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Abstract

The production and properties of a new family of materials synthesised via ring opening metathesis polymerisation (ROMP) is described.
The monomers offer potential alternatives to dicyclopentadiene (DCPD) for either reaction injection moulding (RIM) or resin transfer
moulding (RTM) use and provide new materials with an extended range of properties vis-a-vis poly(DCPD). Improvements include lower
monomer odour together with control of both the reaction rate and the crosslinking reaction. A series of monofunctional imidonorbornene
monomers, with different N-alkyl side chains, were polymerised to give a range of linear polymers, and, by copolymerisation with difunc-
tional monomers with different N,N’-alkylene spacer lengths, a range of crosslinked materials. Processing conditions were established which
gave over 95% conversion of the monomer for the linear materials, and over 95% gel fraction for the crosslinked materials. For the
crosslinked materials, a value of the monomer:initiator ratio was established which gave homogeneously cured materials. The glass transition
temperature (7) of the linear polymers was found to depend on the length of the alkyl side chain, while a sub T}, 8 relaxation was observed,
the position of which was independent of the side chain length. For the crosslinked polymers, the molecular weight between crosslinks was
found to be lower than expected at low percentage loading of the crosslinking unit, and this was attributed to the contribution of physical
crosslinks. At higher percentage loading of the crosslinking unit, the molecular weight between crosslinks was higher than expected,
suggesting that under these conditions not all the crosslinking units were fully bound into the network, i.e. bound at both ends. Mechanical
properties of the various materials were measured using the three-point bend geometry. Of particular interest were the high values of yield
strength and toughness of the crosslinked polymers, which are comparable to known ‘high toughness’ materials, such as polycarbonate.
© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction proved difficult to control initially, uncertainty about the

nature of the crosslinking reaction and difficulty in regulat-

A major motivation for this study was a desire to develop
alternative monomers to dicyclopentadiene (DCPD) for
reaction injection moulding (RIM) and resin transfer mould-
ing (RTM) applications. DCPD, although a relatively cheap
and commercially available material with important appli-
cations, suffers from a number of drawbacks. The advan-
tages of DCPD include a rapid reaction, which is good for
RIM and RTM applications, and good product mechanical
properties including low density, low water absorption and
excellent toughness. The disadvantages include a nauseat-
ing monomer odour, a strongly exothermic reaction, which
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ing it. Nevertheless, poly(DCPD) is a very interesting
material which is finding market applications, as is evident
from the number of published papers and patents which
describe how DCPD can be used in commercial RIM
systems [1-11].

The first aim of this current study was to synthesise
alternatives to poly(DCPD) using ring opening metathesis
polymerisation (ROMP) methodology [12-15] taking
advantage of recent developments in catalyst stability
[16—19]. Substituted norbornenes were chosen as the mono-
mers for ROMP for a number of reasons. Firstly, they can be
synthesised from cheap and readily available reagents;
namely, cyclopentadiene, maleic anhydride, alkyl amines
and o,w-alkylenediamines and they have relatively low
odour. Secondly, the final product can be made from the
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monomers without using a solvent. Thirdly, a wide range of
material properties is possible, due to the combination of
mono and difunctional monomers with different molecular
and network structures. Fourthly, the final polymers can be
linear (with good processability) or crosslinked (with better
high temperature stability). A crucial factor in the develop-
ment of the synthesis route was the availability of the ruthe-
nium initiator developed by Grubbs et al. [16—19]. The
advantages of this initiator over others include its stability
towards functional groups and water, the possibility of well-
controlled living polymerisation and its solubility in the
monomers. Monofunctional N-alkyldicarboxyimidonorbor-
nenes were synthesised and then polymerised in bulk in a
mould to give linear polymers, and difunctional bis(N-alky-
lenedicarboxyimidonorbornenes) were synthesised for co-
polymerisation with the monofunctional monomers to
produce crosslinked polymers.

