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REACTIVITY OF STRAINED CONFIGURATIONS IN
SOLID-STATE POLYMERIZATION REACTIONS

G,N,GERASIMOV
Karpov Institute of Physical Chemistry
103064 Moscow, USSR

Abstract Low-temperature photocyclopolymerization

of crystalline DPDA and polymerization under high
pressures of two crystalline diacetylenes (TS and
DCH) with different lattice structure are considered.
It was shown that the polymer chain growth is depen-
dent upon strains arising during reaction in the solid
phase, These strains increase with the decrease in
temperature and (or) rise in pressure because of the
hindering of the lattice relaxation, Structure and
reactivity of the strained metastable configurations

that arise are governed by the crystalline lattice
structure.

INTRODUCTION

A part of the chemical energy released during a solid
state chemical reaction may be transformed into the energy
of mechanical strain if the time of the chemlcal reacti-
on is less than that of the lattice relaxation, The reac-
tivity of the metastable strained configurations that arise
may be quite different from that of usual stable ones and
depends on the crystalline lattice structure, In
multi-step reactions the strains arising during a step
influences the course of the subsequent one.

In this contribution the low-temperature photocyclopolyme-
rization of crystalline diethyl ester of p-phenylene di-
acrylic ecid (DPDA)2 and the high-pressure polymerization
of two crystalline diacetylenes3 - 1,6-bis(p-toluenesul-
phonate) of 2,4-hexadiynediol (TS) and 1,6-di-N-carbazo-
1lyl-2,4~-hexadiyne (DCH) - are considered from this point
of view,

RESULTS AND DISCUSSION
otocyclopo erization of DPDA

This reaction was first described by M,Hasegawa and co-
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workers,* The monomer molecules are arrenged in stacks
which are the precursors of the polymer chains (Fig. 1).
DPDA-photodimerization leads to formation of the substitu-
ted cyclobutane with active groups K (Fig. 1) followed by
the photoaddition of monomer molecules to these groups
(chain growth), The -oligomer chains combine together into
polymer ones by the photocombination of the groups K of
the neighbouring chains in the stacks,

FIGURE 1 Arrangement of the monomer molecules and
the growing chain in DPDA-crystal: R = - c2°0
K is the terminal active group of chein, OC2H5

'To study the reaction, IR-spectroscopy has been used. In
the spectra of crystals are the following characteristic

bands?: at 1640cm”! relating to C=C-double bonds, at 1570
and 1600cm-1 relating to the asymmetrically p-substituted

phenyl ring35

in the terminal groups, K, of the chains and

at 1280cm'1 relating to the ester groups of crystalline mono-
mer. From spectral data the conversion of monomer, Xy and
that of double bonds, Xc’ as well as relative content of

groups § can be determined. The average length of chains

Pn = % We investigated the polymerization under the
action of U%-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 neglected.4 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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XM differs from X because in our experiments only short
chains are formed. Figure 2 shows Xy and X, as depending on
time of irradiation. After first period of autoacceleration
the low-temperature polymerization proceeds with a constant
rate up to high conversions.
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FIGURE 2 DPDA-photocyclopolymerization: a) conver-
sion of monomer (1) and that of double bonds (2) versus
time of irradiation at 125K; b) temperature dependence of
quantum yelds of monomer photodimerization (1) and chain
growth (2).

The rate of conversion of double bonds, W,, and that of
monomer, Wy, are related to the rates of elementary pro-
cesses in the followlng manner:

W (M), = 2wy + 2w + 2w,
WM(NM)O = 2wd + Wg

where W, w8 and We,o 8T the rates of monomer photodimefi—
zation, photostimulated chain growth and photocombination
of chains, resp, (Nc)o and (Ny), are the initial number
of double bonds and that of monomer molecules, resp.
(N)o = 2(Ny),. Considering that v':c;: O,rates w; and w

as well as corresponding quantum yelds de and ‘P’ can be
determined from

Wd_ = CF,f‘J = (NM)O(WM - Wc)
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we = CF;j = (My) (20, ~ Wy)

where J is the radiation absorbed by monomer, As seen
from Figure 2,b, %P rises with temperature over the full
range investigated, However, ﬁp reaches & maxinum at
230K and than decreases rapidly, practically vanishing at
about 300K (Fig. 2,b). It should be noted that the chain
growth retardation occurs at a temperature of about 100
degrees below the melting point, Obviously, the difference
between monomer dimerigzation and chaln growth is due to
the different disposition of reacting molecules, Unlike
the photodimerization,the chain growth proceeds via the
strained reactive configuration at the reaction front,

in the stack (Fig. 1). This configuration is formed
during monomer dimerization at low temperatures and
does not change during subsequent chain growth.

