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ATOMIC FORCE MICROSCOPY ON PHOTOREACTIVE ORGANIC 
SOLIDS: NANOSTRUCTURES 

GERD KAUPP 
U n i v e r s i t y  o f  O l d e n b u r g ,  FB 9 - O r g a n i s c h e  Chemie I - 
P.0.Box 2503,  D-26111 O l d e n b u r g ,  Germany 

A b s t r a c t  The f o r m a t i o n  o f  r e g u l a r  n a n o s t r u c t u r e s  b y  
p h o t o l y s i s  o f  c h e m i c a l l y  r e a c t i v e  c r y s t a l s  i s  i n v e s t i -  
g a t e d  b y  a t o m i c  f o r c e  m i c r o s c o p y  (AFM) i n  r e l a t i o n  t o  
known c r y s t a l  s t r u c t u r e s  where a v a i l a b l e  and w i t h  r e -  
s p e c t  t o  d i f f e r e n t  c r y s t a l  f a c e s .  Thus, upon p h o t o d i -  
m e r i z a t i o n  o f  2,5-dibenzylidenecyclopentanone 1 t h r e e  
p r o d u c t s  f o r m  s t e r e o s e l e c t i v e l y  t h o u g h  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  a l o n g  g l i d i n g  p l a n e s  g i v i n g  
b o t h  n a n o s t r u c t u r e d  t r e n c h e s  and v o l c a n o e s .  [ 4+4 ] -Pho-  
t o d i m e r i z a t i o n  o f  9 - c h l o r o a n t h r a c e n e  5 p r o v i d e s  excep-  
t i o n a l l y  r e g u l a r  and s t a b l e  f l o e s  and v o l c a n o e s  on 
d i f f e r e n t  f a c e s ,  r e s p e c t i v e l y ,  i n d i c a t i n g  t h e  i n f l u -  
ence  o f  b u l k  c r y s t a l  s t r u c t u r e  t o  t h e  f o r m a t i o n  o f  t h e  
n a n o s t r u c t u r e s .  The p h o t o e l i m i n a t i o n  o f  n i t r o g e n  f r o m  
c r y s t a l l i n e  3 , 6 - d i p h e n y l t e t r a z i n e  7 y i e l d s  n a n o s t r u c -  
t u r e s  i n  t h e  f o r m  o f  v e r y  r e g u l a r l y  shaped c r a t e r s ,  
even  t h o u g h  t h e  p r o d u c t  b e n z o n i t r i l e  i s  a l i q u i d .  

Keywords: atomic force microscopy, AFM, nanostructures, bulk structure, crystal face, 
2,5-dibenzylidenecyclopentanone, 9-chloro-anthracene, 3.6-diphenyltetrazine, cycloaddition, 
elimination, photochemistry 

INTRODUCTION 

A t o m i c  f o r c e  m i c r o s c o p y  (AFM) i s  a v e r s a t i l e  t o o l  f o r  t h e  

s t u d y  o f  i n d i v i d u a l  a toms and m o l e c u l e s , '  o f  c h e m i c a l  r e a c -  

t i o n s  o f  s o l i d s , 2  and o f  n a n o s t r u c t u r e s . 3  The r e s u l t s  on 

n o n - c o n d u c t i n g  s u r f a c e s  c a n n o t  be o b t a i n e d  b y  any o t h e r  

t e c h n i c  w i t h  s i m i l a r  r e s o l u t i o n  i n  space.  T h e r e  a r e  no 

p r o b l e m s  w i t h  d e p t h  o f  f o c u s ,  and  t h e r e f o r e  even  a p p l i c a -  

t i o n s  o f  AFM on t h e  s c a l e  o f  125 p and more a r e  o f  h i g h  i n -  

t e r e s t .  