A range of techniques was used to characterise both linear
and crosslinked polymers in order to establish the optimum
processing conditions for the synthesis of each type of
product. Solution nuclear magnetic resonance (NMR) and
differential scanning calorimetry (DSC) were used to follow
the ROMP reaction of the monofunctional norbornenes
[20,21]. Particular attention was given to maximising mono-
mer conversion, as unreacted monomer can have a deleter-
ious effect on thermal and mechanical properties. Having
established appropriate conditions, samples were made
using monomers with different alkyl side chain lengths.
Dynamic mechanical thermal analysis (DMTA) was then
employed to examine the variation in the relaxation beha-
viour, particularly the glass transition temperature T, with
side chain length.

Solution NMR and DSC could not be used for the cross-
linked materials, so DMTA proved the only useful way of
establishing the optimum processing conditions and inves-
tigating the effects of molecular architecture (for example,
the side chain and crosslink spacer lengths) on mechanical
properties. Particular attention was given to measurements
of the shear modulus above the glass transition temperature.
This was used to determine a value for the molecular weight
between crosslinks, using simple rubber elasticity theory
and the results were compared to those expected from the
stoichiometry of the monomer mixture.

2. Experimental
2.1. Mechanical property measurement

2.1.1. Dynamic mechanical thermal analysis (DMTA)

The major use of DMTA in this study was to help estab-
lish the optimum synthesis routes for the crosslinked poly-
mers. Infrared analysis is often used to follow the cure of a
thermosetting system, by looking at the change in an absorp-
tion peak characteristic of the crosslinking reaction. A typi-
cal example would be the fall in the contribution of the

epoxide ring, as the crosslinking reaction of an epoxy
resin proceeds. However, for the system in this study,
there is no characteristic absorption line, which will differ-
entiate between ring opening in the main chain, or as part of
the crosslinking reaction. Therefore, there is no spectro-
scopic technique for following cure, and in the absence of
a measurable 7|, for the crosslinked polymers, DMTA analy-
sis offered a way of assessing the extent of cure for the
various combinations of reagents investigated.

When an amorphous glassy polymer passes through its
glass transition, the modulus generally falls by about three
orders of magnitude, from ~1 GPa below to ~1 MPa above
T, and this presents practical problems for mechanical test-
ing. In this work, we have combined two different testing
techniques to determine the dynamic behaviour on either
side of the glass transition. Dynamic bend measurements
were used to measure the behaviour below T, including
the determination of the room temperature flexural modulus
and the determination of any sub 7, B relaxations. Dynamic
torsion measurements were used to determine the glass tran-
sition temperature (7,), the breadth of the glass transition
and the shear modulus above 7.

The majority of measurements, for temperatures at T, and
above, were made using a Rheometrics RDS II shear
rheometer. The testing fixtures used were 8 mm diameter
parallel plates, and the samples were 8 mm discs, approxi-
mately 5 mm thick. Tests were carried out over a range of
temperatures using a ramp rate of 2°C min” ', a dynamic
strain of 0.5% and a test frequency of 1 Hz.

There were two problems with the dynamic torsion test,
which arise as a consequence of the technique being devel-
oped for testing soft linear polymers, rather than entangled
linear or crosslinked polymers below their 7,. The first
problem was to obtain adequate bonding between the paral-
lel plates and the polymer samples. The plates were lightly
grit blasted to improve stress transfer. It also proved helpful
to heat the polymer above its T, prior to a run, in order to
soften it and improve adhesion, and then carry out the
temperature ramp test using a decreasing temperature proto-
col. For example, for testing a typical crosslinked polymer,
the sample was first placed into the rheometer and a small
compressive force was applied. The temperature was then
raised to 7, + 20°C and held for 5 min to allow the sample
to soften and adhere before the temperature was raised to
T, + 50°C. The test was then started the measurements
being made as the sample was cooled to T, — 20°C at
2°C min~". This technique proved most successful for the
crosslinked polymers, due to their better high temperature
stability. For the linear thermoplastics, the temperature was
raised above T, to adhere the samples to the plates, then
lowered to below the T, and the test was performed in an
increasing temperature mode, again at a ramp rate of
2°C min™".

The second problem with the dynamic torsion test arose
when measurements were made below T,,. It was found that
as the modulus of the samples rose above 100 MPa, the



P.J. Hine et al. / Polymer 42 (2001) 9413-9422 9415

applied strain began to drop below the commanded strain of
0.5%, due to limitations of the instrument strain control.
Measurements were recorded until the applied strain
dropped to 80% of the command strain, this point defined
the lowest test temperature that could be achieved for each
material in torsion.

