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A highly efficient metal-free protocol for the
synthesis of linear polydicyclopentadiene†

Xuejin Yang, a Laura M. Murphy,b Farihah M. Haque, c,d Scott M. Grayson c

and Andrew J. Boydston *a,e

We have achieved breakthroughs for the efficient synthesis of linear polydicyclopentadiene (pDCPD) via

photoredox mediated metal-free ring-opening metathesis polymerization (MF-ROMP). Molecular weight

control from 1 to 16 kDa can be targeted in a straightforward manner. Assisted by this method, the Tg–Mn

dependence of linear pDCPD is investigated and reported for the first time.

Introduction

Polydicyclopentadiene (pDCPD) is typically produced as a ther-
moset using metal-based olefin metathesis catalysts and com-
mercially available endo-DCPD (endo-1). Classic transition
metal initiators usually produce insoluble, cross-linked
pDCPD networks (Scheme 1). Cross-linking is achieved by sec-
ondary metathesis or thermally induced olefin-addition reac-
tions involving the low strain cyclopentene moiety, although
the detailed mechanism is yet to be fully understood.1–5 As a
thermoset material, the cross-linking of pDCPD accounts for
its high glass transition temperature (Tg = 114–165 °C).5–7

Reported Tg values vary widely depending on preparation con-
ditions and cross-linking density.8,9 Notably high Tgs (210 °C)
were recorded for pDCPD upon aging under elevated tempera-
tures.7 Products made from pDCPD typically display excellent
impact strength, stiffness, and high resistance to temperature
and chemical corrosion. The combination of good mechanical
properties and low density makes it attractive for lightweight
materials without compromising toughness and strength.
These features are important for improving energy efficiencies,
for example in automobile and other vehicle designs.10,11 A
broader list of applications of pDCPD includes aerogels,12–14

self-healing materials,15,16 glass/carbon-fiber-reinforced
composites,17–20 ballistic protection,21–23 wind turbine blades

manufacturing,24 and pipeline coatings for the petrochemical
industry.25

The impressive reactivity and efficiency of transition metal
olefin metathesis catalysts introduce the caveat of being too
highly active to stop at the linear pDCPD product. In fact,
there are few examples reporting the synthesis of linear
pDCPD, which use well defined Mo-, W-, Ti-, and Ru-based cat-
alysts in dilute solutions with low initiator loading or the
addition of chain transfer agents.26–33 Although good control
over stereoselectivity and tacticity have been achieved in some
cases, limitations, such as the requirement of complex setups

Scheme 1 Summary of metal-mediated polymerization and cross-
linking of endo-DCPD vs. metal-free approach for the synthesis of linear
endo-DCPD polymers and oligomers. PMP = p-methoxyphenyl.
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under an inert atmosphere, high costs, and difficulties for
metal initiator preparation, make these strategies impractical
outside of academia. Additionally, the residual metals trapped
in the polymer may cause side reactions that alter physical pro-
perties of the final products.7

Recently, we reported a photoredox mediated metal-free
ROMP (MF-ROMP) using ethyl-1-propenyl ether (2) as the
initiator and a pyrylium salt (3) as photo-oxidant (Scheme 1).
To our surprise, this method produced only linear pDCPD
without any signs of cross-linking. To our disappointment,
monomer conversions were poor, molecular weights were
uncontrolled, and degrees of polymerization were low.34,35

This was unfortunate considering that the potentially vast
applications of easily processable linear pDCPD have yet to be
realized. Motivated by the potential for an efficient synthesis
of linear pDCPD, access to controlled molecular weights, fun-
damental structure–property relationships, and better proces-
sability, we revisited the MF-ROMP of DCPD. Generation of
radical cationic intermediates on the polycyclic DCPD frame-
work invites numerous side reactions, such as cyclization36–40

and rearrangement,41–45 which likely introduce early irrevers-
ible termination. From our perspective, the most important
and practical goal was to use straightforward reaction engin-
eering to circumvent deleterious pathways. Herein, we report
breakthroughs for the efficient synthesis of linear pDCPD, as
well as fundamental studies of the MF-ROMP polymerization
kinetics of isomeric DCPD monomers, properties of linear
pDCPD products, and application of chain transfer agents for
controlled synthesis of oligomeric products.

