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AFM ON CHEMICALLY REACTING CRYSTALS 

GERD KAUPP 
University of Oldenburg, FB 9 - Organische Chemie I - 
P.0.Box 2503, D-26111 Oldenburg, Germany 

Abstract A review is given on recent developments of 
atomic force microscopic (AFM) studies on chemically 
reacting organic crystals. Three further basic phase 
transformation mechanisms have been added to the pre- 
vious five. Both photodimerizations and gas/solid re- 
actions are studied in detail by scanning the surfaces 
of initial and chemically reacted crystals of anthra- 
cenes, thiohydantoines, a -  and a-cinnamic acid, and 
stilbene at different faces, where technically possi- 
b l e .  The AFM-features are correlated to known crystal 
structure data with the aid of semiempirical calcula- 
tions in part. Thus, detailed molecular mechanisms for 
the far-reaching well-directed transport phenomena may 
be derived in most cases and the appearance of the 
submicroscopic features rationalized. Unimolecular 
terrace steps of anthracene behave as independent 
crystal face already. The addition o f  bromine and 
chlorine leads to new solid phases directly even 
though there might be formed mixtures o f  stereoiso- 
mers. If a submicroscopic liquid phase is formed as in 
the reaction of a-cinnamic acid with chlorine, the 
surface will be remodelled by the tip and this pro- 
vides for interesting nanostructures. In many cases 
there are secondary phase transformations apparently 
from o n e  form of mixed crystals into another form of 
mixed crystals either upon continuation of irradiation 
o r  just on standing of gas/solid reacted crystals for 
several hours. 

Keywords atomic force microscopy, solid state photo- 
chemistry, gas/solid reaction, basic mechanism, phase 
transformation, molecular mechanism, unimolecular 
step, crystal face, crystal structure, nanostructures 

INTRODUCTION 

Atomic force microscopy (AFM) turned out to be a versatile 
new tool for mechanistic studies in solid state chemistry. 
This has been shown in photolyses of crystals and in gas/ 
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154/[4221 G. KAUF'P 

s o l i d  r e a c t i o n s .  F o l l o w i n g  t h e  i n i t i a l  c o l l e c t i o n  o f  em- 

p i r i c a l  d a t a  i n  t h i s  t o t a l l y  u n p r e c e d e n t e d  f i e l d  o f  r e -  
s e a r c h  many e f f o r t s  h a v e  been  made i n  e x p l a i n i n g  t h e  ob- 

s e r v e d  f e a t u r e s  on a m o l e c u l a r  b a s i s  by c o r r e l a t i o n s  w i t h  

c r y s t a l  s t r u c t u r e s  and m o l e c u l a r  g e o m e t r i e s .  T h i s  p r o v e d  t o  

be an i m p o r t a n t  g o a l ,  because  t h e  w e l l - d i r e c t e d  and f a r -  

r e a c h i n g  t r a n s p o r t  phenomena were c o m p l e t e l y  u n f o r e s e e n  and 

t h e y  p o i n t  t o  r e a l i s t i c  r a t i o n a l i z a t i o n s  o f  t o p o c h e m i c a l l y  

f o r b i d d e n  and t o p o c h e m i c a l l y  a l l o w e d  b u t  n o t  p r o c e e d i n g  re -  
a c t i o n s  on a sound e x p e r i m e n t a l  b a s i s .  A l s o  an u n d e r s t a n d -  

i n g  o f  t h e  h i t h e r t o  u n e x p l a i n a b l e  g a s / s o l i d  r e a c t i v i t y  

c o u l d  be a c h i e v e d  on a c c o u n t  o f  t h e  a v a i l a b i l i t y  o f  now 

e i g h t  d i f f e r e n t  b a s i c  phase t r a n s f o r m a t i o n  mechanisms. 

I t  t u r n s  o u t  t h a t  c r y s t a l  s t r u c t u r e  i s  much more i n t i m a t e l y  

r e l a t e d  t o  s o l i d  s t a t e  r e a c t i v i t y  t h a n  h a s  been assumed b y  

t h e  t o p o c h e m i c a l  p r i n c i p l e ,  b u t  t h e  new p o w e r f u l  e x p e r i m e n -  

t a l  t e c h n i q u e  AFM shows t h a t  t h e r e  a r e  a l s o  f u r t h e r  e f f e c t s  

a t  work.  

EXPERIMENTAL 

A D i g i t a l  I n s t r u m e n t s  NanoScope I I / 5  was u s e d  w i t h  com- 

m e r c i a l  S i3N4  c a n t i l e v e r s  and t i p s .  1-5 F o r  c o l o u r  i m a g i n g  

NanoScope I11 s o f t w a r e  was u s e d  i n  c o n n e c t i o n  w i t h  a M i t -  

s u b i s h i  V i d e o p r i n t e r  CP-200E ( H ) .  These were p h o t o g r a p h e d  

f o r  g l o s s y  b l a c k  and w h i t e  p r i n t s .  C r y s t a l  p a c k i n g  d r a w i n g s  

were g e n e r a t e d  f r o m  p u b l i s h e d  X - r a y  d a t a  b y  u s i n g  SCHAKAL92 

(AIX-UNIX v e r s i o n ,  E. K e l l e r ,  U n i v e r s i t a e t  F r e i b u r g )  a t  an 

IBM R S  6000 32H w o r k s t a t i o n .  Van d e r  Waals s u r f a c e s  a r e  

s e m i e m p i r i c a l l y  c a l c u l a t e d  (MOPAC, PM3) and  p l o t t e d  w i t h  

PCMODEL o f  QCPE. S i n g l e  c r y s t a l s  were o b t a i n e d  a s  de- 

s c r i b e d . ' 3  was c r y s t a l l i z e d  f r o m  e t h e r .  I r r a d i a t i o n s  were 

p e r f o r m e d  d i r e c t l y  on t h e  AFM s t a g e  f r o m  5 cm d i s t a n c e  w i t h  

a Hanau 150 W H g - h i g h  p r e s s u r e  lamp t h r o u g h  a w a t e r - c o o l e d  