A second test instrument, a Rheometrics RSAII solids
analyser, was used to measure the dynamic behaviour
below and up to the T,. The test geometry used for these
tests was the clamped double cantilever beam. The sample
(50 mm long, 5 mm wide and ~1 mm thick) was clamped at
both ends and its centre: the central clamp was oscillated.
The tests were carried out at a frequency of 1 Hz, using a
dynamic strain of 0.2%, and a temperature ramp rate of
2°C min~". In this geometry, the mean strain was main-
tained at zero.

Fig. 1 shows typical data for Young’s modulus, E, versus
temperature for a linear thermoplastic (polyC6M see later)
obtained from the two dynamic tests. The data from —100°C
to +62°C were obtained from the three point bend geometry
(Young’s modulus E) and the data from +60°C to +150°C
were obtained from the parallel plate shear geometry (shear
modulus G). For the shear tests, a Young’s modulus was
calculated from the usual relationship G = E/(2(1 + v)),
assuming a Poisson’s ratio of 0.5, which is appropriate for
a rubbery material above its T,. The results shown in Fig. 1
demonstrate that the two sets of data superpose at tempera-
tures where they overlap.

2.1.2. Static properties

The physical properties of the synthesised linear and
crosslinked polymers at room temperature were also
measured using a three-point bend test geometry. The test
sample used was 5 mm wide, 3 mm thick and 25 mm long
and the testing span was 20 mm. Tests were carried out on
an RDP servo mechanical test machine, at a nominal strain
rate of 10 *s™'. Flexural strength was measured using
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Fig. 1. Young’s modulus, E, and tand, for the linear polymer (polyC6M),
for the three-point bend geometry and the torsion shear geometry.

unnotched samples. If the sample was found to yield, the
yield stress was taken as the point of onset of nonlinearity.

The fracture properties of a number of the crosslinked
polymers were also measured using the three point bend
geometry and similar sized samples. In order to obtain linear
elastic fracture mechanics parameters, a crack was intro-
duced at the centre of the sample using a saw, which was
then sharpened by tapping a razor blade into it. A crack
length (a) to width (W) ratio of between 0.45 and 0.55
was the target, as specified in the ESIS fracture testing stan-
dards [22]. The geometry independent fracture toughness
parameter K, the critical stress intensity factor, was then
calculated from

PY
c = BW2

where P is the fracture load, B the sample thickness and W
the sample width. Y is a geometry dependent parameter,
given as a function of (a/W) in Ref. [22]. The critical strain
energy release rate, G, was then calculated from the usual
relationship

ey

K? = EG, (2)

2.2. Gel fraction

The gel fraction of the crosslinked polymers was deter-
mined by extraction with boiling chloroform for three days,
followed by drying in an oven for one day at 60°C. The gel
fraction (percent) was determined as a ratio of the final
weight after extraction and drying, Wy,,, divided by the
initial weight, Wy

Gel fraction = Vil ¢ 100 3)

final

2.3. Differential scanning calorimetry (DSC)

DSC experiments were carried using a Perkin—Elmer
DSC7 (indium calibration), to determine the glass transition
temperature of the linear polymers. Scans were carried out

at a ramp rate of 10°C min .

3. Results and discussion

3.1. Establishing the optimum synthesis routes for the linear
and crosslinked polymers

The synthesis of the mono and difunctional monomers
has been described previously [13,14,20,21]. Two types of
monomers were used, both based on N-alkyl norbornene
dicarboxyimide. The first, termed monofunctional, N-alkyl-
dicarboxyimidonorbornenes carrying pendant alkyl chains
of different lengths (Fig. 2a). The monomer was synthesised
in both endo and exo forms: the exo isomers were preferred
because, although the product polymers had lower T,
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Fig. 2. The chemical structures of the (a) monofunctional monomer N-
alkyldicarboxyimidonorbornenes and (b) the difunctional monomer
bis(V,N'-alkylenedicarboxyimidonorbornenes).

values, the exo monomers were much more reactive than
their endo analogues. The monofunctional monomers
synthesised, termed CnM, included n = 3,4 and 5. The
second type of monomers synthesised for this study were
difunctional bis(N,N'-alkylenedicarboxyimidonorbornenes)
with an alkylene spacer (Fig. 2b). These materials, termed
CmD, were synthesised for values of m = 3,5,6,9, and 12.