Results and discussion

Unlike the MF-ROMP of norbornene (4) that reaches high con-
version (>80%) even in large scale synthesis,46 the MF-ROMP

of endo-DCPD was initially found to be underperforming.
Typically, low molecular weight linear pDCPD (Mn < 6 kDa)
was produced with relatively low monomer conversion
(13–15%).34 Attempts at chain extension, successive additions
of photo-oxidant, and increased reaction time were each met
with limited success. Notably, portion-wise addition of enol
ether initiator was found to incrementally increase monomer
conversion, consistent with irreversible termination being the
major impediment, but this approach is cumbersome on pro-
duction scale and sacrifices control over pDCPD molecular
weight. In our previous attempted optimization, carrying out
the polymerization at 4 °C gave a slight improvement in con-
version to 20%. We thus focused on varying temperature,
initial monomer concentration ([M]o), and initial ratio of
monomer to initiator ([M]o/[I]o) in an attempt to maximize the
relative rate of propagation in comparison with termination
events. For comparison with standard conditions, MF-ROMP
of endo-DCPD carried out at 22 °C and an [M]o = 1.73 M gave
24% conversion and a pDCPD product with Mn = 5.61 kDa
(Table 1, entry 1). When carried out in more dilute solution
([M]o = 0.88 M) at −29 °C, the polymerization reached 47%
conversion and yielded linear pDCPD with an Mn = 15.8 kDa
(Table 1, entry 2).

To gain insight into how the [M]o/[I]o, [M]o, and tempera-
ture impact MF-ROMP of endo-DCPD, we screened these para-
meters concurrently. At low temperature (−29 °C), the conver-
sion of endo-DCPD increased dramatically from 47% to almost
100% as the [M]o/[I]o was decreased incrementally from 100 : 1
to 10 : 1 (Table 1, entries 2, 6, 11 and 14). Unlike our previous
results,34 decreasing [M]o significantly improved the conver-
sion at low temperature. This was most prevalent at lower [M]o/
[I]o (Table 1 and Fig. 1a). The more distinguishable ameliora-
tion of conversion is likely due to changes in solvent effect as
seen in our previous studies;47,48 endo-DCPD is coincidentally
less polar than CH2Cl2 solvent, which impairs the radical cat-

Table 1 MF-ROMP of endo-DCPD optimization at low temperature by varying [M]o

Entry [endo-1]o (M) endo-1 : 2 : 3a Temp. (°C) Conv. b(%) Mn,theo
c (kDa) Mn,exp

d (kDa) Mw,exp
d (kDa) Đd IEe (%)

1 1.73 100 : 1 : 0.07 22 24 3.29 5.61 7.93 1.4 59
2 0.88 100 : 1 : 0.07 −29 47 6.25 15.8 21.6 1.4 40
3 2.59 50 : 1 : 0.07 −29 9 0.69 2.57 3.60 1.4 27
4 2.13 50 : 1 : 0.07 −29 32 2.23 5.56 9.52 1.7 40
5 f 1.57 50 : 1 : 0.07 −29 61 4.10 12.5 20.1 1.6 33
6 0.88 50 : 1 : 0.07 −29 70 4.71 11.4 16.6 1.5 41
7 f 0.47 50 : 1 : 0.07 −29 66 4.42 9.48 12.7 1.3 47
8 2.57 25 : 1 : 0.03 −29 25 0.92 2.55 3.91 1.5 36
9 2.12 25 : 1 : 0.03 −29 49 1.71 4.08 6.50 1.6 42
10 1.59 25 : 1 : 0.07 −29 75 2.55 6.73 10.8 1.6 38
11 f 0.88 25 : 1 : 0.07 −29 91 3.08 8.62 14.4 1.7 36
12 0.48 25 : 1 : 0.07 −29 89 3.02 8.02 12.2 1.5 38
13 1.55 10 : 1 : 0.03 −29 74 1.06 2.69 4.29 1.6 40
14 0.88 10 : 1 : 0.05 −29 100 1.41 5.04 8.28 1.6 28
15 0.47 10 : 1 : 0.05 −29 97 1.37 4.10 6.29 1.5 33

a Initial molar ratio of endo-1, 2, and 3. b Conversion determined by 1H NMR spectroscopy. c Theoretical number-average molecular weight (Mn)
based upon [endo-1]o/[2]o and monomer conversion. dDetermined by GPC analysis on crude reaction sample using multi-angle light scattering
(MALS) and refractive index (RI) detection. Dispersity (Đ) = Mw/Mn.

e Initiation efficiency (IE) = Mn,theo/Mn,exp.
f Average of three runs. All reactions

were conducted in CH2Cl2 for 60 min.
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ionic polymerization process.49–51 We hypothesize that the
radical cationic active chain end exists as part of a radical-ion
pair with the pyrylium counteranion and the pyranyl radical.
CH2Cl2 can better solvate the charge separated radical cationic
species than can the endo-DCPD monomer. Therefore, decreas-
ing [M]o creates a solution with higher polarity that can accel-
erate the formation of solvent-separated radical-ion pair
(SSRIP), in-turn making propagation more favorable.52

Conversely, in a less polar solution with high [M]o, the for-
mation of contact radical-ion pair (CRIP) is favorable, facilitat-
ing the back electron transfer (deactivation of the chain end)
and limiting propagation. Therefore, a low [M]o is beneficial to
achieve high conversion.