N a n o s t r u c t u r e s  a r e  an a c t i v e  f i e l d  o f  r e s e a r c h ,  e.g. 
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260 G .  KAUPP 

f o r  i n f o r m a t i o n  s t o r a g e  d e v i c e s .  Thus,  AFM a n d  more f r e -  

q u e n t l y  S T M  h a v e  been  u s e d  t o  c r e a t e  n a n o s t r u c t u r e s  by ap- 

p l i c a t i o n  o f  i n c r e a s e d  f o r c e  o r  b i a s  ~ o l t a g e . ~  On t h e  o t h e r  

hand,  i t  t u r n e d  o u t  now, t h a t  p h o t o r e a c t i o n s  o f  s o l i d s  may 

c r e a t e  v e r y  w e l l  o r g a n i z e d  n a n o s t r u c t u r e s  on s o l i d  s u r -  

f a c e s .  T h i s  was u n f o r e s e e n  and c o u l d  o n l y  be i n v e s t i g a t e d  

b y  AFM. T h e r e  a r e  u n p r e c e d e n t e d  f a r - r e a c h i n g  t r a n s p o r t  phe-  

nomena w h i c h  a r e  c o n n e c t e d  t o  n e c e s s a r y  s o l i d  phase  t r a n s -  

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

a b s o r b e d .  These a r e  d i c t a t e d  b y  t h e  b u l k  s t r u c t u r e  o f  o r -  
g a n i c  s o l i d s  ( c r y s t a l s  i n  most  c a s e s )  and t h e  d i f f e r e n c e  

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

The n a n o s t r u c t u r e s  a r e  e a s i l y  d e p i c t e d  by p e r s p e c t i v e  com- 

p u t e r  d r a w i n g s ,  t h e  s i z e  and shape o f  t h e  f e a t u r e s  accu -  

r a t e l y  measured.  A t  p r e s e n t  t h e r e  a r e  e i g h t  v e r y  d i s t i n c t  

phase  t r a n s f o r m a t i o n  mechanisms known a l r e a d y .  I n  t h i s  pa -  

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

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

whose a p p e a r a n c e  i s  p r i m a r i l y  d i c t a t e d  by t h e  b u l k  c r y s t a l  

s t r u c t u r e .  

EXPERIMENTAL 

A D i g i t a l  I n s t r u m e n t s  NanoScope I1 v e r s i o n  5 was u s e d  w i t h  

c o m m e r c i a l  S i  N c a n t i l e v e r s  and t i p s .  The f o r c e s  were s e t  

t o  10 - 3 0  nN a t t r a c t i v e  t h r o u g h o u t . 2  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  m i x e d  mode by a d d i n g  

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

p i c t u r e s ,  f o r  b e s t  appearance .  Those p i c t u r e s  were p r i n t e d  

o n  a M i t s u b i s h i  CP-200 E ( H )  v i d e o p r i n t e r  t h o u g h  i n  p a r a l -  

l e l  mode. The l a r g e  c o l o u r  t r a n s p a r e n c i e s  o b t a i n e d  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- ray  d a t a  

b y  u s i n g  SCHAKAL 92 (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 RS 6000 32 H w o r k s t a t i o n .  

(7 f r o m  

benzene)  and i r r a d i a t e d  on t h e  AFM s t a g e  d i r e c t l y  f r o m  5 cm 

d i s t a n c e  w i t h  a Hanau 150 W h i g h  p r e s s u r e  m e r c u r y  l amp 

3 4  

2,4c S i n g l e  c r y s t a l s  were o b t a i n e d  as d e s c r i b e d  
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AFM AND PHOTOGENERATED NANOSTRUCTURES 26 1 

through a water-cooled Solidex filter. 

RESULTS AND D I S C U S S I O N  

The recently reported2 formation of nanostructures along 
mono-, bi-, tri-, and tetramolecular steps via photolysis 
of anthracene (chainy hills up to 50 nm high) does not lead 
to very regular surface features, mainly because the ini- 
tial steps are not uniformly arranged. Therefore this will 
be a matter of nanostructuring via ploughing molecular fur- 
rows at enhanced force with the A F M  on flat surfaces of 
anthracene, followed by irradiation, if regular structures 
are desired. Likewise, the appearance o f  the floes from 
photodimerization of 9-cyanoanthracene depends strongly on 
the accidental number of steps which may be 50 - 200 nm 
high. Thus, for any practical applications which come to 
mind, one would prefer more uniformly generated nanostruc- 
tures which may be formed on flat o r  moderately rough sur- 
faces. Such possibilities have been recently described 
with gas/solid-rea~tions,~’~ and they occur also with pho- 
toreactions. 