The CnM monomers were polymerised using the Grubbs’
ruthenium initiator, CLLRu(=CHPh)((PC¢H;)3),. In the first
series of experiments, using the C6M monomer, the initiator
was mixed with the monomer (monomer:initiator 4000:1) at
room temperature and stirred for 10 min. The reaction
mixture was transferred into a mould (two glass blocks
separated by a silicone rubber gasket) which was placed
in an oven set at 160°C for 1 h. Only 80% monomer conver-
sion (measured using solution NMR) [21]was achieved
under these conditions: the resultant polymer had a 7, of
35°C. In the second set of experiments, the mould was first
kept in an oven set at 60°C for 20 min and then the tempera-
ture was raised to 160°C for 1 h. The additional time at the
intermediate temperature of 60°C, gave a 98% conversion
with a maximum 7, of ~80°C. The importance of obtaining
a high monomer conversion is indicated by the results
shown in Fig. 3, where the percentage degree of monomer
conversion is plotted against the glass transition, 7, of the
resulting material (determined from DSC) for various
samples. The figure confirms the monomer as a very effi-
cient plasticiser of the polymer, and that high degrees of
conversion are required in order to obtain a high 7.

The protocol adopted in this work for processing C6M
was: (1) the initiator was mixed with the monomer at 20°C
for 15 min; (2) the mixture was transferred to the mould; (3)
the temperature was raised to 60°C and the mixture was left
for 20 min; (4) the mixture was heated to 160°C for 60 min;
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Fig. 3. Glass transition temperature, T, versus the % of monomer conver-
sion for polymerisation of C6M.

(5) the oven was set to room temperature and force cooled
(ca 2h) and the polymer removed from the mould. The
monomer:initiator ratio used at this stage was 4000:1. A
similar procedure was established for the C5M monomer.
For the C4M monomer, the mixing temperature had to be
raised to 35°C, while for the C3M monomer the mixing
temperature had to be raised even further to 50°C. While
C4M was successfully polymerised, the elevated tempera-
ture needed to melt the C3M monomer had the effect of
increasing the rate of polymerisation with the consequence
that gelation occurred very early and high monomer conver-
sion in this bulk polymerisation was never obtained.

Crosslinked polymers were formed by co-polymerising
the difunctional and the monofunctional monomers in the
presence of the ruthenium initiator. The procedure, as devel-
oped first for a combination of the C5M monomer and
2 M% of the C12D difunctional monomer, was as follows.
First, the difunctional monomer was dissolved in the mono-
functional monomer, and then the initiator was added. This
mixture was stirred at 20°C until just before gelation, at
which point the mixture was transferred to the mould. To
determine the gelation point, a sacrificial sample was stirred
until gelation occurred. Once in the mould the sample was
left for an hour for the reaction to go to completion. Initial
tests used conditions similar to those established for the
synthesis of the linear polymers, that is a curing temperature
of 160°C and a monomer:initiator ratio of 4000:1. Gel frac-
tion measurements, obtained by extraction of the resultant
crosslinked materials with chloroform for three days at
60°C, showed that samples cured at 160°C had a low gel
fraction, probably as a result of the reaction proceeding too
quickly. Lowering the cure temperature to 100°C increased
the gel fraction to around 80%, although the samples were
still inhomogeneous in terms of their relaxation behaviour,
suggesting an uneven cure.

A further series of experiments was carried out varying
the monomer:initiator (M:1) ratio and using the lower cure
temperature of 100°C samples were made for M:I of 4000:1,
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Fig. 4. Gel fraction versus M:I ratio for C5M polymerised with 2 M% of
C12D.

8000:1, 10,000:1 and 20,000:1. Although a similar mixing
time, i.e. the time to gelation, was established for the 8000:1
M:I ratio, the mixing time had to be increased to 40 min for
a ratio of 10,000:1 and to 60 min for 20,000:1. Fig. 4 shows
gel fractions for this series of samples. It is seen that, for
these monomers with this initiator combination, the highest
gel fractions, ~97%, are obtained for an M:I ratio of
8000:1-10,000:1.

