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REACTIVITY OF STRAINED CONFIGURA!I!IONS I N  
S OLD-STATE POLYMERIZATION REACT I O N S  

G, N. GERASIMOV 
Karpov I n s t i t u t e  of Physical Chemistry 
1 0 3 0 6 4  Moscow, USSR 

Abstract 
of c rys t a l l i ne  DPDA and polymerization under high 
pressures of two c rys t a l l i ne  diacetylenes (TS and 
DCH) with d i f fe ren t  l a t t i c e  s t ructure  a r e  considered. 
It waa shown t h a t  t he  polymer chain growth is depen- 
dent upon s t r a ine  arising during react ion i n k h e  s o l i d  
phaee, These s t r a i n s  increase with t h e  decrease in 
temperature and (or) r i s e  in pressure because of t h e  
hindering of t he  l a t t i c e  relaxation. Structure  and 
r eac t iv i ty  of t he  s t ra ined  metastable configurations 
t h a t  ar ise  a r e  governed by t h e  c r y s t a l l i n e  l a t t i c e  
s t r u c t u r e .  

Low-t emperature phot ocyc lopolymerizat i on 

IN!I!RODUCTION 

A par t  of the  chemical energy released during a so l id  
s t a t e  chemical react ion may be transformed i n t o  t h e  energy 
of mechanical strain i f  t h e  time of t he  chemical react i -  
on is l ee s  than t h a t  of the  l a t t i c e  relaxation. The reac- 
t i v i t y  of t he  metastable s t ra ined  configurationa t h a t  a r i s e  
may be qui te  d i f fe ren t  from t h a t  of usual s t ab le  ones and 
depends on the  c rys t a l l i ne  l a t t i c e  structure.  In  
multi-step react ions the  strains a r i s ing  during a s tep  

In t h i s  contribution the  lo-temperature photocyclopolyme- 
r i z a t i o n  of c rys t a l l i ne  diethyl  e s t e r  of p-phenylene di- 
acry l ic  ecid (DPDAl2 and t h e  high-pressure polymerization 
of two c rys t a l l i ne  diacetylenes3 - 1 ,Gbi s  (p-toluenesul- 
phonate) of 2,bhexadiynediol (TS) and 1,6-di-N-carbazo- 
lyl-2,khexadiyne (DCH) - a r e  considered from this point 
of view. 

RESwPS AND DISCUSSION 

inf luences  the  course of t he  subsequent one. 1 

P b o t o c ~ c l o D o l ~ e r i z a t i o n  of DPDA 

T h i s  react ion was first described by M.Hasegawa and CO- 
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 worker^.^ The monomer molecules a re  arranged in stacks 
which a r e  t he  precursors of t h e  polymer chaina (Fig. 1). 
DPDA-photodlmerization leads t o  formation of t he  substi tu- 
t e d  cyclobutane wlth act ive groups K (Fig. 1) followed by 
the  photoaddltion of monomer moleculee t o  these  groups 
(chain growth), The oligomer chains combine together into 
polymer ones by t h e  photocombination of t h e  groups K of 
t h e  neighbouring chains in t h e  stacks, 

F I G W  1 Arrangement of the  monomer molecules and 
t h e  growing chain in DPDA-crystal8 R = - Czo . 
K is t h e  terminal aotive group of chaln. OC2$ 

To study the reaction, IR-spectroscopy has been used. In 
the spectra of crystals are the following characteristic 
bands2: at 1640cm-1 relating to C=C-double bonds, at 1570 
and 1 6 0 0 ~ m - ~  relating to the asymmetrically p-substituted 
phenyl rings5 in the terminal groups, K, of the chains and 
at 1280cm-1 relating to the ester groups of crystalline mono- 
mer. 
that of double bonds, Xc, as well as relative content of 
groups K can be determined. The average length of chains 

From spectral data the conversion of monomer, XM, and 

Pn = -. XM We investigated the polymerization under the 

action of UV-radiation with wave-length 360 nm. Absorption 
of this radiation by K groups is next to nothing and, there- 
fore, the photocombination of  K groups can be negle~ted.~ The 
chain growth proceeds only by the addition of the excited mono- 
mer molecules to the terminal groups of chains in the stacks. 
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REACTIVITY OF STRAINED CONFIGURATIONS [477]/217 

$ d i f f e r s  from X, because i n  our  experiments only s h o r t  
chains  a r e  formed. Figure 2 shows $ and Xc as depending on 
t i m e  of i r r a d i a t i o n .  Af t e r  f i r s t  pe r iod  of a u t o a c c e l e r a t i o n  
t h e  low-temperature polymerizat ion proceeds wi th  a cons t an t  
r a t e  up t o  high conversions.  

a b cp 

F I G U R E  2 DPDA-photocyclopolymerization: a) conver- 
sion of monomer (1) and that  o f  double bonds (2) versus 
time of i r rad ia t ion  a t  l25K~ b) temperature dependence of 
quantum yelds of monomer photodimerization (1) and chain 
growth (2). 