We next focused on temperature effects for polymerizations
in dilute solutions ([M]o = 0.88 M) and using systematically
varied [M]o/[I]o values (Table 2 and Fig. 1b). Low temperature
favored propagation, as indicated by higher monomer conver-
sion and pDCPD molecular weights, but led to gelation during

polymerization when [M]o/[I]o ≥ 25 : 1. Bimodal molecular
weight distributions with small shoulders showing very high
Mn (>200 kDa) were observed by gel permeation chromato-
graphy (GPC) (Fig. S2†). We hypothesize that gelation of
pDCPD at low temperature (−29 °C) results in inhomogeneous
compositional gradients (i.e., gel effects). This could result in
inconsistent propagation rates or chain–chain coupling,
leading to high Mn shoulders.35 Increasing the temperature
from −29 to −11 °C precluded the gelation and resulted in
even higher monomer conversion. Increasing the temperature
above −11 °C started to reintroduce diminished monomer con-
versions, but a temperature range of 0 to 3 °C for MF-ROMP of
endo-DCPD was identified as a satisfactory compromise
between monomer conversion and operational simplicity.
Notably, >89% conversion was achieved at 3 °C with low [M]o/
[I]o of 25 : 1 and 10 : 1 (Table 2, entries 11 and 15). Therefore,
all further work was done at 3 °C due to ease of accessibility
compared to lower reaction temperatures. Although the ter-

Table 2 MF-ROMP of endo-DCPD optimization by varying temperature and [M]o/[I]o

Entry [endo-1]o (M) endo-1 : 2 : 3a Temp. (°C) Conv.b (%) Mn,theo
c (kDa) Mn,exp

d (kDa) Mw,exp
d (kDa) Đd IEe (%)

1 0.88 100 : 1 : 0.07 −29 47 6.25 15.8 21.6 1.4 40
2 0.89 100 : 1 : 0.07 −11 58 7.75 18.0 26.3 1.5 43
3 0.88 100 : 1 : 0.07 3 36 4.87 8.40 11.3 1.3 58
4 0.88 100 : 1 : 0.07 22 24 3.29 5.37 6.99 1.3 61
5 0.88 50 : 1 : 0.07 −29 70 4.71 11.4 16.6 1.5 41
6 0.88 50 : 1 : 0.07 −11 74 4.94 9.68 14.5 1.5 51
7 f 0.88 50 : 1 : 0.07 3 70 4.68 8.89 13.5 1.5 53
8 0.88 50 : 1 : 0.07 22 41 2.80 4.67 6.52 1.4 60
9 f 0.88 25 : 1 : 0.07 −29 91 3.08 8.62 14.4 1.7 36
10 0.88 25 : 1 : 0.07 −11 93 3.14 8.51 13.7 1.6 37
11 f 0.88 25 : 1 : 0.07 3 89 3.03 6.49 9.65 1.5 47
12 0.88 25 : 1 : 0.07 22 54 1.86 3.15 4.36 1.4 59
13 0.88 10 : 1 : 0.05 −29 100 1.41 5.04 8.28 1.6 28
14 0.88 10 : 1 : 0.05 −11 100 1.41 3.49 5.40 1.6 40
15 0.88 10 : 1 : 0.05 3 94 1.33 2.60 3.49 1.3 51
16 0.87 10 : 1 : 0.05 22 63 0.92 1.44 1.96 1.4 64

a Initial molar ratio of endo-1, 2, and 3. b Conversion determined by 1H NMR spectroscopy. c Theoretical Mn based upon [endo-1]o/[2]o and
monomer conversion. dDetermined by GPC analysis on crude reaction sample using MALS and RI detection. e IE = Mn,theo/Mn,exp.

f Average of
three runs. All reactions were conducted in CH2Cl2 for 60 min.