Figs. 5 and 6 show dynamic torsion mechanical results for
a series of C5M + 2%CmD crosslinked polymers made
using these different M:I ratios. The 4000:1 ratio sample
(Fig. 5) used the C5D difunctional monomer, while the
other three samples (Fig. 6) used the C12D monomer.
Results presented later (Figs. 14 and 15) show that the
length of the alkylene chain in the difunctional link does
not significantly affect the behaviour through the glass tran-
sition so we can safely use this series to assess the effect of
the M:I ratio, even though the CmD component is different.

Fig. 5 shows results for M:I = 4000:1 (C5D) [curve a] and
8000:1 (C12D) [curve b], while Fig. 6 shows results for
M:I=8000:1, 10,000:1 and 20,000:1 (all C12D) [curves
a,b and c respectively]. For the highest amount of initiator
(M : 1=4000: 1), which was the optimum ratio estab-
lished for the synthesis of linear polymers, the results
showed firstly a very broad transition and secondly no
plateau shear modulus above T: both are a clear indication
that a homogeneous fully crosslinked network had not been
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Fig. 5. Shear modulus G’ and tand versus temperature for CSM poly-
merised with 2 M% of CmD: M:I= (a) 4000:1 (C5D) and (b) 8000:1
(C12D).

developed during curing. This is not unexpected considering
the gel fraction results shown in Fig. 4. For an M:[ ratio of
8000:1, a much sharper transition was observed, accompa-
nied by a plateau modulus above T, both indications of a
highly developed crosslinked network. For an M:[ ratio of
8000:1, the time to gelation (or the time after which the
mixture could not be transferred to the mould) had not
increased over that for a ratio of 4000:1. As the M:I ratio
was increased further (Fig. 6), the transition became broader
again, accompanied by a reduction in the plateau shear
modulus above T,, which is an indication of a reduction in
the crosslink density. These results, taken together with the
gel fraction results shown in Fig. 4, indicate that for the
C5M/CmD combinations, an M:[ ratio of 8000:1 is near
optimum in terms of developing a homogeneously cured
network: whether it is optimum in terms of the total reaction
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Fig. 6. Shear modulus G’ and tan§ versus temperature for C5M

polymerised with 2 M% of C12D: M:I= (a) 8000:1 (b) 10000:1 and
(c) 20000:1.
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Fig. 7. The solubility of CmD difunctional monomers in the C5D mono-
functional monomer.

time, which might be most relevant for an industrial process,
is of course a different question.

A key issue for synthesis of the crosslinked materials is
the solubility of the difunctional monomers in the mono-
functional monomers, as this controls the possible combina-
tions that are available. Fig. 7 shows a set of maximum
solubilities for a range of the CmD difunctional monomers
in the C6M monofunctional monomer. Solubilities were
measured by dissolving small amounts of the CmD difunc-
tional monomers in the C6M monomer until the limit was
found. It is seen that there is an increase in the maximum
solubility as the spacer length increases, apart from the C6D
monomer, which shows contrary behaviour. This general
increase in solubility with increasing spacer length was
also seen when dissolving the CmD in the C4M and C5M
monomers.

Having established the optimum processing conditions,
for both the linear and crosslinked polymers, the mechanical
behaviour of samples made under these conditions was
investigated.

3.2. Mechanical properties — linear polymers — CnM

Fig. 8 shows a comparison of the dynamic torsion results
(measured at a frequency of 1 Hz) for polyCrM materials
with n =4, 5 and 6. It can be seen that the shape of the
curves is very similar, but that the glass transition tempera-
ture, T, falls with increasing alkyl side chain length (in all
the following discussions, the glass transition temperature is
taken as the peak in tand). If the shear modulus results are
plotted against (T — T), rather than the temperature, T, the
curves superimpose and have a very similar shape. The fall
in T, with side chain length has been seen before by workers
investigating other systems, most notably by Hoff et al. in
their work on alkyl methacrylates [23,24]. Fig. 9 shows the
Hoff results in comparison with the current poly(imido-
norbornene) results. There is a clear correspondence
between the effect of the side chain length on T, between
the two systems, apart from an offset, which is presumably
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Fig. 8. Torsion modulus G’ and tan8 versus temperature for polyC4M,
polyC5M and polyC6M.

due to differences in the main chain stiffness. The reason for
the variation in T, with side chain length proposed by Hoff is
that the longer side chains cause a reduction in T, by media-
tion of interchain forces via internal plasticisation.

