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Introduction. All polymerizations and curing pro-
cesses usually involve shrinkage in volume; for example,
vinyl and cyclic monomers generally undergo polymer-
ization with extensive volume shrinkage by ca. 10-
20%.1 In the field of materials sciences, the volume
shrinkage has been a serious problem due to lowering
of adhesion, void, microcrack, remaining stress, and so
on. For the past several decades, we have reported that
several cyclic monomers, such as spiro orthocarbonates
(SOCs), cyclic carbonates (CCs), and bicyclic bis(γ-
lactone)s, undergo expansion or no shrinkage in volume
on their polymerizations.1,2 Furthermore, we have re-
ported that the volume shrinkage can be controlled by
copolymerization with various amounts of these expand-
ing monomers to give the corresponding copolymers,
depressing the volume shrinkage. For instance, the
volume shrinkage of phenyl glycidyl ether (PGE), which
generally shows volume shrinkage in the homopolym-
erization by ca. 8-9%, was controlled by copolymeriza-
tions using a six-membered SOC1,3 and bicyclic bis(γ-
lactone)s2d-f under both cationic and anionic conditions,
respectively. As far as we know, these controls by use
of expanding monomers have been mainly carried out
on linear copolymers.

There are not so many reports about network poly-
mers showing no volume shrinkage during cross-link-
ing,4,5 although networked polymers generally have
many significant practical advantages compared to
linear polymers, such as rather high mechanical strength
and chemical and/or thermally stability.6 Therefore,
development of methodology of the networked polymer
without volume shrinkage on cross-linking has been
widely expected from the viewpoint of development of
super-performance materials. Particularly, a novel syn-
thetic approach to the networked polymers without
volume shrinkage from monofunctional cyclic ethers,
such as monofunctional epoxides, will be of importance
because of its notable utilities, simple synthetic proce-
dure, and easy handling.7

These results and considerations prompted us to
investigate the volume control of networked polymers.
In this communication, we describe cationic ring-open-
ing copolymerizations of PGE with expanding mono-
mers, norbornene containing CC 1 and SOC 2, which
have one or two cyclic olefin moieties besides a volume

expanding moiety on the ring-opening polymerization.
Since the cyclic olefin groups could be utilized for a
cross-link, we expect that the desired network polymers
may be synthesized by copolymerization of PGE with
such monomers 1 and 2.

Results and Discussion. Table 1 shows the results
of cationic ring-opening homo- and copolymerizations
of the norbornene containing monomers (1 and 2) and/
or PGE at 100 °C for 24 h.8,9 At first, BF3‚OEt2 was used
as a cationic initiator for the copolymerization of CC 1
and/or PGE (runs 1-3). As a result, the BF3‚OEt2
mediated copolymerization (1:PGE ) 5:95) was found
to give product CP1 with rather high yield and Mn
compared with those of the homopolymers (HP1 and
HP2) of PGE or CC 1. The copolymer was, however,
readily soluble in common organic solvents, such as
CHCl3, CH2Cl2, and THF. In addition, similar copoly-
merizations with various monomer ratios and with other
cationic initiators, such as TfOMe and Sc(OTf)3, yielded
products which were soluble in common organic sol-
vents. Next, copolymerizations with SOC 2 were carried
out, in which the copolymers can be expected to have a
relatively higher networked structure than those with
CC 1, because of SOC 2 bearing two olefin units
necessarily in its unimolecule. However, the BF3‚OEt2
mediated copolymerization of SOC 2 and PGE (mono-
mer ratio: 5:95) gave product CP2 with higher yield
and Mn than those of homopolymer HP3 of SOC 2 (runs
4 and 5), similar to the case of CC 1. Then, similar
copolymerizations of SOC 2 were also carried out with
other cationic initiators. Although the TfOMe initiated
copolymerization afforded similar results to the BF3‚
OEt2 mediated one, the Sc(OTf)3 initiated one gave
insoluble polymer CP3 in THF, CHCl3, and DMSO in
a good yield (run 6). Further, in the same copolymeriza-
tions with various monomer ratios (2:PGE ) 10:90 and
20:80), similar insoluble polymers, CP4 and CP5, were
obtained (runs 7 and 8).10 This drastic result in the
copolymerizations with Sc(OTf)3 is not sufficiently clear
at the present time, but it would depend on its high
ability to maintain the catalytic activity and on its
strong Lewis acidity due to its hard character and
electron-withdrawing trifluoromethanesulfonyl groups.11

The structure of the resulting insoluble polymers was
confirmed by IR and NMR spectroscopy. Absorption
bands of the aromatic group were observed around 1600
and 1500 cm-1 (cyclic stretching) and around 750 and
700 cm-1 (cyclic out-of-plane bending), which should be
derived from PGE structure. Further, the spectrum of
polymer CP3 showed the characteristic absorption of
the carbonate group around 1770 cm-1 (CdO stretch-
ing), which should be derived from the ortho ester
structure of SOC 2. These results strongly suggest that
the insoluble polymer has the copolymerized structure
of SOC 2 and PGE. Figure 1 shows 1H NMR spectra of
monomer 2 (top) and a copolymer collected before the
Sc(OTf)3 initiated polymerization, yielding the insoluble
polymer CP3 which went essentially to completion
(bottom). In the spectrum of the copolymer, the complete

* To whom correspondence should be addressed: phone and Fax
+81-238-26-3090; e-mail tendo@yz.yamagata-u.ac.jp.