S o l i d e x  f i l t e r .  193 -5  The a p p l i c a t i o n  o f  gases  a f t e r  r e m o v a l  

o f  t h e  head  was w i t h  a 1 m l  s y r i n g e  f r o m  a b o u t  1 cm d i s -  

t a n c e  w h i c h  was pushed  o u t  i n  a b o u t  5 s. Then t h e  e n v i r o n -  
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AF'M ON CHEMICALLY REACTING CRYSTALS [423]/155 

ment o f  t h e  w h o l e  AFM s t a g e  was f l u s h e d  w i t h  A r  i n  o r d e r  t o  

remove C 1 2  o r  B r 2  w h i c h  w o u l d  d e s t r o y  t h e  g o l d  c o a t i n g  o f  

t h e  c a n t i l e v e r .  F i r s t  measurements were r o u t i n e l y  o b t a i n e d  

10 min a f t e r  gas a p p l i c a t i o n s .  P o s s i b l e  h y d r o l y s i s  e f f e c t s  

were e x c l u d e d  by c o n t r o l  e x p e r i m e n t s  v i a  k e e p i n g  g a s - t r e a t -  

e d  c r y s t a l s  f o r  20 h i n  vacuum and  l o o k i n g  f o r  t h e  same 

f e a t u r e s  as i n  t h e  e x p e r i m e n t s  i n  n o r m a l  a tmosphere .  

BASIC M E C H A N I S M S  

A c c o r d i n g  t o  p r e v i o u s  AFM s t u d i e s  ( n o n - t o p o t a c t i c a l )  s o l i d  

s t a t e  r e a c t i o n s  a r e  g o v e r n e d  by t h e i r  phase  t r a n s f o r m a t i o n  

mechanisms. T h e r e  c o u l d  be added t h r e e  f u r t h e r  b a s i c  mech- 

an i sms  t o  t h e  p r e v i o u s l y  known f i v e . 4  These a r e  t h e  fo rma-  

t i o n  o f  f l o e s , '  i s l a n d s , '  and e g g s '   pallet^.^ R e p r e s e n t a -  

t i v e  examp les  a r e  shown i n  F i g u r e  1 and F i g u r e  4 b e l o w .  

FIGURE 1 F l o e s  f r o m  p h o t o l y s i s  o f  9 - c h l o r o a n t h r a c e n e '  

and  i s l a n d s  f r o m  g a s / s o l i d  r e a c t i o n  o f  3 - p h e n y l t h i o -  

h y d a n t o i n  w i t h  CH3NH2 2 

I n  F i g u r e  1 i t  c a n  be seen how e v e n l y  s u c h  f l o e s  may b e  

fo rmed ,  and on t h e  r i g h t  hand  s i d e  t h e  d i f f e r e n t  s t a g e s  o f  

i s l a n d  f o r m a t i o n  a s  w e l l  as an a r t i f i c i a l l y  s l i c e d  i s l a n d  

a r e  e a s i l y  o b s e r v e d  w i t h i n  one AFM s c a n .  

A l l  o f  t h e  e i g h t  b a s i c  mechanisms appear  t o  c o r r e l a t e  

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

m a t e r i a l s . 1 - 3 * 5  Mos t  c o n v i n c i n g  a p p e a r s  t h e  e x p l a n a t i o n  o f  

t h e  c r a t e r  f o r m a t i o n  i n  t h e  i n i t i a l  s t a g e s  o f  t h e  p h o t o -  
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156/[424] G. KAUPP 

l y s i s  o f  B - c i n n a m i c  a c i d  (P21/a) on ( 1 0 0 )  i n  F i g u r e  2. l b  

The m o l e c u l e s  c u t  ( 1 0 0 )  a t  an a n g l e  o f  83O. I f  t h e  p h o t o d i -  
mer ( B - t r u x i n i c  a c i d )  i s  f o rmed ,  i t  may r o t a t e  as i n d i c a t e d  

It- L 9  

-+ 
hv 

FIGURE 2 Top l e f t :  AFM s c a n  o f  c r a t e r s  f o r m e d  a l l  o-  

v e r  upon s h o r t  i r r a d i a t i o n  o f  13-1 on ( 1 0 0 ) .  Top r i g h t :  

S t e r e o v i e w  o f  mode l  c r y s t a l  s t r u c t u r e  4 - c h l o r o c i n n a m i c  

a c i d .  B o t t o m :  P M 3 - s u r f a c e s  o f  1 and i t s  p h o t o d i m e r  i n -  

d i c a t i n g  i t s  f i t  i n .  

b y  90° and 60° i n  o r d e r  t o  g e o m e t r i c a l l y  f i t  i n t o  t h e  h o s t  

l a t t i c e .  However,  t h e  d i m e r  h a s  s h r i n k e d  b y  a b o u t  30 % w i t h  

r e s p e c t  t o  2 m o l e c u l e s  o f  c i n n a m i c  a c i d  (1). As t h i s  h o r i -  

z o n t a l  s h r i n k i n g  i s  f a s t e r  i n  t h e  u p p e r  l a y e r s  where more 

l i g h t  i s  a b s o r b e d  and s l o w e r  i n  t h e  deeper  l a y e r s ,  t h e  ob- 

s e r v e d  c r a t e r s  must be fo rmed .  T h e i r  w i d t h  i s  500 nm, t h e i r  

d e p t h  200 nm. The o b v i o u s  upward  t r a n s p o r t  i s  c a u s e d  

b y  t h e  b r e a k i n g  o f  h y d r o g e n  bonds  upon  d i m e r i z a t i o n  and t h e  

c o m p l e t e  l e v e l i n g  o u t  o f  a l l  c r a t e r  s t r u c t u r e  upon  f u r t h e r  
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AFM ON CHEMICALLY REACTING CRYSTALS [425]/157 

i r r a d i a t i o n ’ ’  5 i s  a p p a r e n t l y  c a u s e d  by a t h e r m a l  phase  

t r a n s f o r m a t i o n  o f  m i x e d  c r y s t a l s  w h i c h  a r e  r i c h  i n  s t a r t i n g  

