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NEW EXPERIMENTS CONCERNING THE MECHANISM OF 
THE SOLID STATE PHOTOPOLYMERIZATION OF DI- 
STYRYLPYRAZ INE 

H.-G. BRAUN, G. WEGNER 
Institut fur Makromolekulare Chemie, Univer- 
sitat Freiburg, Stefan-Meier-StraRe 31, 
D-7800 Freiburg i. Br. 

Abstract Defects in Distyrylpyrazine (DSP) 
monomer crystals haven been investigated by 
Transmission Electron Microscopy (TEM) , light 
microscopy and synchroton topography. The 
onset of the photoreaction causes a multipli- 
cation of the defects. The course of the pho- 
toreaction as well as the product and stress 
distribution in the crystal are strongly 
wavelength dependent. Fracture of the crys- 
tals can be prevented under special irradia- 
tion conditions. A crystal structure analy- 
sis of a photoproduct in a four-center-type 
photopolymerization is available now for the 
first time. The chemical composition of these 
crystals has been determined by gelpermeation 
chromatography (GPC). The results are dis- 
cussed with respect of the solid state reac- 
tion mechanism. 

- 1. INTRODUCTION 

1.1. General Features 

Compounds such as Distyrylpyrazine are well known 
to undergo a four-center type photopolymerization 
( 1 )  as schematically shown by Fig. 1. Although 
the reaction is known to be topochemical the 
question if it is a homogeneous ( 2 )  or a hetero- 
geneous ( 3 )  solid state reaction has been dis- 
cussed controversially in the past. The wave- 
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122 H.-G. BRAUN and G. WEGNER 

l e n g t h  dependence of t h e  r e a c t i o n  p a t h  (4) seems 
t o  be  of c r i t i c a l  importance f o r  a d e t a i l e d  s t u d y  
of t h e  r e a c t i o n  mechanism. I t  was, t h e r e f o r e ,  de- 

c i d e d  t o  i n v e s t i g a t e  b o t h  t h e  change i n  t h e  per -  
f e c t i o n  of t h e  c r y s t a l s  and t h e  p r o d u c t  d i s t r i b u -  

.Lion as dependent  on the i r r a d i a t i o n  c o n d i t i o n s .  

FIGURE 1 .  Reac t ion  scheme f o r  t h e  f o u r - c e n t e r  
t ype  photopolymer iza t ion  of D i s t y r y l p y r a z i n e  
(DSP 1 

The change i n  s p e c t r a l  c h a r a c t e r i s t i c s  i n  t h e  
cour se  of t h e  p h o t o r e a c t i o n  of DSP i s  shown i n  
F ig .  2.  I r r a d i a t i o n  of DSP a t  478  nm or a t  436 nm 
exci tes  t h e  monomer molecules  only. The double  
bonds of t h e  pho toexc i t ed  monomer can react ei-  
t h e r  w i t h  a doub le  bond of an  a d j a c e n t  monomer 

( I  Fig .  3 )  o r  w i t h  t h e  t e r m i n a l  double  bond of  an  
a l r e a d y  formed ol igomer molecule  (I1 Fig .  3 ) .  

The r e s u l t  of t h e s e  two r e a c t i o n s  i s  an ol igomer 
of  an ave rage  degree  of o l i g o m e r i z a t i o n  of 3 . 2  
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PHOTOPOLY MERIZATION OF DISTRYLPYRAZINE 123 

u n i t s  f 0 . 2  and an o p t i c a l  a b s o r p t i o n  c h a r a c t e -  

r i z e d  by t h e  spectrum i n  F i q .  2 ( 5 ) .  I r r a d i a t i o n  
of t h e  o l i g o n e r  a t  i . e .  365 nm l i n k s  t h e  r e s i d u a l  

double  bonds t o  produce h igh  polymer ma te r i a l  
(111 F i g .  3 )  (1,4). 

350 I 00  I 50 500 nm 

FIGURE 2 .  Absorp t ion  s p e c t r a  of a p o l y c r y s t a l -  
l i n e  f i l m  of a )  monomer, b )  oligomer and c )  
polymer DSP. 
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124 H . G .  BRAUN mdG. WEGNER 

I ( 4 1 0  nm C X C  480 nm) I 1  * 9 
M o--0 M M M n L M M M M M M M M  

cl 
sf M 0--0 M M M M M a )  M 0--0--0 M tl H tl 

b )  M M 0-4 M M M M b )  M 0--D D--0 M M M 

111 i\ < 410 nm) * 
M 0-4 0--0 M M M L 
M P--?--P--P I’l l’l M 

FIGURE 3 .  Scheme showing t h e  fo rma t ion  of o l i -  
gomer and polymer a t  d i f f e r e n t  wavelengths  (see 
t e x t ) ,  M: Monomer; -0-: Oligomer base  u n i t ;  
-P-: Polymer b a s e  u n i t .  