The r a t e  of conversion of double bonds, Wc, and t h a t  of 
monomer, WM, a re  re la ted  t o  t h e  r a t e s  of elementary pro- 
cesses i n  the  following manner: 

Wc(Nc)o = 2wd + 2W + 2Wc, 8 
w M < N M > ~  = + "g 

where wd, wg and wcoare t h e  r a t e s  of monomer photodimeri- 
zation, photostimulated chain growth and photocombination 
of chains, resp, (Nc)o and (NM)o a r e  the  i n i t i a l  number 
of  double bonds and tha t  of monomer molecules, resp. 
(Nc)o = 2(NM)0. Considering t h a t  
a s  well a s  corresponding quantum yelds qd and g 

can be 
W z  0 , r a t e s  wd and w 

determined from 4 

wd = ?dJ (Nu)o<w~ wc) 
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21 8/[478] G . N , GERASIMOV 

where 3 is the  radiat ion absorbed by monomer. As seen 
from Figure 2,b, Td r i s e s  with temperature over the  f u l l  
range investigated. However, 3 
23OK and than decreases rapidly,  p r a c t i c a l l y  vanishing a t  
about 3OOK (Fig. 2,b). It ehould be noted that  t he  chain 
growth retardat ion occurs a t  a temperature o f  about 100 
degrees below the  melting point. Obviously, t he  difference 
between monomer dimerieation and chain growth i a  due t o  
t h e  d i f fe ren t  dieposit ion of reacting molecules. Unlike 
the  photodimerieation, t h e  chain growth proceeds v i a  the  
s t ra ined reactive configuration a t  t h e  r e a c t i o n  f r o n t ,  
i n  the  atack (Fig. 1). T h i s  configuration is formed 
during 
does n o t  change during subsequent chain growth. 

To c l ea r  up the  features  of t he  chain growth,the IR-spectra 
o f  t h e  oligomer obtained were determined i n  po la r i zed  
l ight .  It was shown that  t h e  dichroic r a t i o  of t he  band 
a t  1640 c d  re la ted  t o  the  terminal double bonds,decreases 
with temperature over t he  same range i n  which 93 drops 
(Table 1). 

reaches a maximum a t  

monomer dimerieation a t  low temperature8 and 

t 

TABLE I Dichroic r a t i o  Kd of 164.0 Cm-’ - t h e  band 
of C=C - double bonds versus temperature 

Thus, in t h e  course of the  react ion at elevated temperatu- 
res,  t h e  reorientat ion of t h e  terminal double bonds became 
possible (Fig. 1). T h i s  lead6 t o  t h e  relaxat ion of a t r a ins  
and t o  a decrease of t h e  r eac t iv i ty  of growing chaine, in 
t h e  c r y s t a l .  
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REACTIVITY OF STRAINED CONEIGURATIONS [479]/2 19 

Polymerization of c rys t a l l i ne  diacetylenes under hi& 
hydrostatic pressures 

Solid-state polymerization of diacetylenes was first des- 
cr ibed by G.Wegner. In c rys t a l s  of diacetylenes, t h e  mono- 
mer units a re  arranged In stacks which resemble that  
of DPDA-crystal (Fig. 3). For IS-polymerization the  parame- 
t e r  of monomer stacks (lm) is l a rge r  than t h a t  of undefor- 
med chains i n  polymer c rys ta l s  (b). For  DCR-polymerization 
t h e  revers r e l a t ion  ex is t s ,6  It is essent ia l  t h a t  t h e  po- 
lymerization of t h e  both monomers leads t o  t h e  decrease 
of overal l  volume. 

R R 

FIGURE 3 Polymer growing chain and monomer mole- 
cules  i n  DCH (1) and I S  (2). 1, and lp* a r e  t h e  parame- 
t e r s  of monomer stacksand deformed growing chains, resp. 
The overlapping o rb i t a l s  of terminal carbenea and adja- 
cent molecules a r e  shown. 

Polymerization was investigated up t o  conversiona of no 
more than one percent.3 In this case the  chain growth 
occurs i n  the  i n i t i a l  monomer lattice. 
I n  TS-crystals t h e  polymer chain is extended in t he  chain 
growth direct ion under the  influence of monomer l a t t i ce .7  
But t h e  parameter of t he  extended chain, 1 * 

geometrical r e s ~ a i n t s -  A s  a r e su l t ,  a t  the  in i t ia l  stage 

is l e s s  than 
1, and the  chain growth stoprs a f t e r  a few P ?  s teps  because of 
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220/[4801 G,N.GERASIPKOV 