m a t e r i a l  i n t o  m i x e d  c r y s t a l s  w h i c h  a r e  r i c h  i n  p r o d u c t .  The 

r e a s o n  f o r  t h i s  i s  t h e  n e c e s s i t y  t o  m a x i m i z e  t h e  number o f  

h y d r o g e n  b r i d g e s .  5 

PHOTOLYSIS OF ANTHRACENE 

I t  h a s  been r e p e a t e d l y  shown t h a t  t h e r e  a r e  n o  t h e r -  

ma1 e f f e c t s  upon n o r m a l  i r r a d i a t i o n s  w i t h  S o l i d e x - f i l t e r e d  

h i g h - p r e s s u r e  l amps  down t o  t h e  m o l e c u l a r  l e v e l .  T h e r e f o r e  

we c a n  s t u d y  t h e  p h o t o c h e m i c a l  b e h a v i o u r  o f  u n i m o l e c u l a r  

and o l i g o m o l e c u l a r  t e r r a c e  s t e p s  upon p h o t o l y s i s  o f  t h e  

f a c e  w h i c h  c a r r i e s  s u c h  t e r r a c e s .  I t  i s  v e r y  easy  t o  d i s -  

t i n g u i s h  mono-, b i - ,  t r i - ,  and t e t r a m o l e c u l a r  s t e p s  on t h e  

(001 )  f a c e  o f  a n t h r a c e n e  w h i c h  a r e  10 ,  20, 30, and 4 0 8  h i g h  

( F i g u r e  3 ,  l e f t ) .  

FIGURE 3 AFM s u r f a c e s ;  l e f t :  m o l e c u l a r  s t e p s  o n  

( 0 0 1 )  o f  a n t h r a c e n e ;  r i g h t :  d i m e r  f o r m a t i o n  a f t e r  

1 m i n  i r r a d i a t i o n  1 

I t  i s  w e l l  known t h a t  c r y s t a l l i n e  a n t h r a c e n e  g i v e s  i t s  

p h o t o d i m e r  upon p h o t o l y s i s ,  even  t h o u g h  s u c h  r e a c t i o n  i s  

t o p o c h e m i c a l l y  f o r b i d d e n .  On t h e  r i g h t  h a n d  s i d e  o f  F i g u r e  

3 t h e  v e r y  e a r l y  s t a g e  o f  t h i s  r e a c t i o n  shows t h a t  t h e  new 

f e a t u r e s  grow a l o n g  t h o s e  m o l e c u l a r  s t e p s  and  even  a l o n g  

t h e  u n i m o l e c u l a r  ones ( 1 i g h t . p e n e t r a t i o n  d e p t h  a t  = 365nm 
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158/[426] G.  KAUPP 

a r o u n d  200 nm). Thus, t h e r e  a r e  f a r - r e a c h i n g  t r a n s p o r t  phe-  
nomena and  we a r e  i n  t h e  p h a n t a s t i c  s i t u a t i o n  t h a t  even  a 
m o n o m o l e c u l a r  s t e p  behaves  as an i n d e p e n d e n t  c r y s t a l  f a c e  

w h i c h  i s  c l o s e d  on one s i d e .  T h i s  i s  an i m p o r t a n t  c l u e  t o  

any d e f e c t  o r  d i s o r d e r  d i s c u s s i o n  w h i c h  w i l l  have  t o  b e  p u t  

down t o  t h e  u n i m o l e c u l a r  l e v e l  f r o m  now on. The c r y s t a l  

s t r u c t u r e  o f  a n t h r a c e n e 6  a l l o w s  f o r  a m o l e c u l a r  i n t e r p r e t a -  

t i o n  w h i c h  i n d i c a t e s  i t s  c o n s i d e r a b l y  more i n t i m a t e  r e l a -  

t i o n  t o  r e a c t i v i t y  t h a n  any v e r s i o n  o f  t o p o c h e m i c a l  p r i n c i -  

p l e .  I t  h a s  been  s h o w n l b  t h a t  a n t h r a c e n e  m o l e c u l e s  c u t  

(001 )  (P21/a) a t  an a n g l e  o f  67O and  f o r m  p a r a l l e l  l a y e r s  
o f  10 ! t h i c k n e s s .  From t h i s  k n o w l e d g e  i t  i s  q u i t e  c l e a r  

t h a t  t h e  s t e e p  m o l e c u l e s  a t  t h e  m o l e c u l a r  s t e p s  may be eas-  

i l y  pushed  away a s  t h e r e  i s  f o r m e d  i n t e r n a l  p r e s s u r e  b y  

p h o t o d i m e r i z a t i o n  a t  t h e  s i t e  o f  l i g h t  a b s o r p t i o n  w i t h i n  

t h e  l a y e r s .  Thus, m a t e r i a l  i s  f o r c e d  o u t  a t  t h e  m o l e c u l a r  

s t e p s  and  b u i l d s  up t h e  c h a i n y  h i l l s  a l o n g  t h e  s t e p s .  A l s o  

p r e s s u r e  b u i l t  up i n  t h e  l o w e r  l a y e r s  w i l l  be r e l e a s e d  v i a  

upward  and  s i d e w a r d  t r a n s p o r t  t h r o u g h  t h e  s t e p s ,  because  

t h e  h i l l s  grow up t o  50 nm h e i g h t  i n  l a t e r  s t a g e s  o f  

t h e  i r r a d i a t i o n ,  p r i o r  t o  t h e  f i n a l  phase  t r a n s f o r m a t i o n  

i n t o  f l o e s . '  A s i m i l a r  b e h a v i o u r  i s  f o u n d  f o r  9-cyanoan-  

t h r a c e n e  ( s t e p s  on ( O l O ) ) ,  whereas 9 - c h l o r o -  and  9 - m e t h y l -  

a n t h r a c e n e  r e a c t  u n i f o r m l y  a l l  o v e r  t h e i r  m o r p h o l o g i c a l l y  

d o m i n a n t  f a c e s . '  An examp le  i s  shown i n  F i g u r e  1 ( t h e  l o n g  
1 s i d e f a c e  o f  9 - c h l o r o a n t h r a c e n e  g i v e s  b e a u t i f u l  v o l c a n o e s ) .  