2. EXPERIMENTAL 

2 .1 .  Defects i n  DSP monomer 

Defec t s  s i t e s  i n  c r y s t a l s  are g e n e r a l l y  d i s c u s s e d  

as  n u c l e a t i o n  c e n t e r s  ( 6 )  f o r  s o l i d  s t a t e  p roduc t  

format ion .  I n  a TEM s t u d y  on DSP monomer c r y s t a l s  

g r a i n  boundar ies  w e r e  observed .  The d e t a i l e d  s t r u c -  

t u r e  of s u c h a s y m m e t r i c a l  small a n g l e  tilt bounda- 

r y i s s h o w n i n F i c J . 4  which i s  a ( 0 2 0 )  d a r k  f i e l d  elec- 
t r o n  micrograph. The boundary c o n s i s t s  of p i l e d -  

up i n d i v i d u a l  d i s l o c a t i o n s .  Each d i s l o c a t i o n  i s  

seen  end-on i n  t h i s  micrograph ( 7 )  and g i v e s  a 

c o n t r a s t  c h a r a c t e r i z e d  by a s i n g l e  d o t .  Such g r a i n  

boundar ies  were t h e  o n l y  t y p e  of d e f e c t  i d e n t i f i e d  

by TEM. Etch ing  of  c r y s t a l s  and e v a l u a t i n g  t h e  e t c h  

p i t  d e n s i t y  s u g g e s t s  t h a t  t h e  c r y s t a l s  a re  of h i g h  

p e r f e c t i o n  ( 5 ) .  Th i s  i s  suppor t ed  by synchro ton  
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PHOTOPOLYMERIZATION OF DISTRYLPYRAZINE 125 

topographs  ( 8 )  one of which i s  shown i n  F i g .  5 .  

From t h e s e  r e s u l t s  w e  conclude  t h a t  t h e  role  of 
one-and two-dimensional d e f e c t s  i n  t h e  s o l i d  s t a t e  
r e a c t i o n  of DSP s h o u l d b e n e g l i g i b l e  i n  t h e  i n i t i -  

a t i o n  of t h e  r e a c t i o n  i n  t h e  pu re  monomer c r y s t a l .  

F I G U R E  4 .  ( 0 2 0 )  d a r k  f i e l d  TEM micrograph of a 
tilt boundary i n  a DSP monomer c r y s t a l .  

F I G U R E  5 .  Synchroton topograph of a macroscopic  
DSP c r y s t a l  i n  t h e  Laue geometry 
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126 H.-G. BRAUN and G.  WEGNER 

2.2. Deformation during the photoreaction 

X-ray structure analyses of the pristine photopro- 
ducts of the four-center-photopolymerization are 
not available so far for the reason that the crys- 
tals usually fracture during the product forma- 
tion. Looking in detail to the morphological chan- 
ges which occur during the fracture process we ob- 
served two main features. The first is the appea- 
rance of cracks parallel to [OOll and perpendicu- 
lar to [OlOl . The trace of these cracks can be 
decorated by solvent etching as shown in Fig. 6. 
They are always formed, if the crystals are irra- 
diated at wavelength A <  , 4 7 8  nm i. e. shorter than 
t he  t a i l  of t h e  absorption band of the monomer. 
These cracks are indistinguishable from cracks 
caused by a stress applied to the (100) crystal 
surface (crack I1 Fig. 6) through a micro hard- 
ness indentor. In both deformation processes a 
Slip system of IOOl]; (hkO) is involved, 
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PHOTOPOLYMERIZATION OF DISTRYLPYRAZINE 127 

FIGURE 6 .  Decorated t r a c e s  from c r a c k s  due t o  
i n t e r n a l  stresses from p roduc t  fo rma t ion  ( I  ) 
and due t o  e x t e r n a l  stress (11) 

