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Introduction. Since all polymerizations and curing
processes usually involve shrinkage in volume,1 the
volume shrinkage in the field of materials sciences has
been a serious problem due to lowering of adhesion,
void, microcrack, residual stress, and so on. For the past
several decades, we have reported that several cyclic
monomers, such as spiro-orthocarbonates, cyclic carbon-
ates, and bicyclic bis(γ-lactone)s, undergo expansion or
no shrinkage in volume on their polymerizations.1,2 We
have also reported that the volume shrinkage of com-
mon polymerizations can be controlled by copolymeri-
zation with various amounts of these expanding mono-
mers to give the corresponding copolymers, depressing
the volume shrinkage.3 Furthermore, we have recently
reported that networked copolymers4 without volume
shrinkage during the polymerizations can be synthe-
sized by use of norbornene-containing six-membered
ring spiro-orthocarbonate (1) and cyclic carbonate (2)
as a comonomer:5 Volume-controlled networked copoly-
mers were synthesized by cationic ring-opening copo-
lymerizations of cyclic ether compounds with these
norbornene-containing monomers, in which a cross-
linking-reaction was carried out on a reactive cyclic
olefin moiety(s) along with the volume expanding ring-
opening copolymerization. In addition, the correspond-
ing volume-controlled networked copolymers indicated
relatively higher thermal and chemical resistance than
those of the corresponding homopolymers, poly(ether)s.

In the course of development of a new volume-
controlled networked product, we paid attention to
norbornene-containing cyclic carbonates again because
norbornenes can give rise to ring-opening metathesis
polymerization (ROMP)6 to yield the polyalkenamers,
which are widely used in various fields of materials
sciences. Incidentally, ROMP generally causes volume
shrinkage during polymerization, similar to other com-
mon polymerizations. Furthermore, cyclic carbonates
have been attracted considerable attention. Ring-open-
ing reactions of cyclic carbonates yield the corresponding
products with unique properties derived from the fas-
cinating carbonate structure.7 Cationic and/or anionic
ring-opening polymerization behaviors of various mem-
bered ring cyclic carbonates have been widely investi-
gated.8 In particular, six-membered-ring cyclic carbon-
ates are known as an important class of monomers in
polymer chemistry9 since the monomers are smoothly
transformed to the corresponding poly(carbonate)s with

volume expansion or no volume shrinkage during the
cationic ring-opening polymerizations. The volume ex-
pansion is caused by change in the intermolecular
interaction which exists before vs after the polymeri-
zation. The intermolecular interaction between the
monomers should be higher than that between the
resulting polymers with the acyclic carbonate structure.
In particular, the dipole-dipole interaction might be a
major factor in the change in intermolecular interaction
in this case. In addition, dipole moments of 2-oxo-1,3-
dioxane (six-membered-ring cyclic carbonate) and acyclic
methyl butyl carbonate are calculated to be 5.38 and
0.92 D, respectively.9 Thus, these considerations promp-
ted us to develop a new type of cross-linked polymer
which would form without volume shrinkage via the
following stepwise polymerization of 2:10,11 The ROMP
on the cyclic olefin moiety followed by the cationic ring-
opening reaction of the cyclic carbonate brings about
simultaneous volume expansion and network formation.
Additionally, we also describe herein a similar ROMP
behavior of 311 as the reference. Cationic ring-opening
polymerizations of five-membered-ring cyclic carbonates
are almost never observed.12