Fig. 1 Summary of (a) [M]o effect ([endo-1]o/[2]o = 50 : 1 and 25 : 1, respectively, at −29 °C), (b) [M]o/[I]o and temperature effects ([endo-1]o = 0.88
M) on polymerization of endo-1 (see details in Tables 1 and 2).
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mination of MF-ROMP has not been well understood, we
hypothesized that low temperatures could reduce the rate of
termination, the rate of chain end deactivation, or both, thus
promoting propagation. On the other hand, pDCPD solutions
in dichloromethane, especially for those with high Mn, show
high viscosity at low temperature, likely impairing mass trans-
port and lowering the rate of propagation. Therefore, −11 to
3 °C is ideal for [M]o/[I]o > 25 : 1 to reach high monomer con-
version as both the termination events and gelation can be
minimized. In the cases of very low [M]o/[I]o (10 : 1), gelation
was not visibly observed, likely due to the low Mn of the pro-
ducts. As a result, the monomer conversion increased incre-
mentally with a decrease of temperature, from 94% at 3 °C to
100% at −29 °C (Table 2, entries 13–15, Fig. 1b).

In our previous report, MF-ROMP of endo-1, exo-1, as well
as the endo- and exo-isomers of dihydroDCPD (endo-5 and exo-
5, respectively) were each investigated to compare their per-
formance under unoptimized conditions ([M]o/[I]o = 100 : 1
and room temperature).34 The relative MF-ROMP activities was
in the order of exo-5 > endo-5 > exo-1 ≈ endo-1 as determined
by their initial rates (0.12, 0.037, 0.0063 and 0.0098 min−1,
respectively, as shown in Fig. S5 and Table S7†). Using the
newly optimized conditions [M]o/[I]o = 25 : 1 and 3 °C bath
temperature, higher initial rates were observed (kobs = 0.058,
0.15, 0.067 and 0.65 min−1 for endo-1, exo-1, endo-5 and exo-5,
respectively, as shown in Fig. S4 and Table S6†) and higher
conversions were achieved, especially for endo-1, exo-1, and
endo-5 (Fig. 2). Moreover, exo-1 performed significantly better
than endo-1, and the monomer activity under the new con-
ditions was exo-5 > exo-1 > endo-5 > endo-1, more closely resem-
bling the result of metal-mediated ROMP that is primarily
ascribed to steric interactions.53 The poor solubility of poly
(endo-5) in dichloromethane may have precluded full conver-
sion of the monomer.

Better performance was also seen in the copolymerization
of endo-1 and norbornene (4), allowing for more efficient
preparation of copolymers with high pDCPD content. In our
previous work, the overall conversion decreased dramatically

with an increased feeding ratio of endo-1.34 This was remedied
herein by carrying out the polymerization via optimized con-
ditions at 3 °C. When using a 1 : 1 molar feed ratio of endo-1
and 4, a total conversion of 91% was achieved, as compared to
29% in our previous report (Table S2†). Comparison of initial
rates of polymerization for each monomer offers preliminary
support for a statistical copolymerization (Fig. S6†). The final
copolymer was comprised of 46% pDCPD, suggesting a slightly
higher rate of incorporation of 4.

Low Mn oligomers are more processable than their high Mn

counterparts, for example in reaction injection molding, and
could therefore be good alternatives to volatile small molecule
resins. Also, oligomeric thermoset materials have been applied
as sizing packages for fiber-reinforced composites. We
obtained linear pDCPD in high conversions with Mn values
from 1.44 to 18.0 kDa by varying the [M]o/[I]o and using the
new MF-ROMP conditions. To further tune the Mn, and to
avoid cationic homopolymerization of the enol ether initiator
(2) at high [M]o/[I]o, we introduced 1-hexene (6) as a chain
transfer agent (CTA), analogous to our recently reported pro-
cedure using 4 as monomer (Scheme 1).47 Notably, the chain
transfer approach would be significantly impeded using our
previously reported MF-ROMP of endo-DCPD, which suffered
early and irreversible termination. The improved reaction con-
ditions provide sustained propagation, thus potentiating suc-
cessful chain transfer and catalytic use of the enol ether
moiety.