2,5-Dibenzylidenecyclopentanone 1 crystallizes in the 
chiral space group C22216 and provides three products, 2, 
3, 4 ,  upon photolysis,one of them being asymmetric. Inter- 

6 estingly, the products form in an X-ray amorphous form, 
but nevertheless there are beautiful nanostructures formed 
on the initial ( 0 0 1 )  surface (Figure I ) .  These consist of 
almost parallel furrows at 3 to 5 p distance and of volca- 
noes on the heights in between. The mean height of the vol- 
canoes is 6 - 7 nm, the valleys are 40 - 70 nm deep, the 
slopes 15 to 20° steep. Clearly two of the basic phase 
transformation mechanisms occur at the same time here. 
There are no grooves around the volcanoes (amorphous solid) 
and the structures are very stable.4c Thus, doubling the 
irradiation time keeps the valleys and decreases the vol- 
canoes only slightly. The almost parallel furrows cut the 
a-axis at right angles and this is clearly predetermined by 
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262 G. KAUPP 

+o 

1 Ph 

hv 

crystal 
___* 
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F I G U R E  1 AFM surfaces ( 0 0 1 )  of 1 before and after 
7 min irradiation 

the original crystal structure which shows hardly inter- 
locked layers parallel to the b-axis. Thus, the furrows 
form along these gliding planes. 

The nanostructures formed prove, that far-reaching mo- 
lecular transports occur upon the photodimerizations and it 
is o f  high interest that those proceed nevertheless stereo- 
and regioselectively. It has been repeatedly shown that the 
cyclotrimer 2, the head-to-head-anti-dimer 3 and the head- 
to-tail-syn-dimer 4 form,4c' 6 9  ' but not the known head- 
to-tail-anti-dimer .6 The possibility that 3 might be formed 
enantioselectively from enantiomorphous crystals of 1 in 
terms of (absolute) asymmetric synthesis7 is being studied. 
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AFM AND PHOTOGENERATED NANOSTRUCTURES 263 

F I G U R E  2 Stereoscopic view of the molecular packing 
of 1 on ( 0 0 1 )  (C22Z1, a = 11.803, b = 5.698, c = 

20 .872)6 

The stereoselectivities and the oriented AFM-features show, 
that the bulk crystal structure (Figure 2) controls the e-  

vents of transport and phase rebuilding. Thus, for the for- 
mations of the volcanoes, the molecules will have to use 
the free space between the layers for making their initial 
partial turns f o r  dimerization into the three different 
products ( 2  : 26 % ,  3 : 8 % ,  4 : 38 % ) . 8  Then they stand up 
and slide upward for several nm in [001]-direction (ini- 
tially they cut the a/b-plane at an angle of 40°) while 
forming valcanoes. There is so much restriction by the 
crystal lattice that stereospecifity is retained in the re- 
gioisomers 3 and 4 despite the long-range transports. 

9-Chloroanthracene 5 photodimerizes to give the head-to- 
tail-[4+4]-dimer 6 in the solid state as had been predicted 
by topochemical considerations.9 It turns out , that again 
unexpectedly, distinct nanostructures are formed and that 
this involves far-reaching well-directed molecular trans- 
ports which are dictated undoubtedly by the bulk crystal 
structure. Unfortunately, the crystal structure of 5 is not 
known yet. Two modifications have been described (P212121 
and PZ1/c).9 Our crystals (laths from C1CH2CH2C1 or hexane) 
were about 3 to 4 times as broad as they were high. 
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264 G. KAUPP 