I n  g a s / s o l i d  r e a c t i o n s  t h e r e  i s  a l s o  a s y s t e m  known where  

t h e  e x t e n d e d  f a c e  g i v e s  d i f f e r e n t  r e a c t i o n  f e a t u r e s  t h a n  a t  

a 9 nm s t e p  on i t  w i t h  27 m o l e c u l a r  l a y e r s .  2 

GAS/SOLID REACTIONS WITH CINNAMIC A C I D  

The a d d i t i o n  o f  gaseous b r o m i n e  t o  c i n n a m i c  a c i d  I h a s  been  

known s i n c e  1863.7 We c o u l d  show b y  'H-NMR t h a t  b o t h  a- and 

13-cinnamic a c i d  y i e l d  t h e  e r y t h r o  i s o m e r  2 ( X  = Br) e x c l u -  

s i v e l y  (J2H,3H = 11.7 H z ) .  The r e a c t i o n  o f  c h l o r i n e  w i t h  1 

g i v e s  p a r t i a l  l i q u e f a c t i o n  a f t e r  2 - 3 h a t  room t e m p e r a -  
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AFM ON CHEMICALLY REACTING CRYSTALS [427]/159 

t u r e .  As c h l o r i n e  d i s s o l v e s  r e a d i l y  i n  t h i s  l i q u i d ,  t h e  

r e a c t i o n  may c o n t i n u e  i n  t h i s  c a s e  up t o  c o m p l e t i o n .  I t  

p r o v i d e s  t h r e o -  ( JZHl3,, = 7 . 3  H z )  and e r y t h r o - 2  ( X  = C 1 )  

= 11.0 H z )  i n  88 and  12  % y i e l d .  A s i m i l a r  r a t i o  ( J2H/3H 
( 9 1  : 9 )  i s  f o u n d  a t  - 2 O O C  and  t h e r e  i s  s l o w  l i q u e f a c t i o n  

u n d e r  0 . 4  t o  0 .8 b a r  o f  c h l o r i n e .  Thus,  an i n i t i a l  g a s / s o l -  

i d  r e a c t i o n  becomes a g a s / l i q u i d  r e a c t i o n  i n  t h i s  case .  
The AFM-s tud ies  o f  t h e s e  r e a c t i o n s  a r e  q u i t e  r e w a r d i n g  

and show a n  i n t i m a t e  r e l a t i o n  o f  c r y s t a l  s t r u c t u r e  and  

phase t r a n s f o r m a t i o n  mechanism. I f  B r 2  r e a c t s  w i t h  a - c i n n a -  

20- 25OC + >G - PhCHXCHXCO&l Ph 

2 
a o r  p , XpBr2: e r y t h r o - 2  (R=Br) 

a o r  p , XpC12: th reo /ery thro  = 88: 12 ( l i q u e f i e s )  

m i c  a c i d  (a-1) t h e r e  a r e  f o r m e d  b o t h  200 nm deep c r a t e r s  

and 200 nm h i g h  v o l c a n o e s  w i t h  some p i l l a r s  on t h e  i n i t i a l  

( 010 )  f a c e .  T h i s  l o o k s  p r e t t y  much l i k e  an e g g s '  p a l l e t  

FIGURE 4 AFM s u r f a c e  O f  a-1 (PZ1/n) ( 0 1 0 )  ( l e f t )  

and a f t e r  e x p o s u r e  t o  b r o m i n e  v a p o r  ( r i g h t )  

and s h o u l d  be t e r m e d  a s e p a r a t e  phase  t r a n s f o r m a t i o n  mecha- 

n i sm.  I t  a p p e a r s  o b v i o u s  t h a t  t h e  a r r a n g e m e n t  o f  m o l e c u l e s  
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160/[428] G. KAUPP 

FIGURE 5 S t e r e o s c o p i c  v i e w  o f  t h e  m o l e c u l a r  p a c k i n g  

f a c i n g  (010) o f  a-1 i n  t h e  t w o  d i f f e r e n t  a l t e r n a t i n g  

l a y e r s  p a r a l l e l  t o  ( 0 1 0 ) ;  d o u b l e  bond-C w i t h  c i r c l e s ,  

0 w i t h  mesh 

a t  t h e  s u r f a c e  s h o u l d  be i m p o r t a n t  f o r  t h e  m o l e c u l a r  mecha- 

n i s m  o f  t h e  f a r - r e a c h i n g  t r a n s p o r t  p r o c e s s e s  o b s e r v e d .  I t  

c a n  be seen i n  F i g u r e  5 t h a t  t h e  d o u b l e  bond  o f  f l a t  l y i n g  

( 3 0 O )  a-1 i s  r e l a t i v e l y  a c c e s s i b l e  f r o m  one s i d e  i n  one o f  

t h e  l a y e r s ,  whereas i t  i s  s h i e l d e d  b y  t h e  p h e n y l  g r o u p s  i n  

t h e  o t h e r .  I t  i s  i n t e l l i g i b l e  t h a t  t h e  u s u a l  bromonium 

i o n  may f o r m  e a s i l y  i n  t h e  b o t t o m  t y p e  l a y e r s .  As t h e  p r o -  

d u c t  s t r u c t u r e  2 ( X  = Br) i s  e r y t h r o ,  t h e r e  must  be a 

t r a n s - a d d i t i o n .  However,  t h e  second  b r o m i n e  atom ( f o r m a l l y  

b r o m i d e  a n i o n )  c a n n o t  a t t a c k  t h e  th ree -membered  bromonium 