By varying the amount of 6 from 0 to 50 equivalents relative
to 2, the Mn values were successfully reduced from 6.49 to
1.00 kDa (determined by GPC analysis on crude reaction
samples) (Table S1†). It was found that the effective initiation
efficiency (IE) dramatically increased with the loading of 6,
consistent with catalytic turnover of the vinyl ether groups.
Moreover, the resulting oligomer with a terminal alkene and
alkyl group (C4H9) instead of a vinyl ether chain end could be
clearly assigned by 1H NMR spectroscopy (Fig. S14–S18†).
These results indicated to us that chain transfer was occurring
through cross metathesis with the active chain end. The
degree of polymerization (DP), as determined from 1H NMR
spectroscopy by comparing the integration of polymer and
chain ends, were found to be in close agreement with the
results obtained by GPC (Table S4†).

The polymer structure was further confirmed by matrix-
assisted laser-desorption ionization time-of-flight mass spec-
trometry (MALDI-TOF MS). For low Mn pDCPD prepared using
6 as CTA, we observed n-mers of pDCPD with spacing of
132.05 m/z, consistent with the repeat unit theoretical monoi-
sotopic mass of 132.09 m/z (Fig. 3). The peak at 1203.78 m/z
correlates to an oligomer with a terminal alkene and a C4H9

alkyl chain end, consistent with the 1H NMR analysis
(Fig. S15–S18†). Another product appears at 1161.68 m/z and is
considered to be one having a terminal alkene and a methyl
end group, which should be generated by initiation of 2 fol-
lowed by cross metathesis of the enol ether chain end with 6.
This regioselectivity of chain transfer is consistent with our
previous report.47 Analogous results were observed by analyz-

Fig. 2 Plot of conversion vs. time for polymerization of endo-1 (●),
exo-1 (■), endo-5 (○) and exo-5 (□) at 3 °C with an [M]o/[I]o of 25 : 1 as
determined by 1H NMR spectroscopy.
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ing the oligomers prepared using 1-octene (7) as CTA. To
further validate our end group assignments, the above oligo-
mers were ionized with different cations, resulting in signals
corresponding to the same structures as those shown here
(Fig. S7†).

As mentioned previously, the overwhelming majority of
thermal properties studies on pDCPD have been with cross-
linked thermoset materials, which show Tg values > 114 °C.5–7

In comparison, linear pDCPD has a much lower reported Tg
value of ca. 53 °C.26 Tg is a useful indicator for the thermal
and mechanical properties of pDCPD, as well as its operating
and service temperature.25 We envision that using linear
pDCPD can improve the manipulability to control over Tg, and
the high-performance properties of thermosets can be deli-
vered by a downstream cross-linking. Additionally, linear
pDCPD with appropriate molecular weight (Mn) and viscosity
can facilitate the processibility of liquid resin in molding and
potentially 3D printing for industrial manufacturing. With an
efficient means to synthesize linear pDCPD with controlled
molecular weights, we seized the opportunity to investigate
structure-thermal property relationships.

The thermal properties of a series of polymeric and oligo-
meric endo-DCPD with Mn from 1.25 to 16.1 kDa were exam-
ined by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The decomposition temperature
(Td) of each sample was determined by the onset of the weight
loss from TGA thermograms. The values ranged from
433–438 °C under nitrogen, and 427–437 °C under air, without
showing any dependence upon Mn. Notably, minor weight loss
around 310–330 °C was observed for endo-DCPD oligomers
(e.g., about 5% weight loss for a 1.25 kDa oligomer as shown
in Fig. S8a†). This lower temperature weight loss is probably
due to the loss of chain ends, which comprise higher pro-
portions of the total weight for smaller oligomers (Table S8†).
However, we cannot rule out lower Mn oligomers as the source.

The Tg values of most linear polymers show positive corre-
lation to their DP at sufficiently low Mn regime. These relation-
ships are summarized by the Flory-Fox equation (eqn (1))
based on the concept that chain ends lead to more free
volume than n-mer units in the polymer backbone.54,55 In this
equation, Tg,∞ is the asymptotic value of Tg at infinite Mn and
K is an empirical parameter for a particular polymer species.
The K value is small for a highly flexible polymer, while a rigid
polymer exhibits large K value, indicating a strong Tg–Mn

dependence.

Tg ¼ Tg ;1 � K
Mn

ð1Þ

The Tg of linear pDCPD prepared by MF-ROMP ranged from
40 to 145 °C, as measured by DSC under a nitrogen atmo-
sphere (Table S3† and Fig. 4a). Fig. 4b shows a linear corre-
lation between Tg and Mn

−1, and a Tg,∞ of 151 °C was esti-
mated for linear pDCPD, which appeared in the range of
reported Tg values for cross-linked pDCPD.5–7

Eqn (1) is mostly accurate for polymers with high Mn and
narrow molecular weight distribution (Đ), but may introduce
inaccuracy for certain polymers having low Mn and broad Đ. In
this scenario, eqn (2) can be used for correction.56 The plot of
Tg vs. (MnMw)

−1/2 also showed a good linearity (R2 = 0.992 as

Fig. 3 MALDI-TOF mass spectra with insert spectra from m/z = 1110 to
1310 showing endo-DCPD oligomers prepared by using (a) 6 and (b) 7 as
CTA, respectively. The spectra were taken in positive reflector mode,
and all labeled signals represent adducts via 63Cu+ ionization.