The connec t ion  between t h e  c o u r s e  of t h e  photoreac-  

t i o n  and t h e  bui ld-up  of stress can be  u n d e r s t o o d b y  

look ing  a t  t h e  r e s u l t s  of t h e  X-ray s t r u c t u r a l  i n -  

v e s t i g a t i o n  d e s c r i b e d  below. The c r a c k i n g  of t h e  

c r y s t a l s  can be avoided  by i r r a d i a t i o n  of t h e  c r y s -  

t a l s  i n  t h e i r  long  wavelength a b s o r p t i o n  edge.  T h i s  

i s  achieved  by t h e  4 7 8  nm l i n e  of an  a rgon- ion  

laser.  Under t h e s e  c o n d i t i o n s  t h e  p e n e t r a t i o n  of 
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128 H.-G. BRAUN and G .  WEGNER 

l i g h t  i n t o  t h e  c r y s t a l  i s  n e a r l y  homogeneous as 
compared t o  i r r a d i a t i o n  a t  4 3 6  or 365 nm where on- 
l y  t h e  s u r f a c e  s k i n  of t h e  c r y s t a l s  w i l l  be  a f f e c -  
t e d .  The i n t e r n a l  stresses o c c u r i n g  from t h e  o l i -  
gomer fo rma t ion  are  t h e r e f o r e  d i s t r i b u t e d  homoge- 
neous ly  ove r  t h e  c r y s t a l s  and t h e  r e s u l t i n g  macros- 
c o p i c  stress remains below t h e  y i e l d  stress. Con- 

t r a r y ,  a t  436  nm t h e  stress o c c u r s  p r e f e r e n t l y  i n  
t h e  s u r f a c e  and it l o c a l l y  becomes h i g h e r  t h a n  
t h e  y i e l d  stress. A s  a consequence p l a s t i c  de fo r -  

mat ion appea r ing  as c r a c k  i n i t i a t i o n  and c r a c k  
p ropaga t ion  t akes  p l a c e .  F ig .  7 shows Weissenberg 

photographs o b t a i n e d  from a monomer ( F i g .  7 a )  and 
from an ol igomer (F ig .  7b) c r y s t a l .  
Comparing b o t h  d i f f r a c t i o n  p a t t e r n s  a m i s o r i e n t a -  
t i o n  of t h e  o l igomer  w i t h  r e s p e c t  t o  t h e  i n i t i a l  

monomer canno t  be  seen.  The o l igomer  c r y s t a l s  

were shown t o  be  f r e e  of c r a c k s .  While t h e  
r e f l e c t i o n s  a long  a*  remain c o n s t a n t  i n  p o s i t i o n ,  

t h e  r e f l e c t i o n s  i n  b* s h i f t  c o n t i n u o u s l y  from t h e  
i n i t i a l  monomer t o  t h e i r  f i n a l  o l igomer  p o s i t i o n .  
There is no i n d i c a t i o n  t h a t  a new phase a p p e a r s  
du r ing  t h e  o l i g o m e r i z a t i o n  a t  4 7 8  nm. A d rama t i c  
change i n  t h e  morphology and t h e  d i f f r a c t i o n  p a t -  

t e r n s  a p p e a r s ,  however, d u r i n g  t h e  p r e - i r r a d i a t i o n  
of ol igomer c r y s t a l s  w i t h  l i g h t  of 365 nm. F i g . 7 ~  
shows t h e  same c r y s t a l  as 7 a ,  b a f t e r  it had been 
p r e - i r r a d i a t e d  w i t h  l i g h t  of 365 nm wavelength 
and a f te r  t h e  po lymer i za t ion  had occured .  N e w  

r e f l e c t i o n s  co r re spond ing  t o  t h e  polymer phase  
show up. T h e i r  o r i e n t a t i o n a l  s p r e a d  w i t h  respect 

t o  t h e  ol igomer shows t h e  m i s o r i e n t a t i o n  between 
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PHOTOPOLYMERIZATION OF DISTRYLPYRAZINE 129 

a' b' 

F I G U R E  7. Double radius Weissenberg photographs 
of a) monomer and b) oligomer and c )  partly 
polymerized crystals 
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130 H.-G. BRAUN and G. WEGNER 

FIGURE 8. O p t i c a l ,  micrograph O f a  (365 nm) p re -  
i r r a d i a t e d  ol igomer c r y s t a l .  The i n t e r f e r e n c e  
l i n e s  a r i se  from a t h i n  b e n t  polymer s h e e t  se- 
p a r a t i n g  from t h e  s u r f a c e ;  d i r e c t i o n  of  crack 
growth i n d i c a t e d  by arrow. 

t h e  o l d  ol igomer and t h e  new polymer phase.  From 
F ig .  8 t h e  a o r p h o l o g i c a l  change t h a t  accompa- 
n i e s  t h e  po lymer i za t ion  i s  seen .  The polymer se- 
p a r a t e s  as s m a l l  t h i n  p l a t e l i k e  c r y s t a l l i n e  l a y e r s  
from t h e  bulk ol igomer c r y s t a l s .  
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PHOTOPOLYMERIZATION OF DISTRYLPYRAZINE 131 

2 . 3 .  C r y s t a l  s t r u c t u r e  of DSP ''as o l igomer i zed"  

The DSP c r y s t a l s  as  o l igomer i zed  were s u i t a b l e  

f o r  i n t e n s i t y  d a t a  c o l l e c t i o n  on a d i f f r a c t o m e t e r .  