Results and Discussion. At first, ROMP of 2 was
carried out under the following polymerization condi-
tions: 1 mol % of ruthenium catalyst 4; 1 M of the
monomer concentration, as shown in Table 1 (run 1).
The corresponding polymer (5-1) was efficiently formed,
and it was readily soluble in dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), and MeNO2. The 1H NMR
spectrum of 5-1 indicated the corresponding peaks
assigned to the expected polymer structure without
peaks derived from the cyclic olefin group (see Figure
A-(b) in the Supporting Information), and the IR spec-
trum showed a peak based on the ring-opened trans-
olefin moiety around 975 cm-1 along with the peak
arising from the cyclic carbonate (Figure 1b). The
number-average molecular weight (Mn) of 5-1 was lower
than that of poly(norbornene) (8) formed via the similar
reaction of norbornene itself (7, run 2), but the thin
polymer film can be prepared. The lower Mn of 5-1 than
that of 8 might depend on the relatively high dipole
moment of six-membered-ring cyclic carbonate unit, for
example, ethylene carbonate: µ ) 5.38 D.9 Thus, the
decrease of the catalytic activity might be depend on
coordination between the catalyst and 2 bearing the
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cyclic carbonate unit. The 10% weight loss decomposi-
tion temperature (Td10) of 5-1 was also lower than that
of 8, probably due to introduce the aliphatic carbonate
structure. Meanwhile, the glass transition temperature
(Tg) of 5-1 drastically increased compared with that of
8. It should be caused by increase of the crystallinity of
the resulting polymer based on the relatively higher
dipole-dipole interaction between the cyclic carbonate
units.

The cationic ring-opening reaction of 5-1 was also
carried out in the presence of Sc(OTf)3 at 60 °C for 24 h
(runs 1). As a result, product 5′-1, which was insoluble
in common organic solvents including DMSO and DMF,
was formed in a moderate yield, and the Td10 was

increased over 15 °C compared to that of the precursor,
5-1. The increases of the chemical resistance and
thermally stability strongly suggested that the expected
cross-linking reaction efficiently proceeded via the ring-
opening reaction of the cyclic carbonate unit to form
expected networked structure, at least partially.13 In
addition, 5′-1 showed no distinct Tg peak. The IR
spectrum of 5′-1 did not indicate drastic change to that
of the precursor, 5-1, as described above. However, the
facts that the decrease of solubility and the disappear-
ance of Tg peak strongly suggested that the value of the
acyclic carbonate peak should accidentally coincide with
that of the cyclic carbonate.

The volume changes before vs after the treatment
were also summarized in Table 1. As a result, the
cationic ring-opening reaction of 5-1 was expectedly
found to undergo with the nearly zero volume shrinkage
(run 1), although networked formation is generally
known to cause volume shrinkage. In addition, the
present volume changing behavior should be interesting
from the viewpoint of conversion from a material (linear
polymers) to some other material (networked polymers)
without volume shrinkage. This is because the volume
change by using volume expanding monomers including
cyclic carbonates has been almost only applied to the
system from monomer to polymer, inevitably.

On the other hand, unexpected volume changing
behavior was observed in the ROMP of 2, in which
volume expansion was, to our surprise, carried out (run
1). Since the similar ROMP of 7 caused volume shrink-
age (run 2), the unexpected result should be attributed
to the carbonate structure. Although the ring-opening
polymerization of six-membered-ring cyclic carbonate is
known to generally proceed with volume expansion, to
our best knowledge, it has been never reported such
volume expanding behavior before vs after a treatment
except for the ring-opening polymerizations of cyclic
carbonates. Incidentally, the expanding behavior in the
ring-opening polymerization of six-membered-ring cyclic
carbonate is explained as follows.9 Volume expansion
during polymerization requires much increase in inter-
molecular distance after polymerization in order to
overcome the shrinkage derived from the proximity of
monomer molecules caused by the polymerization. On
the other hand, the ring-opening polymerization of six-
membered-ring cyclic carbonate meets the requirement,
probably due to changing of intermolecular interaction
before vs after polymerization besides generation of
intermolecular repulsion after polymerization. Taking
into account that 2 should also have relatively large

Table 1. ROMPs of 2 and 3 Followed by the Cationic Ring-Opening Reactions

ring-opening metathesis polymerizationa cationic ring-opening reactionb

run monomer
concnc

(M)
initiator
(mol %)

productd/
yield (%) Mn

e (Mw/Mn)
Td10

f/Tg
g

(°C)
volumeh,i

change (%)
productj/
yield (%)

