e d  a l s o  
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F i g .  6 .  Over lap  s t r u c t u r e  of p o t a s s i u m  complex o f  
o c t a c y a n o p h t h a l o c y a n i n e  formed on K I  s i n g l e  
c r y s t a l  s u r f a c e  by exchange r e a c t i o n  
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