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Introduction. Bicyclo orthoester (BOE), spiro ortho-
esters (SOEs), and spiro orthocarbonates (SOCs) are the
only monomers which have been reported so far to expand
in volume during polymerization, and this unique property
is believed to come from their polymerization mode:
successive double ring-opening polymerization.!
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These monomers can polymerize with cationicinitiators
but not with anionic or radical initiators. Attempts to
develop monomers capable of polymerizing with anionic?3
and radical®5 initiators have been done, but no volume
expansion system has been constructed so far. Brady et
al. reported the occurrence of some reduction of volume
shrinkage in anionic polymerization of epoxy resins by
addition of a small amount of bicyclic® and spirocyclic’
lactones (final volume shrinkage was 3.0-3.5%). The
possibility of these lactone derivatives being expanding
monomers under anionic conditions was first suggested
from the results that the reduction of volume shrinkage
and the formation of copolymer took place in the initial
stage of the polymerization.

Recently, we have found that bicyclic bis(y-lactone)s
(1) undergo efficient anionic copolymerization with
epoxides (2) to give the corresponding completely alter-
nating copolymers via both double ring-opening isomer-
ization of 1 and ring-opening of 2 (Scheme I).8? It might
be expected that the observed volume shrinkage in the
homopolymerization of 2 will be largely annihilated by
the double ring-opening reaction of 1. That is, 1 could
possibly be an expanding monomer. In this paper, the
volume change in the copolymerization is investigated.
Moreover, the anionic copolymerization of 1 with bifunc-
tional epoxides is studied.

Results and Discussion. Volume change in the
anionic polymerization of 1 with 2 as a typical example
was evaluated by use of a bicyclic bis(y-lactone) (1c; R!
= nPr)1% and glycidyl phenyl ether (2a; R = CH,OPh)
because of their high mutual solubility. An equimolar
mixture of le (d% = 1.288 g/cm?) and 2a (d% = 1.111
g/cm3) was heated at 120 °C in the presence of 4 mol %
of potassium tert-butoxide (¢-BuOK) in THF ([C] = 4.0
M) for 93 h. Methanol-insoluble polymer (72%) was
obtained, and its density was measured to be d% = 1.215
g/cm3. The structure of the obtained copolymer was
determined to be the corresponding completely alternating
copolymer (3ca) by its '(HNMR, 13C NMR, and IR spectra,
the characteristics of which were completely in accordance
with our previous results.? It was demonstrated that nearly
zero shrinkage (0.25 £ 0.15% expansion in volume) could
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be observed in this copolymerization on the basis of the
density of the monomer mixture (d? = 1.218 g/cm3). Since
the anionic homopolymerization of 2a to poly(2a) (d% =
1.194 g/cm3) was accompanied by 7.5% volume shrinkage
under similar conditions, this result seems to indicate that
lc polymerizes with a considerable volume expansion.
Thus, the authors herewith demonstrate the first anionic
polymerization without volume shrinkage.

In light of application to epoxy resins, the epoxides for
the copolymerizations were extended to bifunctional
epoxides such as 4a. The bulk copolymerization of a
mixture of 1la and 4a (molar ratio = 2:1) in the presence
of t-BuOK (4 mol % vs the mixture) was carried out at
120 °C for 24 h to give the solvent-insoluble polymer in
98% yield (Scheme II).1!

The composition of the polymer (1a:4a = 2.0:1.02), which
was estimated from the 'H NMR spectrum of the
dichloromethane-soluble fraction, suggested the occur-
rence of alternating copolymerization. Furthermore, IR
spectral analysis indicated the appearance of ester (1739
cm!) and ketone (1720 em-1) carbonyl absorptions and
the nearly complete disappearance of lactone carbonyl
(1780 cm™!) and oxirane C-0 bond absorptions (912 cm-1)
by the conversion of the monomer mixture to the polymer
(Figure 1), clearly revealing the efficient alternating
copolymerization and the proposed polymer structure
(5aa). A lowering in yield of the polymer and deviation
of the composition from the ideal value 2:1 were observed
in the copolymerizations with monomer feed ratios of 3:1
and 3:2 (Table I, runs 2 and 4). Inthese cases, the solvent-
soluble fractions consisted of the unreacted excess of
monomer and low molecular weight polymer. These
changes are consistent with the mode of the alternating
copolymerization.