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

o u t  o f  t h e  l a y e r .  Thus, t h e r e  must  be an upward  t r a n s p o r t  
and  m o l e c u l e s  f r o m  t h e  d i f f e r e n t l y  o r i e n t e d  l a y e r  b e l o w  may 

o n l y  p a r t i a l l y  move i n  t o  f i l l  t h e  gap.  I f  a l l  o f  t h e  b o t -  
tom t y p e  l a y e r  has  r e a c t e d ,  b r o m i n e  gas w i l l  h a v e  t o  pene-  

t r a t e  b e l o w  t h e  n e x t  l a y e r  f o r  f u r t h e r  r e a c t i o n  f r o m  b e l o w  
t h e  s u r f a c e  and  t h e  n e i g h b o u r i n g  m o l e c u l e s  w i l l  have  t o  
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AFM ON CHEMICALLY REACTING CRYSTALS [429]/161 

g l i d e  upward  i n  o r d e r  t o  p r o v i d e  space  f o r  c o m p l e t i o n  o f  

t h e  a d d i t i o n .  I n  t h i s  s i t u a t i o n  b o t h  v o l c a n o e s  and c r a t e r s  

f o r m  n u c l e a t i o n  c e n t e r s  ( t h e  p i l l a r s )  i n  a v e r y  r e g u l a r  way 

as d i c t a t e d  by t h e  c r y s t a l  s t r u c t u r e .  

If 13-1 (P21/a) i s  exposed  t o  B r 2  gas o n  ( 1 0 0 )  r e a c -  
t i o n  zones a r e  m o v i n g  o v e r  t h e  c r y s t a l ,  whereas on (010) 
t h e r e  i s  more u n i f o r m  f o r m a t i o n  o f  r a t h e r  f l a t  f l o e s  w h i c h  

FIGURE 6 AFM s u r f a c e s  o f  13-1 a f t e r  e x p o s u r e  t o  b r o -  

mine;  t o p ,  p r o m p t l y  on i n i t i a l  ( 1 0 0 ) ;  b o t t o m  on i n i -  

t i a l  (0101,  l e f t  p r o m p t l y  measured,  r i g h t  a f t e r  20 h 

s t a n d i n g  

t r a n s f o r m  i n t o  more p r o n o u n c e d  f e a t u r e s  upon s t a n d i n g  f o r  

20 h p r e s u m a b l y  because  o f  a phase  t r a n s f o r m a t i o n .  Thus,  

a g a i n  t h e r e  i s  a c o m p l e t e l y  d i f f e r e n t  b e h a v i o u r  on d i f f e r -  

e n t  f a c e s  o f  13-1 w h i c h  must  d i r e c t l y  c o r r e l a t e  w i t h  c r y s t a l  

s t r u c t u r e .  As t h e  c r y s t a l  s t r u c t u r e  o f  13-1 i s  s t i l l  n o t  

known, 4 - c h l o r o c i n n a m i c  a c i d  p r o v i d e s  t h e  c l o s e l y  r e l a t e d  
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162/[430] G.  KAUPP 

FIGURE 7 S t e r e o s c o p i c  v i e w s  o f  t h e  m o l e c u l a r  p a c k i n g  

f a c i n g  ( 1 0 0 )  ( l e f t )  and ( 0 1 0 )  ( r i g h t )  o f  13-1; a t  t h e  

b o t t o m  r i g h t  d i a g r a m  (010)  i s  on t o p ;  d o u b l e  bond  C 

w i t h  c i r c l e s ,  0 w i t h  mesh, C 1  w i t h  d o t t e d  c i r c l e s  

mode l  s t r u c t u r e . 8  I t  i s  e a s i l y  seen f r o m  F i g u r e  7 l e f t  t h a t  

b o t h  o f  t h e  a l t e r n a t i n g  l a y e r s  h a v e  t h e  m o l e c u l e s  v e r y  

s t e e p  ( 8 3 O )  o n  (100). The d o u b l e  bonds  a r e  s h i e l d e d  b y  t h e  

c a r b o x y l s  i n  t h e  t o p  and even more so b y  t h e  a r y l  g r o u p s  i n  

t h e  b o t t o m  l a y e r  o f  F i g u r e  7 .  They appear  i n a c c e s s i b l e .  

T h e r e f o r e ,  f o r  a r e a c t i o n  w i th  b r o m i n e  t o  o c c u r  t h e  mo le -  

c u l e s  mus t  come o u t  s t r a i g h t  upward.  Once s t a r t e d ,  t h i s  

g l i d i n g  upward  w i l l  c o n t i n u e  z o n a l l y  f r o m  t h e  n u c l e a t i o n  

c e n t e r s ,  because  a l l  m o l e c u l e s  a r e  p a r a l l e l  and n o t  i n t e r -  

l o c k e d .  T h i s  i s  c o m p l e t e l y  d i f f e r e n t  f r o m  a-1, where t h e  

m o l e c u l e s  l i e  r e l a t i v e l y  f l a t .  One n o t e s  f r o m  t h e  l a r g e r  

m a g n i f i c a t i o n  i n  F i g u r e  6 ,  t h a t  t h e  b u i l d u p  o f  t h e  s h a r p l y  

edged f e a t u r e s  i n v o l v e s  t r e n c h e s .  Thus,  t h e  r e a c t i n g  zone 

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

On (010)  o f  13-1 t h e  s i t u a t i o n  a p p e a r s  r a t h e r  easy .  One 

h a l f  o f  t h e  d o u b l e  bonds l i e s  e a s i l y  a c c e s s i b l e  and f l a t  

( 2 3 O )  o n  t h e  s u r f a c e  ( F i g u r e  7 ) .  T h e r e  s h o u l d  be no p r o b l e m  

f o r  i n i t i a l l y  f o r m e d  bromonium i o n s  t o  t u r n  a r o u n d  f o r  
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AFh4 ON CHEMICALLY REACTING CRYSTALS [43 1]/163 

b a c k s i d e  a t t a c k  and  t h u s ,  t h e r e  a p p e a r  n o  p r o b l e m s  f o r  nu-  

c l e a t i o n .  The second  h a l f  o f  t h e  m o l e c u l e s  w i l l  g a i n  enough 

m o b i l i t y  a f t e r  r e a c t i o n  o f  t h e i r  n e i g h b o u r s  and a r e l a -  

t i v e l y  f e a t u r e l e s s  f l o e  f o r m a t i o n  o c c u r s .  These f e a t u r e s  

become somewhat more s t r u c t u r e d  upon s t a n d i n g .  T h i s  i s  

p r o b a b l y  t h e  r e s u l t  o f  a t h e r m a l  phase t r a n s f o r m a t i o n ,  a s  

t h e r e  a r e  n o  s i g n s  o f  h y d r o l y s i s  d e t e c t a b l e  ( n e i t h e r  o n  

( 1 0 0 )  o f  l3-1, where t h e  s t r u c t u r e s  s t a y  s h a r p  upon  s t a n d i n g  

i n  a i r ) .  