of reaction (induction period) only short  chains a r e  for- 
med and polymerization r a t e  is low, F a s t  react ion begins 
a t  some c r i t i c a z  monomer conversion due t o  t h e  c rys t a l l i ne  
l a t t i c e  change.6 Under high hydrostatic pressures t h e  ini- 
t i a l  r a t e  of TSpolymerization increases and t h e  induction 
period sharply decreases. 
To c l a r i f y  the  causes of the k ine t ica l  effects,we determi- 
ned the  spectra of polymer chains formed in TS-crystals 
under pressure, It wae shown tha t  energy of t h e  exciton 
peak Eex in these chains (Fig, &,curve 1) increases as  
compared with t h a t  in ordinary polymer chains under t h e  
same conditions (Fig. 4, curve 3). T h i s  is an indication 
of t he  increase of t he  chain extention r e l a t i v e  t o  the 
l a t t i c e ,  lp*/lm, during IS-polymerization under pressure. 
Considering t h a t  pressure leads t o  l a t t i c e  compression, t h e  
dependence of Eex on pressure has a maximum close t o  1000 
bar, 

8 

A 
I \  

E , cm-fr 1 o4 3 . 

a 
1 2 3 4  

Kbaz 5 0 0  550 600 nm 

FIGURE 4 IS-polymerization a t  298K: a )  absorption 
spectra of polymer in c rys t a l s  polymerized a t  1 (1) and 
1000 (2) ba r s ;  b) pressure dependence of energy of t h e  po- 
lymer exciton peak in TS-crystala. l - c rys t a l s  polimeri- 
zed a t  various pressures and observed under polimerizat- 
ion conditions; 2 - t h e  same c rys t a l s  a t  1 bar a f t e r  pres- 
sure release; 3 - c rys t a l s  polymerized at 1 bar  and obser- 
ved a t  various pressures. 
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mACTIVITY OF STRAINED CONFIGURA'PIONS [481]/221 

We a l s o  measured Eex at  1 bar a f t e r  pressure re lease  
(Fig. 4, curve 2). In this case Eex i n  c r y s t a l s  polymeri- 
zed under various pressures increases with pressure up t o  
a l i m i t  which corresponds t o  a m a x i m u  of t h e  chain exten- 
t i o n  i n  monomer la t t ices , lp*s&.  The s t re tch ing  frequenci- 
es  of C d  - and CZC - bonds i n  the  polymer chains  obtained 
a l so  decrease. up t o  a l imit ing value8 (Table 2). 

TABLF: 2 Raman spectra of polymer chains formed 
in TS-cryatala at various pressurea (observed at  1 bar).  

Stretching frequencies, cm" 

C=C C=C 
Pressure, bar 

1 145 0 2010 
3000 1425 195 0 
4 000 1420 1940 

According t o  our  data,  t he  most extended chains a re  formed 
under pressures c lose  t o  4 kbar. In this case t h e  geomet- 
r i c a l  r e s t r a i n t s  t o  t h e  chain growth a r e  absent even at  t h e  
i n i t i a l  stage of reaction. Therefore, the  induction peri-  
od of TS-polymerization vanishes. 
Unlike TS-polymerization,the DCH-polymerization is re ta r -  
ded by high pressures (Fig. 5 ) .  In DCH-crystals t h e  chain8 
a re  compressed i n  t h e  chain growth d i rec t ion  according t o  
t h e  c r y s t a l  s t ruc ture  of monomer. The deformation of the  
chaina formed i n  DCR under high pressures increases  the  ab- 
sorpt ion band of $he obtained polymersh i f t s  t o  t he  short-wave 
region (Fig. 5 )  without noticeable change i n  Raman spec t r a .  

These data a r e  an indicat ion that in  DCB-cryertals t h e  
polymerization under pressure leads t o  formation of s l i gh t -  
l y  twisted chains and doesn't influence essent ia l ly  the  
lengths of bonds i n  these chains. 
In t h e  DCH c rys t a l s  t he  r eac t iv i ty  of compressed chains 
i s  reduced due t o  the  unfavorable or ientat ion of carbene 
r e l a t ive ly  t o  t h e  next molecule i n  t h e  monomer s tack 
(Fig. 3). The rearrangement of s t ra ined  configurations i s  

8 
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222/[4821 G.N.GERASIMOV 

necessary for t h e  reaction. The pressure hindering the  
rearrengement re ta rds  t h e  react ion i n  this case, The 
s t ra ined elongated chain i n  TS crystals  is illustrated in 
Fig. 3 for comparison. In  t h i a  case t h e  in te rac t ion  of 
cwbene with monomer molecule is most favorable. 

I -  
500 600 Too nm 

FIGURE 5 DDH-photopolymerization 298K; a) rise of 
I 

polymer absorbance i n  monomer c rye ta l s  E a t  1 (1) and 1000 
( 2 )  bar; b )  absorption spectra of c rys t a l s  polymerized a t  
1 (l), 1000 (2), 2000 (3) and 3000 (4) bar, Spectra a re  
measured a t  1 bar. 
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