To clear up the features of the chain growth,the IR-spectra
of the oligomer obtained were determined in polarized
light, It was shown that the dichroic ratio of the band

at 1640 cu~l related to the terminal double bonds, decreases
with temperature over the same range in which Cﬁ; drops
(Table 1),

TABIE I Dichroic ratio Ky of 1640 cm™ - the band
of C=C - double bonds versus temperature

T,K 120 170 273 283 295
Ky (monomer) 1,5 1,6 1,5 1,6 1,6
K4 (oligomer) 4,5 4,3 3,4 2,0 1,9

Thus, in the course of the reaction at elevated temperatu-
res, the reorientation of the terminal double bonds became
possible (Fig. 1). This leads to the relaxation of strains
and to a decrease of the reactivity of growing chains in
the crystal.
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Polymerization of crystalline diacetylenes under high
hydrostatic pressures

Solid-state polymerization of diacetylenes was first des-
cribed by G.Wegner.6 In crystals of diacetylenes, the mono-
mer units are arranged in stacks which resemble that
of DPDA-crystal (Fig. 3). For TS-polymerization the parame-
ter of monomer stacks(lp) is larger than that of undefor-
med chains inpolymer crystals(lp).For DCH-polymerization
the revers relation exists.6 It is essentlial that the po-
lymerization of the both monomers leads to the decrease

of overall volume. R

oR

FIGURE 3 Polymer growing chain and monomer mole-
cules in DCH (1) and TS (2). 1, and lp‘ are the parame-
ters of monomer stacksand deformed growing chains, resp.
The overlapping orbitals of terminal carbenes and adja-
cent molecules are shown,

Polymerization was investigated up to conversions of no
more than one percent.3 In this case the chain growth
occurs in the initisl monomer lattice.

In TS-crystalk the polymer chain is extended in the chain
growth direction under the influence of monomer lattice,’
But the parameter of the extended chain, 1_*, is less than
1m and the chain growth stops after a few steps because of
geometrical restraints. Ag g result, at the initial stage
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of reaction (induction period) only short chains are for-
med and polymerization rate is low., Fast reaction begins
at some critical monomer conversion due to. the crystalline
lattice change.6 Under high hydrostatic pressures the ini-
tial rate of TS-polymerization increases and the induction
period sharply decreases,

To clarify the causes of the kinetical effects we determi-
ned the spectra of polymer chains formed in TS-crystals
under pressure, 1t was shown that energy of the exciton
peak E_ in these chains (Fig, 4,curve 1) increases as
compared with that in ordinary polymer chains under the
same conditions (Fig, 4, curve 3), This is an indication
of the increase of the chain extention relative to the
lattice, lp‘/lm, during TS-polymerization under pressure.
Considering that pressure leads to lattice compression, the
dependence of E%x on pressure has a maximum close to 1000
bar.
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FIGURE 4 TS-polymerization at 298K: a) absorption
spectra of polymer in crystals polymerized at 1 (1) and
1000 (2) bars; b) pressure dependence of energy of the po-
lymer exciton peak in TS-crystales, 1 - crystals polimeri-
zed at various pressures and observed under polimerizat-
ion conditionsy 2 - the same crystals at 1 bar after pres-

sure release; 3 ~ crystals polymerized at 1 bar and obser-
ved at various pressures,
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We also measured Eex at 1 bar after pressure release

(Fig. 4, curve 2). In this case E . in crystals polymeri-
zed under various pressures increases with pressure up to.
a limit which corresponds to & maximum of the chain exten-
tion in monomer lattices,lp‘=lm. The stretching frequenci-
es of CzC - and C=C ~ bonds in the polymer chains obtained
also decrease. up to & limiting values (Table 2).

TABLE 2 Raman spectra of polymer chains formed
in TS-crystals at various pressures (observed at 1 bar).

1

Stretching frequencies, cm™

Pressure, bar

c=C =9

1 1450 2010
3000 1425 1950
4000 1420 1940

According to our data, the most extended chains are formed
undexr pressures close to 4 kbar, In this case the geomet-
rical restraints to the chain growth are absent even at the
initial stage of reaction, Therefore, the induction peri-
od of TS~-polymerization vanishes.8
Unlike TS~-polymerization the DCH-polymerization is retar-
ded by high pressures (Fig, 5). In DCH-crystals the chains
are compressed in the chain growth direction according to
the crystal structure of monomer, The deformation of the
chains formed in DCH under high pressures increases: the ab-
sorption band of the obtained polymer shifts to the short-wave
region (Fig, 5) without noticeable change in Raman spectra.
These data are an indication that in DCH-crystals the
rolymerization under pressure leads to formation of slight-
ly twisted chains and doesn't influence essentially the
lengths of bonds in these chains,
In the DCH crystals the resctivity of compressed chains
is reduced due to the unfavorable orientation of carbene
relatively to the next molecule in the monomer stack
(Fig. 3). The rearrangement of strained configurations is
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necessary for the reaction, The pressure hindering the
rearrengement retards the reaction in this case, The
strained elongated chain in TS crystals is illustrated in
Fig. 3 for comparison. In this case the interaction of
carbene with monomer molecule is most favorable,

1
D
1’0- 1 2
2 hi
< 3
g
05+ < 4
[~]
-
et A a <
15 30 45 min
Time of izzadiation ¢

300 600 700 nm

FIGURE 5 DCH-photopolymerization ,298Kz a) rise of
polymer absorbance in monomer crystals at 1 (1) and 1000
(2) var; b) absorption spectra of crystals polymerized at
1 (1), 1000 (2), 2000 (3) and 3000 (4) bar, Spectra are
measured at 1 bar,
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