The s t r u c t u r e  of t h e  ol igomer was s o l v e d  by d i r e c t  

methods. The d e t a i l s  of t h e  d a t a  are  t o  be  pub- 

l i s h e d  e l sewhere  ( 9 ) .  The carbon atoms a t  t h e  cyc-  

l o b u t a n e  r i n g  as  w e l l  a s  t h o s e  a t  t h e  remain ing  

double  bonds were i d e n t i f i e d  i n  a d i f f e r e n c e  fou-  

r ier  a n a l y s i s .  The p o s i t i o n s  of t h e  phenyl  s i d e -  

groups  a t  t h e  cyc lobu tane  r i n g  appear  t o  be t h e  

same a s  t h o s e  a t  t h e  t e r m i n a l  double  bonds.  D e -  

beye-Waller f a c t o r s  of t h e  s i d e  groups  were rela- 
t i v e l y  l a r g e .  Th i s  i n d i c a t e s  some s l i g h t  d i s o r d e -  

r i n g  of t h e s i d e  groups.  The d i s t a n c e  between t h e  

r e a c t i v e  t e r m i n a l  double  bonds of a d j a c e n t  olicjo- 

m e r  molecules  i s  on ly  abou t  3 .27  A.  T h i s  i s  much 

less than  i n  t h e  monomer where t h i s  d i s t a n c e  

amounts t o  3 . 9 4  A ( 1 0 ) .  A s  f a r  a s  w e  know t h i s  i s  
t h e  c losest  d i s t a n c e  between r e a c t i v e  double  bonds 

t h a t  h a s  e v e r  been found i n  a four -center -photo-  

r e a c t i v e  compound. F i g .  9 shows an  ORTEP p l o t  of 

b o t h  monomer and o l igomer  such t h a t  t h e  p l a n e  of  

t h e  cyc lobu tane  r i n g  i s  w i t h i n  t h e  p l a n e  of t h e  

image. The l a r g e  i n c r e a s e  of t h e  b - l a t t i c e  parame- 

ter  i s  caused  by a t i l t i n g  of t h e  p y r a z i n e  r i n g s .  

The movement of t h e  molecules  i n  t h e  r e a c t i o n  does  

n o t  f o l l o w  a s imple  s h e a r  mechanism as  it i s  found 

f o r  t h e  po lymer i za t ion  of  c e r t a i n  d i a c e t y l e n e s  

( 1 1 ) .  I n  t h e s e  systems t h e  c o n f i g u r a t i o n  of t h e  

monomers which a r e  l i n k e d  upon po lymer i za t ion  does  

n o t  change much from e d u c t  t o  p roduc t .  Th i s  i s  

17 
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134 H.-G. BRAUN and G .  WEGNER 

FIGURE 10. Stereopl-ot of the oligor.er "as o l i -  
gomeriz ed" . 

F I G U R E  1 1 .  a )  Oligomer and b) polymer 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  of t h e  1100 I zone. 
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PHOTOPOLYMERIZATION OF DISTRYLPYRAZINE I35 

2.4 Gelpermeation chromatography (GPC) 

Single crystals as well as crystalline powders of 
DPS "as oligomerized" were dissolved in chloroform 
and were analyzed by GPC. Experimental details are 
given elsewhere. A typical chromatogram obtained 
for 100 % conversion is depicted in fig. 12a. 
The molecular weight for this sample was indepen- 
dently determined by vapour pressure osmometry. 
The deqree of polymerization was found to be 
3.2 2 2. This result differs significantly from 
data published by Hasegawa (4). The lowest mole- 
cular weight that is to be expected for a pure 
homogeneous reaction can be calculated with the 
reactand isolation model described by Flory ( 1 2 ) .  