T h e r e  m i g h t  be some c o n c e r n  a b o u t  s h o r t - l i v e d  l i q u i d  

phases  on t h e  m o l e c u l a r  l e v e l ,  b u t  t h i s  w i l l  i n e v i t a b l y  run  

i n t o  p r o b l e m s  o f  d e f i n i t i o n  ( w h e r e  does a s o l i d  phase  s t a r t  

t o  become a l i q u i d  phase  i f  o n l y  a few m o l e c u l e s  a r e  c o n -  

s i d e r e d ? ) .  However ,  A F M  i s  a b l e  t o  d e t e c t  g e n u i n e  l i q u i d  

phases:  I f  a v i s c i d  phase  i s  f o rmed ,  t h e  t i p  w i l l  s t i c k  

t o  i t  and t h e  c a n t i l e v e r  w i l l  c o n s i d e r a b l y  bend  o r  e v e n t u -  

a l l y  b r e a k  i f  i t  is t r i e d  t o  snap t h e  t i p  f r e e .  Under  t h e s e  

c o n d i t i o n s  no AFM-measurements a r e  p o s s i b l e  i n  c o n t a c t  

mode. I f  a h i g h l y  v i s c o u s  l i q u i d  phase  i s  f o rmed ,  t h e  t i p  

s p r e a d s  i t  a l o n g  t h e  s c a n  d i r e c t i o n  ( s e e  F i g u r e  5b i n  R e f .  

4 )  a n d  i t  w i l l  s t a y  t h e r e  f o r  some t i m e .  I f ,  however ,  a 

l i q u i d  o f  r e l a t i v e l y  l o w  v i s c o s i t y  i s  f o r m e d  a s  i n  t h e  r e -  

a c t i o n  o f  1 w i t h  C12, t h e r e  w i l l  b e  g r a d u a l  r e m o d e l l i n g  o f  

t h e  s u r f a c e  upon c o n t i n u o u s  AFM-scanning.  The l i q u i d  d i s -  

s o l v e s  some o f  t h e  c r y s t a l l i n e  m a t e r i a l  and t h i s  s o l u t i o n  

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

t i p .  

F i g u r e  8 shows a r a t h e r  r o u g h  p o r t i o n  (mean r o u g h n e s s  

5.4 nm) o f  a (010 )  f a c e  o f  a-1 ( i f  compared t o  F i g u r e  4 ,  
where a c r y s t a l  o f  a d i f f e r e n t  c r o p  was u s e d )  a n d  a h o l e  

g e n e r a t e d  b y  s h o r t  e x p o s u r e  t o  c h l o r i n e  and 26 min scann-  

i n g .  I t  i s  seen t h a t  t h e  b o t t o m  o f  t h e  h o l e  i s  f l a t  and  

t h a t  t h e r e  a r e  p i l e s  o f  s o l i d  m a t e r i a l  t o  t h e  l e f t  and  t o  

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

i n t e r e s t  t o  f o l l o w  t h e  g e n e r a t i o n  o f  s u c h  h o l e s .  T h i s  i s  

done i n  t h e  b o t t o m  p a r t  o f  F i g u r e  8 w i t h  t o p - v i e w s  o f  t h e  

s t a r t i n g  s u r f a c e ,  t h e  f i r s t  image a f t e r  e x p o s u r e  t o  c h l o -  
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164/[432] G. KAUPP 

FIGURE 8 AFM s u r f a c e s  o f  a-1 on ( 0 1 0 )  zoomed f r o m  

10 p scans  b e f o r e  ( u p p e r  l e f t )  a n d  a f t e r  e x p o s u r e  

t o  c h l o r i n e  and  26 min s c a n n i n g  ( u p p e r  r i g h t )  a s  w e l l  

as t o p - v i e w s  o f  t h e  d e v e l o p m e n t  o f  t h e  t i p - g e n e r a t e d  

h o l e  i n  10 p scans ;  t h e  w h i t e  b a r s  i n  t he  upper  p a r t s  

o f  some o f  t h e  t o p - v i e w s  a r e  c a u s e d  b y  o b s t a c l e s  w h i c h  

were fo rmed  o u t s i d e  t h e  s c a n  r e g i o n  

r i n e  and r e m o u n t i n g  o f  t h e  s c a n n e r ,  and v a r i o u s  scans  a f t e r  

t h e  t i m e s  g i v e n .  I t  i s  seen t h a t  t h e r e  i s  a l i t t l e  h o l e  

a f t e r  t w o  m i n u t e s  ( 4 0  nm deep)  w h i c h  c o n t i n u a l l y  i n c r e a s e s  

(maximum d e p t h  113 nm a f t e r  1 2  m i n )  i n  w i d t h ,  w h i l e  t h e r e  

i s  p i l i n g  o f  s o l i d  m a t e r i a l  t o  t h e  l e f t  and t o  t h e  r i g h t  

( l i g h t  s p o t s ) .  A t  5 1  min i t  i s  seen t h a t  a new h o l e  d e v e l -  

ops a t  t h e  f l a t  b o t t o m  o f  t h e  now v e r y  huge h o l e  w h i c h  con-  

t i n u e s  t o  grow and t h e r e  i s  a l s o  f o r m a t i o n  o f  s t a b l e  peaks  
( w h i t e  s p o t s )  s t a r t i n g  a t  33  m in ,  p r e s u m a b l y  b y  c r y s t a l l i -  
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z a t i o n  o f  one o f  t h e  c o n s t i t u e n t s .  A l s o  a t  t h e  t u r n  o f  t h e  

t i p  t h e r e  i s  d e p o s i t i o n  o f  m a t e r i a l ,  o f  c o u r s e .  Thus,  l i q -  

u i d  phases ,  i f  f o r m e d  upon  s o l i d  s t a t e  r e a c t i o n ,  a r e  e a s i l y  

r e c o g n i z e d  b y  AFM. They may be u s e d  t o  m e c h a n i c a l l y  re- 
s t r u c t u r e  t h e  g e o m e t r y  o f  t h e  s u r f a c e  w h i l e  g e n e r a t i n g  

n a n o s t r u c t u r e s .  The m e d i a t i n g  s u b m i c r o l i q u i d  o f  a p p a r e n t l y  

l o w  v i s c o s i t y  i s  n o t  seen by AFM i n  c o n t a c t  mode. 