B o t h  t h e  ma in -  and t h e  s i d e - f a c e  were i n v e s t i g a t e d  

s e p a r a t e l y .  I f  t h e  l a r g e s t  f a c e ,  w h i c h  i s  r a t h e r  smooth on 

c r y s t a l s  f r o m  hexane,  is i r r a d i a t e d ,  r e g u l a r  f l o e s  a r e  ob- 

t a i n e d .  Those s t a n d  a l m o s t  p e r p e n d i c u l a r  on i t  and e x t e n d  

a l m o s t  p a r a l l e l  t o  each  o t h e r  w i t h  h e i g h t s  o f  up t o  100 n m  

and s l o p e  a n g l e s  o f  15 t o  3 5 O  ( F i g . 3 ,  t o p ) .  I f  on t h e  o t h e r  

F I G U R E  3 AFM s u r f a c e s  o f  5; 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  ( t o p )  and l o n g  s i d e - f a c e  ( b o t t o m ) ,  b o t h  b e f o r e  

and a f t e r  15  m i n  i r r a d i a t i o n  
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AFM AND PHOTOGENERATED NANOSTRUCTURES 265 

hand the long side-face is irradiated, very uniform volca- 
noes form on a previously rather rough surface (Figure 3 ,  

bottom). These beautiful nanostructures are about 90 nm 
high, their slope angle varies from 15 to 2 5 O .  At shorter 
irradiation times the features are well developed too, 

though smaller. Thus, the volcanoes will be 45 nm high 
(slope angle 8 - 1 5 O )  and the floes are more uniform in 
height (55 nm, slope angle 15 - 3 0 ° )  if the irradiations of 
the respective surfaces are stopped after 1 min o r  5 min. 

A detailed molecular interpretation must await the X- 

ray crystal structure determination. However, it is appar- 
ent from the different nanostructures on different crystal 
faces, that the packing of the molecules in the bulk of the 
crystal is decisive. F o r  practical applications it appears 
important, that both types of nanostructures stick tightly 
to the original crystal and are very stable even against 
light. This should facilitate all uses in nanotechnology. 

Cinnamic acid (a- and B-modification) has been described to 
provide nanostructures (craters, volcanoes, trenches, flat 
covers, floes) .* However, those appear not stable enough 
for nanotechnical applications because they suffer from 
collapsing upon further irradiation and from thermal phase 
transformations. Even the layered plates of 100 nm thick- 
ness’ will not easily be suitable, because they are mois- 
ture sensitive and only loosely bound to the original crys- 
tal surface. 

3,6-Diphenyltetrazine 7 yields nitrogen and benzonitrile 8 

upon photolysis of its crystals. Even though the product 8 

is a liquid, there are no signs for liquid material4b on 
the irradiated surface (Figure 4). Stable nanostructures 
are formed with the shape of round craters which are up to 
16 nm deep (slope angle 6 O ) .  Apparently mixed crystals con- 
taining 7 and 8 form and keep the surface solid at this 
point o f  conversion. It may be argued that the craters will 
help in releasing the nitrogen which is formed inside the 
crystal, though still in the surface region where the light 
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266 G .  KAUPP 

Ph 

N AN hv 
I I  I N2 t 2 PhCN 

8 
I 7 Ph 

FIGURE 4 AFM s u r f a c e s  ( 1 0 0 )  o f  7 b e f o r e  ( i m a g e  r o -  
t a t e d  b y  2 7 0 O )  and  a f t e r  30 min i r r a d i a t i o n  

i s  a b s o r b e d .  A p r e c i s e  m o l e c u l a r  e x p l a n a t i o n  a p p e a r s  d i f f i -  

c u l t  i n  t h i s  s i t u a t i o n .  However t h e  m o l e c u l a r  p a c k i n g  on 

(100) a s  d e p i c t e d  f r o m  t h e  X - ray  d a t a "  s u g g e s t s  c o n v i n c -  
i n g l y ,  why 7 fo rms  i t s  t e r r a c e s  ( F i g u r e  4 )  so  e a s i l y .  The 

m o l e c u l e s  c u t  t h e  ( 1 0 0 )  f a c e  a t  an a n g l e  o f  5 4 O  and t h e  