A pure homogeneous reaction is defined by a ran- 
dom bond formation within the proper lattice di- 
rection. Further on it is assumed that the pho- 
toreactivity of a monomer is the same toward 
another monomer as to an adjacent oligomer. 
While Flory's model is only valid for the dime- 
risation we did a Monte-Carlo calculation for a 
pure homogeneous reaction considering also higher 
degrees of oligomerization. The result of these 
calculations is shown in fig. 12b. The graph 
shows the change in oligomer distribution with 
increasing conversion. Comparing the data for 
100 % conversion with that of the experimental da- 
ta inFig.12a wesee a significant difference in 
the distribution of the oligomers. The experimen- 
tal molecular weight is higher than that expected 
for a pure homogeneous mechanism. The amount of 
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136 H . 4 .  BRAUN and G. WEGNER 

dimers  c a l c u l a t e d  i s  much h i g h e r  and t h a t  of t r i -  
mers and h i g h e r  o l igomers  much lower t h a n  i n  t h e  

experiment .  Th i s  i s  p o s s i b l y  due t o  an i n f l u e n c e  
of l a t t i ce  s t r a i n s  produced by t h e  p roduc t  on t h e  
f u r t h e r  r e a c t i v i t y  of r e s i d u a l  monomer i n  t h e  
stress f i e l d .  The expe r imen ta l  d e t e r m i n a t i o n  of 
t h e  change i n  molecular  weight  d i s t r i b u t i o n  w i t h  
i n c r e a s i n g  conve r s ion  i s  i n  p r o g r e s s .  

3 .  CONCLUSIONS 

Discuss ing  t h e  homogeneity o r  h e t e r o g e n e i t y  of a 
s o l i d  s t a t e  p h o t o r e a c t i o n  one has  t o  c a r e f u l l y  
c o n s i d e r  t h e  i r r a d i a t i o n  c o n d i t i o n s  a p p l i e d  t o  

t h e  c r y s t a l s .  The s t r o n g  a b s o r p t i o n  of  l i g h t  a t  
t h e  s u r f a c e  r e g i o n s  of t h e  c r y s t a l  f a v o u r s  a n  i n -  
homogeneity i n  t h e  expe r imen ta l  c o n d i t i o n s .  The 
phi losophy of topochemical  r e a c t i o n s  assumes t h a t  

t h e  mechanism i s  d i c t a t e d  by t h e  i n t r i n s i c  s t r u c -  
t u r e  of t h e  c r y s t a l .  An exper iment  t h a t  i s  t o  g i v e  
in fo rma t ion  abou t  t h e  s o l i d  s t a t e  p h o t o r e a c t i o n  
mechanism h a s  t o  g u a r a n t e e  a homogeneous d i s t r i b u -  
t i o n  of l i g h t  i n s i d e  t h e  c r y s t a l .  Only i f  t h i s  con- 

d i t i o n  i s  f u l l f i l l e d  t h e  exper iment  allows f o r  an 
unambiguous e v a l u a t i o n  of  t h e  mechanisms. Other-  
w i s e  p roduc t  format ion  which u s u a l l y  d i s t u r b s  

t h e  l a t t i c e  l o c a l l y  w i l l  s t a r t  p r e f e r e n t l y  i n  t h e  
p a r t s  of  t h e  c r y s t a l  reached  by m o s t  of t h e  inco-  
ming l i g h t .  

P e r t u r b a t i o n  of t h e  l a t t i c e  by p r o d u c t  fo rma t ion  
does n o t  n e c e s s a r i l y  i n c r e a s e  t h e  number of d i s -  

l o c a t i o n s .  Each i s o l a t e d  p roduc t  molecule  i t s e l f  
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FIGURE 12. a) GPC diagram at 100 % conversion 

culated molecular weight distributions for in- 
creasing conversion assuming a pure homocjene- 
ous reaction. 

b) after exhaustive irradiation at 478 nm. b) cal- 
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138 H.-G. BRAUN and G .  WEGNER 

i s  a c e n t e r  of i n t e r n a l  stress i n  t h e  l a t t i ce .  I t  

can t h e r e f o r e  probably  i n f l u e n c e  t h e  r e a c t i v i t y  

i n  i t s  neighbourhood. The  occurence  of c r a c k s  and 

d i s l o c a t i o n s  due t o  p roduc t  fo rma t ion  i s  o n l y  t h e  

answer of t h e  c r y s t a l  on t h e  magnitude and d i s t r i -  

b u t i o n  of  i n t e r n a l  stresses produced by each  i n d i -  

v i d u a l  molecule. One should  n o t  o n l y  d i s c u s s  t h e  

increase o r  d e c r e a s e  of r e a c t i v i t y  a t  cracks,  d i s -  

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

a l so  i n  t h e  stress f i e l d  of each  p r o d u c t  molecule .  

To  ca lcu la te  t h e  r e sponse  of t h e  c r y s t a l  on such 

i n t e r n a l  stresses more i n f o r m a t i o n  a b o u t  t h e  m e -  
c h a n i c a l  p r o p e r t i e s  of p h o t o r e a c t i v e  o r g a n i c  mate- 
r ia l s  should  be  a v a i l a b l e .  
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