GAS/SOLID REACTIONS W I T H  STILBENE 

The c o m p o s i t i o n  o f  t h e  p r o d u c t s  f r o m  t h e  a d d i t i o n  o f  gase -  

ous b r o m i n e  and c h l o r i n e  t o  c r y s t a l l i n e  t r a n s - s t i l b e n e 9  h a s  

been r e d e t e r m i n e d  r e c e n t l y . ‘ ’  I t  h a s  been shown, t h a t  b o t h  

t h e  meso- and  t h e  r a c e m - a d d u c t s  ( f o r m a l l y  t r a n s -  and c i s -  

a d d i t i o n )  a r e  o b t a i n e d  and t h a t  t h e r e  i s  a l m o s t  no a r o m a t i c  

s u b s t i t u t i o n  i n  t h e  absence  o f  a c i d . ”  With b r o m i n e  t h e r e  

i s  p r e v a l e n c e  o f  t r a n s - a d d i t i o n ,  w i t h  c h l o r i n e  t h e  c i s - a d -  

d i t i o n  p r e d o m i n a t e s  as i n  t h e  c a s e  o f  1. T h i s  b e h a v i o u r  

20-2& 
PhL t >G - PhCHXCHXPh 

4 -Ph 3 
3 W B r 2  : 4 (X=Br 1 meso/racem+2: 38 

3 e C l 2  : 4 ( X = C l )  meso/racem=39: 61 

shows t h a t  i t  i s  n o t  o n l y  t h e  c r y s t a l  s t r u c t u r e  t h a t  d e t e r -  

m ines  t h e  r e a c t i o n ,  b u t  a l s o  t h e  r e a c t i v i t y  o f  t h e  gas and  

t h e  r e a c t i o n  mechanism p l a y  t h e i r  r o l e s .  I t  i s  h i g h l y  i n d i -  

c a t i v e  t h a t  bromonium i o n s  s h o u l d  have  more w e i g h t  t h a n  

c h l o r o n i u m  i o n s  i n  t h e  w e l l  a c c e p t e d  a d d i t i o n  mechanisms. 

I t  i s  i m p o r t a n t  t o  r e a l i z e  t h a t  c o m p l e t e l y  d i f f e r e n t  

phase t r a n s f o r m a t i o n  mechanisms a p p l y .  Thus i n  t h e  r e a c t i o n  

o f  C 1 2  on t h e  s l i g h t l y  s t r u c t u r e d  ( 0 0 1 ) - s u r f a c e  ( t e r r a c e  

h e i g h t s :  1 6  8 = 2 m o l e c u l a r  l a y e r s )  t h e r e  i s  f o u n d  t h e  f l a t  

c o v e r  mechanism , w h i c h  p u t s  a smooth b l a n k e t  a l l  o v e r ,  4 
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1 .  

FIGURE 9 AFM s u r f a c e s  o f  3 (001) (P21 /a )LL  b e f o r e  

( t o p  l e f t )  and  a f t e r  e x p o s u r e  t o  c h l o r i n e  ( t o p  r i g h t ) ;  

r e a c t i o n  o f  3 w i t h  b r o m i n e  measured p r o m p t l y  and  a f t e r  

1 d a y ' s  s t a n d i n g  ( b o t t o m  l e f t  and r i g h t )  

FIGURE 1 0  S t e r e o s c o p i c  

v i e w s  o f  t h e  m o l e c u l a r  p a c k -  

i n g  o f  t h e  a l t e r n a t i n g  l a y -  

e r s  o f  3 on (001 )  D
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whereas t h e  b r o m i n e  a d d i t i o n  l e a d s  t o  c r a t e r s  i n i t i a l l y .  

However,  t h e  s i t u a t i o n  o f  F i g u r e  9 b o t t o m  l e f t  i s  a me ta -  

s t a b l e  one. Upon s t a n d i n g  ( w i t h o u t  f u r t h e r  a d d i t i o n  o f  Br2) 
smooth h i l l s  grow up ( n o t  shown) w h i c h  keep  g r o w i n g  and  

c o l l a p s i n g  t o  t h e  v e r y  r e g u l a r  250 nm h i g h  f l a t  p l u g s  w i t h -  

i n  20 h. These v e r y  r e g u l a r  n a n o s t r u c t u r e s  a r e  t h e  r e s u l t  

o f  a t h e r m a l  phase t r a n s f o r m a t i o n .  