Measurements were also made of the sub 7, behaviour of
the polyCnM thermoplastics using dynamic three point
bend tests. Results showed a very broad sub T, B relaxation
centred around —100°C, with the position independent of
the side chain length. As the side chain length was
increased, the height of the transition decreased such that
for the polyC6M the peak was almost undetectable. The
independence of the position of the (3 relaxation from the
length of the side chain, mirrors the data published on
methacrylate studies [24], where it was proposed that the
B process is due to co-operative motion within the side
chain and so does not depend on the side chain length
above a minimum length. It has often been suggested that
the position of the 3 relaxation for a polymer is associated
with the brittle—ductile transition [25,26]. A B transition of
—100°C could be very advantageous for it is possible that
the material could show ductile, or at least ‘pseudo-ductile’
behaviour down to low temperatures.

However, the work of Wellinghoff and Baer [27],
suggests that the correlation between a 3 relaxation and
the brittle—ductile transition only exists when the secondary
relaxation is due to main chain, rather than side chain,
motion. Future work is planned to investigate possible
links between the 8 relaxation and the brittle—ductile transi-
tion in these types of polymer.

Some preliminary physcial properties were measured for
the polyC4M, polyC5M and polyC6M and the results are
shown in Table 1. The polyC4M had the highest density of
1150 kg m~*, with the other two polymers showing a similar
density of 1100 kg m~>. The room temperature modulus
was found to fall with increasing side chain length, a con-
sequence of the different temperature differences between
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Fig. 9. Glass transition temperature, T,, versus side chain length for the norbornene linear polymers in comparison with alkyl methacrylates.

room temperature (20°C) and 7, for the three polymers, as
mentioned earlier. The yield stress (measured in the three
point bend test) fell with increasing side chain length. A
much more detailed study of the effect of the side chain
length on deformation behaviour will form the basis of
future studies.

3.3. Mechanical properties — crosslinked polymers —
CnM + x% CmD

The results described above in Figs. 5 and 6 showed that
the optimum M:I ratio for the C5M/CmD system was
8000:1. Having established this fact, a range of samples
was prepared using this ratio, to investigate the effect of
varying the percentage of the difunctional component, and
the length of the difunctional linkage. Fig. 10 shows the
dynamic shear modulus results for the C5SM/C12D combi-
nation, with 1, 5 and 10 M% of the difunctional component.
The results show that as the percentage of the difunctional,
crosslinking unit, is increased the glass transition shifts to a
higher temperature, the height of the tand peak decreases
and the plateau shear modulus above 7, increases. These
results are as expected for an increase in the crosslink
density of a polymer. Nielsen [28] in his review of the cross-
linking effect on the physical properties of polymers,
describes these three effects. With regard to the shift in 7,
Nielsen reports that although a number of studies have been

Table 1
The mechanical properties of the CnM linear polymers

made in this area, the different studies do not agree very
well. The amount that 7, shifts, due to the same fractional
increase in crosslink density, is different for different
systems, although it invariably increases. The reduction in
the height of the tand peak is a direct result of the increase in
the plateau shear modulus, as it is a reflection of the differ-
ence between the plateau values above and below the transi-
tion. It is worth noting that the results suggest that the
modulus below 7, is independent of the degree of cross-
linking, as expected.