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

(1  1 o n  b o t h  s i d e s ) .  The e f f e c t i v e  h e i g h t  o f  t h e  l a y e r s  i s  

5 .4 8 .  Thus,  t h e  s t e p s  i n  F i g u r e  4 ( l e f t ) ,  w h i c h  a r e  1 t o  

4 nm h i g h  c o n s i s t  o f  2 t o  8 m o l e c u l a r  l a y e r s .  The z i g z a g  

f r a m e w o r k  o f  i n c l i n e d  m o l e c u l e s  on (100) o f  F i g u r e  5 i s  i n -  

d i c a t i v e  f o r  t h e  f o r m a t i o n  o f  r o u n d  c r a t e r s ,  as t h e  p r o d u c t  
2,4b m o l e c u l e s  8 a r e  s h o r t e r  and as t h e  e f f e c t s  o f  s h r i n k i n g  

w i l l  be f a s t e r  c l o s e  t o  t h e  s u r f a c e  t h a n  i n  t h e  deeper  l a y -  
e r s .  The c r a t e r s  o f  F i g u r e  5 d i f f e r  c o n s i d e r a b l y  f r o m  t i p -  

g e n e r a t e d  h o l e s  w i t h  t h e i r  f l a t  b o t t o m s .  4b 
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AFM AND PHOTOGENERATED NANOSTRUCTURES 261 

F I G U R E  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  

o f  7 on ( 1 0 0 )  (PZ1/c, a = 5 .415 ,  b = 5.183,  c = 

20.603 8 ,  8 = 101.50°)10 

CONCLUSIONS 

The n a n o s t r u c t u r e s  o f  t h i s  p a p e r  a r e  g e n e r a t e d  b y  a new and 

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

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

s o l i d  s t a t e  p h o t o r e a c t i o n s .  P r e v i o u s l 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  assumed " r e a c t i o n  c a v i t i e s "  i n  t h e  b u l k  o f  t h e  

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

change i n  t h e  s u r f a c e  r e g i o n ,  where t h e  l i g h t  i s  a b s o r b e d  

i n  a l l  p r e p a r a t i v e l y  u s e f u l  a p p l i c a t i o n s ,  was g e n e r a l l y  

n o t  i n v e s t i g a t e d . '  A l s o ,  X - ray  powder  d i a g r a m s ,  by neces -  

s i t y  a t  v e r y  l a t e  s t a g e s  o f  t r a n s f o r m a t i o n ,  seemed t o  i n d i -  

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

p r o d u c t s  i n  t o p o c h e m i c a l l y  a l l o w e d  r e a c t i o n s  .'' T h e r e f o r e  

any i n f l u e n c e  o f  b u l k  c r y s t a l  s t r u c t u r e  o n  phase  t r a n s -  

f o r m a t i o n s  and u n f o r e s e e n  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  

o n  t h e  n m - s c a l e  in t h e  s u r f a c e  r e g i o n  was n e v e r  t h o u g h t  o f  

b e f o r e .  O n l y  AFM i s  a b l e  t o  d e t e c t  t h e  new phenomena o f  

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

o f  t h e  n a n o s t r u c t u r e s  fo rmed .  The f o r e m o s t  a d v a n t a g e  o f  t h e  

p h o t o c h e m i c a l  t e c h n i c  i n  g e n e r a t i n g  n a n o s t r u c t u r e s  is t h e  

l a r g e  a r e a  t h a t  may be e v e n l y  c o v e r e d  w i t h  them a t  t h e  same 
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268 G .  KAUPP 

t i m e ,  t h e  o n l y  l i m i t a t i o n  b e i n g  t h e  s i z e  o f  t h e  c r y s t a l s .  

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

o f  some t o  s e v e r a l  m o l e c u l e s .  T h e i r  shape h a s  been  w o r k e d  

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

t i v e  images  as u s u a l .  T h e r e  a r e  ample means o f  i n f l u e n c i n g  

t h e s e  shapes  w h i c h  w i l l  be o f  i n t e r e s t  f o r  n a n o t e c h n o l o g i -  

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