Due t o  t h e  c o m p l e x i t y  o f  t h e  sys tem,  t h e r e  w i l l  be no 

e x h a u s t i v e  m o l e c u l a r  i n t e r p r e t a t i o n  o f  t h e  f e a t u r e s  o f  F i -  

g u r e  9 .  However,  t h e  p a c k i n g  d i a g r a m s  o f  3 ( F i g u r e  10) p r o -  

v i d e  i m p o r t a n t  h i n t s  even  t h o u g h  t h e r e  a p p e a r s  t o  be much 

d i s o r d e r  i n  t h e  s t i l b e n e  c r y s t a l s , "  and even  t h o u g h  t h e r e  

a r e  t h r e e  p r o d u c t s  4 f o r m e d  r o u g h l y  i n  a r a t i o  o f  3 : 3 : 4 

w i t h  C 1 2  and 6 : 2 : 2 w i t h  Br2 ( p h a s e  d i a g r a m s  a r e  n o t  

known).  The l a y e r s  o f  3 d i f f e r  s l i g h t l y  i n  t h e  s t e e p n e s s  o f  

t h e  m o l e c u l e s  on ( 0 0 1 )  w h i c h  i s  39O f o r  t h e  t o p  and 4 3 O  f o r  

t h e  b o t t o m  l a y e r  o f  F i g u r e  10.  A l l  m o l e c u l e s  a r e  s t r o n g l y  

i n t e r l o c k e d  and t h e  d o u b l e  bonds a r e  n o t  a c c e s s i b l e  f o r  a t -  

t a c k  o f  C 1 2  o r  Br2 on t h a t  f a c e  u n l e s s  t h e  l a t t i c e  i s  b r o -  

k e n  up by m o l e c u l e s  g l i d i n g  upward  o u t  o f  t h e  l a t t i c e  ( t h e  

s i t u a t i o n  a t  t h e  b i m o l e c u l a r  s t e p s  i n  F i g u r e  9 c o u l d  n o t  b e  

s t u d i e d  w i t h  t h e  p r e s e n t  t e c h n i c  o f  gas a p p l i c a t i o n ,  be -  

cause t h e  r e a c t i o n s  a r e  t o o  f a s t ) .  The coming  up o f  m o l e -  

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

cases.  A p p a r e n t l y  i t  w i l l  be e a s i e r  f o r  t h e  gas  t o  a p p r o a c h  

t h e  d o u b l e  bonds o f  3 a t  t h e  c r a t e r  w a l l s  f o r m e d .  The p r o -  

d u c t s  4 a r e  pushed  upward  and s p r e a d  h o r i z o n t a l l y  o n  t o p  i n  

t h e  r e a c t i o n  o f  c h l o r i n e  ( F i g u r e  9 ,  t o p  r i g h t ) ,  b u t  a l s o  i n  

t h e  B r 2  r e a c t i o n  i n i t i a l l y  ( F i g u r e  9 ,  b o t t o m  l e f t ;  t h e r e  i s  

no e g g s '  p a l l e t  a p p e a r a n c e  a s  i n  F i g u r e  4). I n  t h e  case  o f  
B r 2  t h e r e  c o n t i n u e s  a t h e r m a l  phase  t r a n s f o r m a t i o n  t o  f o r m  

t h e  v e r t i c a l  f e a t u r e s  ( f l a t  p l u g s  a s  shown i n  F i g u r e  

9 ,  b o t t o m  r i g h t ) .  Thus, even h e r e  t h e  c r y s t a l  s t r u c t u r e  i n -  
f l u e n c e s  t h e  f e a t u r e s  o b s e r v e d  and h e l p s  i n  r a t i o n a l i z a t i o n  

o f  t h e  e x p e r i m e n t a l  r e s u l t s .  
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CONCLUSIONS 

AFM- techn iques  p r o v e d  a g a i n  t o  be an i m p o r t a n t  and v e r s a -  

t i l e  t o o l  f o r  t h e  e l u c i d a t i o n  o f  s o l i d  s t a t e  mechanisms i n  

p h o t o c h e m i s t r y  and i n  g a s / s o l i d  c h e m i s t r y .  Even t h o u g h  o n l y  

t h e  s u r f a c e  r e g i o n  o f  up t o  s e v e r a l  h u n d r e d  m o l e c u l a r  l a y -  

e r s  i s  p r o b e d  i n  s u c h  i n v e s t i g a t i o n s ,  i t  i s  o b v i o u s  t h a t  we 

do see t h e  e f f e c t s  o f  t h e  b u l k  o f  t h e  c r y s t a l s .  I t  i s  o f  
m a j o r  i m p o r t a n c e  t h a t  e x t r e m e l y  w e l l - r e s o l v e d  t h r e e - d i m e n -  

s i o n a l  p i c t u r e s  a r e  o b t a i n e d  and t h a t  no d e t a i l s  a r e  a v e r -  

aged o u t .  Thus,  t r a n s p o r t  phenomena, m i n u t e  phase  t r a n s f o r -  

m a t i o n s ,  i n f l u e n c e s  o f  m o l e c u l a r  s t e p s  and d i f f e r e n t  mecha- 

n i s m s  on d i f f e r e n t  f a c e s  o f  t h e  same c r y s t a l  a r e  e a s i l y  de- 

t e c t e d  and  t h i s  opens up new h o r i z o n s  i n  s o l i d  s t a t e  chem- 

i s t r y .  A l s o ,  t h e  i m p o r t a n t  b o r d e r l i n e  o f  s o l i d  v e r s u s  

l i q u i d  s t a t e  may be l o o k e d  upon i n  a d i f f e r e n t  way now, be -  

cause  we have  a means a t  hand  t o  i n v e s t i g a t e  t h i s  p r o b l e m  

a t  t h e  l e v e l  o f  a few s i n g l e  m o l e c u l e s .  The same i s  t r u e  

f o r  a l l  c r y s t a l  d e f e c t s '  d i s c u s s i o n s  w h i c h  w i l l  have  t o  be 

t a k e n  down t o  t h e  l e v e l  o f  u n i m o l e c u l a r  s t e p s  o r  d i s l o c a -  

t i o n s  i n  t h e  l i g h t  o f  t h e  p r e s e n t  e x p e r i m e n t s .  T h e r e  i s  no 

i n d i c a t i o n  t h a t  t o p o c h e m i c a l l y  a l l o w e d  and  r u n n i n g  r e a c -  

t i o n s ' *  behave  p r i n c i p a l l y  d i f f e r e n t  f r o m  t o p o c h e m i c a l l y  

f o r b i d d e n  r e a c t i o n s .  I n  b o t h  c a s e s  t h e r e  a r e  phase t r a n s -  

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

w i t h  t h e  e x c l u s i o n  o f  t h e  e x t r e m e l y  r a r e  t o p o t a c t i c  t r a n s -  

f o r m a t i o n s  w h i c h  have  n o t  been s t u d i e d  by AFM y e t .  
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