5902 Macromolecules 2003, 36, 5902-5904

10.1021/ma030136s CCC: $25.00 © 2003 American Chemical Society
Published on Web 07/12/2003



disappearance of the norbornene olefin peaks around
6.1 ppm suggests that the olefin units should act as a
reaction group, as we expected. Thus, the insoluble
polymer might have structure A cross-linked with PGE
at the olefin units of SOC 2, as shown below.12,13 In
addition, peaks a and b around 4.5 and 5.0 ppm
(integration ratio 2:1) can be assigned to the methine
proton A-a′ of the norbornene olefin site connected to
the ether oxygen and to the proton A-b′ of the methylene
group derived from addition of PGE to the olefin moiety-
(s), respectively. Compared with the signals of the
norbornene olefin of SOC 2, the signals of methine
proton a in the olefin unit of expected structure A are
shifted upfield because of the corresponding â-proton
of the vinyl ether structure to increase the electron
density around the proton (RCHdCR-O-R T RC-H-
CRdO+-R). The multiple resonances for protons a and
b should be attributed to the constitutional disorder
introduced by the asymmetrical moieties of the nor-
bornene and poly-PGE. In addition, similar results were
also observed in insoluble polymers CP4 and CP5.
According to these results, in the Sc(OTf)3 initiated

polymerizations, the expected cross-linkage should be
suggested to proceed at the norbornene olefin part(s)
to yield the corresponding network copolymers bearing
the structure A, which might be formed via 1,2- elimi-
nation from the precursor B on the basis of the Bredt
rule.

The thermal stability and volume change are also
summarized Table 1. The 10% weight loss decomposi-
tion temperatures of compounds CP3-5 were almost
same as that of homopolymer HP1, while the 5% weight
loss decomposition temperatures increased by ca. 60-
70 °C. In particular, the thermal stability was drasti-
cally improved by copolymerization with only addition
of ca. 5% of SOC 2 to PGE. Further, the glass transition
temperatures (Tg) ranged from 93 to 108 °C, and the Tg
increased with increase of feed ratio of SOC 2. The
volume changes were investigated on the basis of the
density of the monomer mixture, and as a result, the
volume shrinkage was controlled by a proportion of PGE
and SOC to achieve the nearly zero volume shrinkage
in the resulting networked polymers. As mentioned
above, the cationic homopolymerization of PGE is
known to accompany by 8-9% volume shrinkage, and
the present BF3‚OEt2 initiated polymerization actually
indicated 8.8% volume shrinkage (run 1), whereas the
volume shrinkage of copolymers CP3-5 was reduced
up to 1.4% with increase of monomer ratio of SOC 2
(runs 6-8).

In summary, Sc(OTf)3 initiated copolymerization of
PGE and monomer 2 was demonstrated to be potentially
useful for synthesis of networked polymers with nearly
zero volume shrinkage from a monocyclic ether, PGE.
Thus, SOC 2 was revealed to serve as a volume
controllable cross-linking agent.14,15 Particularly, the
resulting copolymers were found to have relatively
higher thermal and chemical stability than those of the
corresponding homopolymers. A similar tendency was
also observed in the copolymerization of SOC 2 and a
monofunctional cyclic ether, 3-ethyl-3-phenoxymethy-
loxetane, and the results will be published soon.

Table 1. Cationic Polymerization of the Norbornene Containing Monomers (1 and 2) and/or PGEa

run
feed ratio

1 or 2:PGE (ratio)
cationic
initiator

yield/% b

(polymer) Mn
c (×103) Td10

d (°C) Td5
e (°C) Tg

e (°C) vol f change (%)

1 -:PGE (0:100) BF3‚OEt2 58 (HP1) 3.87 299 189 -8.8
2g 1:- (100:0) BF3‚OEt2 25 (HP2) 1.50 +7.7h

3 1:PGE (5:95) BF3‚OEt2 72 (CP1) 7.97
4g 2:- (100:0) BF3‚OEt2 50 (HP3) 3.10 +7h

5 2:PGE (5:95) BF3‚OEt2 64 (CP2) 9.15
6 2:PGE (5:95) Sc(OTf)3 86i (CP3) insoluble 283 253 93 -6.2
7 2:PGE (10:90) Sc(OTf)3 79i (CP4) insoluble 285 248 99 -3.9
8 2:PGE (20:80) Sc(OTf)3 80i (CP5) insoluble 292 260 108 -1.4
a Polymerization conditions: initiators (5 mol %); 100 °C; 24 h; bulk. b Ether/hexane-insoluble part (ether/hexane ) 1/10). c Mn was

determined by GPC (THF, polystyrene standard). d Determined by thermogravimetric analysis under a N2 atmosphere. e Determined by
differential scanning calorimetry. f Determined by a density gradient tube at 25 °C (standard error of the measurement ) (0.15%);
volume change was calculated from density change vs density of monomer or monomer mixture; minus and plus signs mean volume
shrinkage and expansion, respectively. g Polymerization conditions: BF3‚OEt2 (5 mol %); 100 °C; 24 h; PhCl (100 wt %), ref 13. h Reference
1. i MeOH-insoluble part.

Figure 1. 1H NMR spectra of SOC 2 (top) and a copolymer
collected before the Sc(OTf)3 initiated polymerization, yielding
the insoluble polymer CP3 which went essentially to comple-
tion (bottom), recorded in CDCl3. An arrow indicates the
position of the olefin signals of SOC 2.
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