The change in copolymer composition would be attrib-
uted to both the contamination of each homopolymer unit
and the low degree of polymerization, especially in the
case of the 1-rich system (run 2), because neither 1 nor 4a
homopolymerize under these conditions. In the copoly-
merizations of 1b and 1¢ with 4a, similar copolymers were
obtained as solvent-insoluble polymers in 93% (5ba) and
95% (5ca) yields, respectively.

Alowshrinkage in volume (1-2 % ) could also be observed
inthese copolymerizations of 1a with bifunctional epoxide
4a (TableI, run 3). Generally, 4a is known to polymerize
with 4.2% volume shrinkage.! Therefore, similarly to the
case of 2a, it is concluded that volume shrinkage during
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Table 1. Anionic Copolymerization of Bis(y-lactone) (1 and 6) with Epoxides (2 and 4)*

feed ratio - vol*
run bis(lactone):epoxide yield¢? copolym¢ composition T410} T change
no. (mol ratio) copolymer (wt %) bis(lactone) epoxide °C) ©C) (%)
1% 1c:2a (1.0) 3ca 72¢ 1 15 +0.25
2 la:4a (0.33) 5aa 89 1 0.39 253 42
3 1a:4a (0.50) Saa 98 1 0.51 282 51 -1.4
4 la:4a (0.75) 5aa 94 1 0.71 318 52
5 1b:4a (0.50) 5ba 93 1 0.54 287 75 -0.9
6 1c:4a (0.50) 5ca 95 1 0.54 267 66 -2.5
7 1a:4b (0.50) Sab 98 1 0.50 296 60 +1.4
8¢ 6a:2a (1.0) 7aa 80/ 1 1h 299 60

s Polymerization conditions: ¢-BuOH (4 mol %), 120 °C, 24 h, bulk. ® Polymerization conditions: ¢-BuOK (4 mol %), 120 °C, 93 h, THF
(4.0 M). ¢ Polymerization conditions: t-BuOK (4 mol %), 120 °C, 48 h, THF (4.0 M), cocatalyst (cis-dicyclohexano-18-crown-6; 8 mol %).
4 Dichloromethane-insoluble part. ¢ Methanol-insoluble part./Separated by preparative HPLC. ¢ Estimated by !H NMR integration of
dichloromethane-soluble part. » Determined by !H NMR. ¢ Determined by thermogravimetric analysis under N; atmosphere. / Determined
by differential scanning calorimetry. * Determined by a density gradient tube at 25 °C (standard error of the measurement = £0.15%).
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Figure 1. IR spectra of 5aa (A) and the monomer mixture of
1a and 4a (B).
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polymerization of 4a is somewhat suppressed by the
addition of 1, and hence 1 can be regarded as expanding
monomers. These results are in accordance with our
previous results that the volume shrinkage decreases by
the addition of spirocyclic orthocarbonates in the cationic
polymerization system of 2a or 4a.1

As for thermal properties of the copolymers, as sum-
marized in Table I, the glass transition temperatures
ranged from 50 to 70 °C, and the 10% weight loss
decomposition temperatures were from 250 to 300 °C.

The results of this study in addition to the following
new results on the anionic alternating copolymerization
of a spirocyclic bis(vy-lactone) (6a) with 2a (Scheme III)

can help elucidate Brady’s results” which are described at
the beginning of this paper.

That is, copolymerization of 6a with 2a also proceeded
smoothly to afford similar alternating copolymer 7aa (M,
= 7300) in 80% yield under the same conditions (Table
I, run 8). Meanwhile, in Brady'’s case,” the amount of 6a
and its derivatives added was less than 10% to the epoxy
resins, and, therefore, the volume change during the
copolymerization would be suppressed only at the initial
stage of the copolymerization, since the copolymerization
of 6a with epoxy resins is faster than the homopolymer-
ization of epoxy resins, as suggested by the above results.
As a result, for effective and successive suppression of the
volume shrinkage during the copolymerization of epoxy
resins with such bis(lactones) it is necessary to use nearly
equimolar amounts of the bis(lactones) vs an epoxy moiety,
but this would substantially change the polymer structure.
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