Td10
f/Tg

g

(°C)
volumeh,k

change (%)

1 2 1 1 5-1/88 34000 (1.68) 320/193 +2.0 5′-1/42 337/ND -0.3
2 7 1 1 8/98 130000 (-) 400/55 -1.6
3 2 1 5 5-2/97 23800 (1.32) 322/188 +1.0 5′-2/20 268/ND +3.3
4 2 0.5 1 5-3/78 87700 (1.83) 323/213 +2.1 5′-3/76 331/ND +2.6
5 3 1 1 6-1/98 110800 (1.33) 345/ND +6.3
6 3 1 5 6-2/91 54800 (1.80) 332/ND +5.6
7 3 0.5 1 6-3/89 104000 (1.60) 346/ND +2.3
a Polymerization conditions: initiator 4; 25 °C; 24 h; in CH2Cl2. b Reaction conditions: Sc(OTf)3 (1 mol %); 60 °C; 24 h; in MeNO2 (1 M).

c Concentration of the monomer. d MeOH-insoluble part. e Mn was determined by GPC (DMF, polystyrene standard). f Determined by
thermogravimetric analysis under a N2 atmosphere. g Determined by differential scanning calorimetry; ND means the Tg peak is not
clearly detected. h Determined by a solid density measurement at 25 °C (Shimadzu, Micromeritics gas pycnometer accupyc 1330); minus
and plus signs mean volume shrinkage and expansion. i Volume change was calculated from density change vs density of the monomer.
j DMSO-insoluble part. k Volume change was calculated from density change vs density of the product formed via the ROMP.

Figure 1. IR spectra of 2 (a), 5-1 (b), 5′-1 (c), 3 (d), and
6-1 (e).
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dipole moment based on the six-membered-ring cyclic
carbonate unit, the present unexpected behavior could
be also explained as follows. Before the ROMP, the
monomers should rather closely exist due to the rela-
tively large dipole-dipole interaction based on the cyclic
carbonate structure. However, the closely existed state
should be disturbed along with the propagation of
ROMP on the norbornene unit, mainly owing to steric
factors including steric hindrance in the molecular/
polymer structures. Thus, the ROMP of norbornene-
containing six-membered-ring cyclic carbonate, 2, should
unexpectedly cause to overcome the volume shrinkage
derived from the linkage between monomers.

To further investigate the present unexpected results,
the similar ROMPs followed by cationic ring-opening
reactions of 2 were also carried out under other reaction
conditions. As a consequence, the ROMP with 5 mol %
of the initiator yielded the corresponding polymer, 5-2,
with lower Mn than that of the case with 1 mol % of the
initiator (run 3 vs run 1), while that with 0.5 M of
monomer concentration gave 5-3 with higher Mn (run
4). In addition, similar tendencies to 5-1 were also
observed in the Td10 and Tg measurements of 5-2 and
5-3, and these resulting products were also readily
soluble in DMSO, DMF, and MeNO2. Furthermore, the
all cationic ring-opening reactions of 5-2 and 5-3 also
gave the corresponding networked products (5′-2 and
5′-3), and these resulting compounds were also insoluble
in the common organic solvents including DMSO and
DMF. Incidentally, these NMR and IR spectra were
similar to those of 5-1 and 5′-1.