The most interesting aspect of these dynamic torsion
results is that they can be used to obtain a measure of the
crosslink density of the synthesised polymers. Many
authors, including Nielsen [28], have utilised the kinetic
theory of rubber elasticity [29] to calculate the molecular
weight between crosslinks, as above 7, a crosslinked poly-
mer behaves substantially like a rubber. Rubber elasticity
relates the shear modulus, G, to the molecular weight
between crosslinks, M_;

_ @pRT
=

G

“4)

where p is the polymer density, R is the gas constant, T the
absolute temperature and @ is the front factor. There has
been extensive discussion in the literature regarding the
most appropriate value for the front factor @. While many
authors set this equal to unity, others state it depends on the

Polymer T, (°C) T (°C) Density Modulus Yield strength
(kgm ) (20°C) (GPa) (20°C) (MPa)
C4M 136 -99 1150 2.36 67.4 5.7
C5M 106 —95/—105 1100 1.53 604 +2.1
CoM 87 Very broad 1100 1.46 42+20
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Fig. 10. Dynamic torsion results for CSM + x molar percent of C12D: x =
1, 5 and 10.

functionality of the crosslinking unit. Lesser [30] in parti-
cular, based on the work of Graessley [31], states that where
the crosslinks are mobile @ = (f — 2)/f, where f is the
crosslink functionality, whereas in networks where the
crosslink mobility is suppressed, @ = 1. Most authors
agree that exact numerical agreement is not expected due
to a number of effects, including non-Gaussian chain beha-
viour at high crosslink densities, network imperfections and
physical or trapped entanglements. In this work, we have
assumed the front factor to be equal to 1.

The above equation has been shown to hold fairly well as
long as the measurements are carried out slowly (~1 Hz), at
or close to equilibrium. Eq. (4) would suggest that above T,
the shear modulus should rise as the temperature is
increased. Although there is some suggestion from Fig. 10
that the result for the C5M/5%C12D polymer shows this
effect, in general the crosslinked materials all showed a
plateau modulus.

The arbitrary decision was taken to choose the shear
modulus at 50°C above T, GTg—i— 50, to determine the
molecular weight between crosslinks. Eq. (2), in terms
of M., then becomes

_ pR(T, + 50)

M. = &)

Gr,+50
It is of interest to compare the value of M, determined in
this way from the mechanical measurements, with that
expected from the chemistry. It can be shown that the theo-
retical value of M2™Y for a 100% perfect reaction, is given
for this system by

Aoy molecular weight of CnD monomer ©)
¢ molar fraction of CmD monomer X 2

Fig. 11 shows a comparison between the molecular
weight between crosslinks calculated from Eq. (6) (theory)
and from the measured shear modulus together with Eq. (5).
The results, including the addition of a 2 M% sample, show

12

Mc (kg/mol)
o)

0 2 4 6 8 10
Molar percent of cross linker C12D

Fig. 11. A comparison of the theoretical molecular weight between cross-
links (solid line) with the calculated value (@), for the C5M/C12D polymer.

that at low amounts of the crosslinker, the molecular weight
between crosslinks is less than theory predicts, while for
high amounts of the crosslinker the theory under predicts
the molecular weight between crosslinks. Put another way,
at low percentages of the crosslinker the crosslink density is
higher than predicted by theory, while at higher percentages
of crosslinker the crosslink density is lower than predicted.
At low crosslink densities, the molecular weight between
crosslinks is more than the entanglement molecular weight,
so that the shear modulus that is measured is due to a combi-
nation of chemical crosslinks and physical entanglements.
Many authors have proposed that the total number of cross-
links is a sum of the chemical and physical crosslinks, so we
can introduce a second term into Eq. (4) [32,33] giving

pRT 11 )
G= — pRT(— + — 7
mear P (Me M, @

where M, is the molecular weight between the chemical
crosslinks and M, is the entanglement molecular weight.
From the results in Fig. 11, this gives a M, as ~15,000.
This value is comparable with values reported for similar
polymers. Fischer [34], for example, gives values of 2500,
9200 and 19,000-32,000 for polycarbonate, PMMA and
polystyrene respectively, while Mark [35] gives comparable
values of 10,000 for PMMA and 13000 for polystyrene.
Such a value of M, would predict a shear modulus of the
uncrosslinked polymer of ~0.3 MPa, which is consistent
with the results in Fig. 8. At high percentages of crosslinker,
the crosslink density is less than expected. We propose that
in this case, a proportion of the difunctional units are
ineffective as crosslinkers, due to being connected to the
network at only one end. There is at present, no available
method (i.e. spectroscopic) for corroborating this important
assumption. However, a similar comparison between theory
and experiment has been seen before in work carried out in
this department on crosslinked PMMA [36].