Table 1 also exhibits the volume changing behaviors
in ROMPs, yielding 5-2 and 5-3 followed by the cationic
ring-opening reactions (runs 3 and 4), and similar
tendencies to the cases of the transformation from 5-1
to 5′-1 were observed. The cationic ring-opening reac-
tions of 5-2 and 5-3 proceeded without volume shrink-
age, in which volume expansions were observed. Fur-
thermore, all ROMPs giving 5-2 and 5-3 also efficiently
proceeded with volume expansion. At the present stage,
it is not clear that the difference of degree of volume
changing derived from ROMP conditions, and the
volume expanding ratio should be caused by complicated
factors including the differences of Mn and Mw/Mn of the
resulting polymers. In particular, the present specific
volume changing behavior in the ROMP process should
be of interest from the standpoint of development of a
novel synthetic methodology of polyalkenamer deriva-
tives along with volume changing before vs after the
treatments. This is because the present results imply
that introduction of cyclic carbonate unit to a monomer
having reactivity for ROMP might be useful for prepa-
ration of the polyalkenamers without volume shrinkage
before vs after the treatment. In addition, the degree of
volume expansion could be controlled by the reaction
conditions.

The present specific volume changing behavior also
prompted to examine the similar ROMPs by using 3 as
one of other norbornene-containing cyclic carbonates,
and the results are also summarized in Table 1. The
ROMPs also smoothly propagated under several reac-
tion conditions to give the polymers (6-1, 6-2, and 6-3,
runs 5-7) with the expected structure. The Mns of the
resulting polymers were higher than those of 2 under
similar conditions, presumably due to rather weak
coordination between the catalyst and 3 compared to
the case of 2. For example, the dipole moment of a

typical five-membered-ring cyclic carbonate, propylene
carbonate is 4.62 D.9 As the similar case to 5, the Td10s
of 6-1, 6-2, and 6-3 were rather lower than that of 8,
and these resulting products were also readily soluble
in DMSO, DMF, and MeNO2. The Tg measurements of
6-1, 6-2, and 6-3 showed no distinct peak in the mea-
surement range from room temperature to 230 °C.
Incidentally, these structures were also confirmed by
IR and NMR measurements, and the typical spectra of
6-1 are indicated in Figure 1e and Figure A-(d) in the
Supporting Information. In addition, the cationic ring-
opening reaction was not examined because the ring-
opening reactions of five-membered-ring cyclic carbon-
ates (units) are known to hardly proceed by cationic
initiators, as described above.12

The volume changing measurement exhibited that all
ROMPs giving 6-1, 6-2, and 6-3 were also carried out
with volume expansion (runs 5-7). Thus, the specific
ROMP was found to proceed with volume expansion
even in the case of monomer containing five-membered-
ring cyclic carbonate which generally has a rather low
dipole moment compared with that of six-membered-
ring one. Additionally, the volume expanding ratio
before vs after the treatment was rather higher than
the cases of the ROMPs of 2. The different volume
changing behavior between the treatments of 2 and 3
should be also caused by a combination of various
factors. In addition, the distinction of the conformation
derived from these monomer structures, i.e., spiro-
structure 2 or not 3, and of the dipole moments14 should
be one of the factors besides the differences of Mn and
Mw/Mn of the resulting polymers.

In summary, the ROMP followed by cationic ring-
opening polymerization behavior of 2 or 3 was investi-
gated in the presence of catalyst 4 to find that 2 or 3
unexpectedly indicated volume expansion during the
only ROMPs without the ring-opening reaction of each
carbonate units. In addition, it was also found that the
degree of volume change can be controlled by the ring
size of cyclic carbonate unit and the polymerization
conditions. Furthermore, the Sc(OTf)3-mediated cationic
ring-opening reactions of 5s smoothly proceeded to give
the corresponding networked-polymers 5′s with the
volume expansion or nearly zero volume shrinkage.
Although the different volume changing behavior in
these systems is not clearly elucidated at this stage, the
present unexpected results in the treatments of 2 or 3
should strongly suggest an important insight into the
development of volume-controllable high performance
(networked) materials. Further detailed investigations
are now in progress, and the results will be reported
elsewhere.

Supporting Information Available: Typical experimen-
tal procedures and the synthetic methods of 2 and 3 and typical
1H NMR spectra of 5-1 and 6-1 besides these monomers. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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