In the next series of experiments, the difunctional group
was kept as C12D, but the monofunctional monomer was
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Fig. 12. Dynamic torsion results for C6M + x molar percent of C12D: x =
1 and 5.

changed to C6M. Polymerisation was via the same proce-
dure established from the CSM/C12D system, using an M:/
ratio of 8000:1. Fig. 12 shows the results of torsion tests on
two of these polymers: 1 and 5 M% of C12D. The results are
very similar to the CSM/C12D system apart from the lower
T,. The same features are again evident: a plateau modulus
above T, which increases with increasing molar percentage
of crosslinker, and a sharp T}, the position of which shifts up
in temperature with increasing amount of crosslinker.
Fig. 13 shows a comparison between the theoretical M,
and the experimentally determined M, as for Fig. 11. The
comparison is analogous to that for the C5SM system. The
difference in the results at 1% molar percentage is again
attributed to the presence of physical entanglements: the
entanglement molecular weight for this system, derived
using Eq. (5), was ~20000.

Finally Figs. 14 and 15 show the effect of changing the
length of the difunctional spacer on the behaviour around
the glass transition, for a 2 molar percentage of the difunc-
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Fig. 13. A comparison of the theoretical molecular weight between cross-
links (solid line) with the calculated value (@), for the C6M/C12D polymer.
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Fig. 14. Dynamic torsion results for the CSM + 2 M% of CmD: m =3, 5
and 12.

tional unit. Fig. 14 shows the dynamic torsion results for the
C5M + 2 M% of a C3D, C5D and C12D difunctional unit:
Fig. 15 shows the same measurements for the CoM + 2 M%
of a C3D, C6D and C12D difunctional unit. In both cases,
there is little difference between the C12D and the C5/6D
units. In both cases, the polymers synthesised using the C3D
difunctional monomer show a broader more inhomogeneous
transition. This may be due to the different reactivity, and
poor solubility of the crosslinker with the shorter spacer
unit, but it could also be that the chosen M:I ratio of
8000:1 is not optimum for the shorter, more reactive,
species. We can conclude that, as the length of the difunc-
tional unit does not appear to affect the 7, and crosslink
density at this molar percentage of the crosslink unit, it
would be best to use the longest available (i.e. the C12D
difunctional monomer) as this is the most soluble and can be
used in higher percentages if required.

Finally, Table 2 summarises the measured mechanical

107 5 6.0
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Fig. 15. Dynamic torsion results for the C6M + 2 M% of CmD: m = 3, 6
and 12.
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Table 2
The mechanical properties of the crosslinked polymers

Polymer T, (°C) Density (kg ) Modulus (Gpa) K. (MNm — *?) G, (kJ/m?) Yield/fracture strength (MPa)
C4M/2%C12D 117 1136 2.7+02 24+0.2 22+0.2 61 =15 (F)

C5M/2%C12D 105 1120 22+0.2 2.8+0.2 35*0.6 72 £2(Y)

C6M/2%C12D 87 1092 1.9 = 0.1 2.6 £0.1 35202 59 3 (Y)

Polycarbonate 150 1200 2.3 3 3.9 62 (Y)

Polystyrene 95 1050 3.1 1.1 0.4 45-55 (F)

properties for the CnM/2%C12D series of crosslinked mate-
rials. The room temperature flexural moduli and bending
strength are, in general, higher than the equivalent thermo-
plastics (Table 1). Of particular interest are the high values
of yield strength and toughness, which are comparable to
known ‘high toughness’ materials, such as polycarbonate
(Table 2). The C5M/2%C12D material shows the best
combination of properties with a very high yield strength
and excellent fracture toughness. We can conclude that this
class of new polymers has very interesting mechanical prop-
erties and appears to open definite prospects for RTM when
larger quantities of polymer become available.

4. Conclusions

The results presented above demonstrate that it is possible
to design mixtures of mono and difunctional monomers
which undergo efficient crosslinking in bulk in a mould
under the influence of the Grubbs’ ruthenium ROMP initia-
tor. The product materials display an extended range of
physical properties and the monomers are potentially
cheap and are of low odour. Further sets of mono and
difunctional monomers are being investigated in an attempt
to extend the range of materials available via this approach.
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