Fig. 4 Dependence of Tg on Mn for polymeric and oligomeric endo-
DCPD samples. (a) Plot of Tg vs. Mn. (b) Plot of Tg vs. Mn

−1 using eqn (1)
to determine Tg,∞.
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shown in Fig. S10†), and the Tg,∞ (150 °C) was close to what
was determined from eqn (1).

Tg ¼ Tg ;1 � K

ðMnMwÞ1=2
ð2Þ

We noted that the characteristics associated with the chain
end such as size, polarity, and flexibility should not be neg-
lected, especially for very short oligomers. A recent study
showed that the chain end structure had a significant effect on
Tg of linear polystyrene at low Mn regime and the K value
obtained from the Flory-Fox equation.57 The long, flexible
chain ends dramatically reduced bulk Tg, while chain ends
with bulkiness and hydrogen bonding capabilities resulted in
very weak Mn dependence on Tg. In our study, the effect by
changing the chain end from vinyl ether to alkyl group (C4H9

or C6H13) might be trivial as we saw a good Tg–Mn correlation,
although further study is required to explain the influence of
the chain ends in detail.

We consistently observed an exotherm during the first
heating cycle of DSC, right before the occurrence of the glass
transition. We speculated that this peak is related to polymer
annealing or thermal cross-linking.3–5,58–60 Although the DSC
measurement is performed under nitrogen, trace amounts of
oxygen may be trapped inside the sample during preparation,
thus enabling thermal-oxidative aging of pDCPD. Side reac-
tions related to thermal-oxidative processes, including post-
curing, carbonyl growth and chain scission, can each influence
the bulk Tg.

61 Studies on pDCPD oxidation have shown that
when a specimen was aged under air at high temperatures, an
oxidized thin layer was found to form on the surface, limiting
progressive oxidation into the bulk.25 Therefore, the inner
bulk material remained unaffected. Considering the potential
trace amount of oxygen in our case, along with the diffusion-
limited oxidation mechanism and a fast consumption rate of
oxygen,62 the influence from thermal oxidation should be
insignificant.

After successive heating and cooling DSC cycles, the bulk Tg
increased by approximately 1 °C in most cases. To discern if
thermal cross-linking happened during heating cycles, the
sample was cured at 150 °C under nitrogen atmosphere for
1 hour followed by GPC characterization. For comparison, the
same sample cured under DSC measurement was also charac-
terized (see Tables S9, S10 and Fig. S9 in detail†). In each case,
the cured endo-DCPD oligomer with Mn = 1.25 kDa was soluble
in THF and no significant change of Mn (from 1.25 to 1.25 and
1.25 to 1.10 kDa, respectively) was observed. Notably, a
polymer sample with Mn = 14.6 kDa only partially dissolved in
THF or CH2Cl2 after both curing processes. Bimodality, broad-
ened Đ, and increased Mn (from 14.6 to 14.8 and 14.6 to
34.9 kDa, respectively) were observed from GPC analysis. These
results indicated to us that thermally induced cross-linking
likely occurred within a small portion of the sample during
curing processes.3–5,58 The physical properties of the endo-
DCPD polymer and oligomer at elevated temperatures (i.e.,
solid or liquid), as well as the difference of oxygen levels under

the two curing processes may account for the observations as
shown above. Overall, the Tg measured by DSC under nitrogen
could represent the bulk Tg of linear pDCPD, despite the slow
aging process that occurs.

Conclusions

In conclusion, we have developed a revised and highly efficient
synthesis of linear pDCPD using photoredox mediated
MF-ROMP. High conversions (>89%) and controlled molecular
weights, including oligomeric materials, are now accessible in
a straightforward manner. The high fidelity of the chain ends
allowed for introduction of chain transfer agents to modulate
the Mn and control the end group structure. With the ability to
control the polymerization of endo-DCPD, we were able to
evaluate Tg–Mn dependence of linear pDCPD for the first time.
Since the effect of each reaction parameter (temperature, [M]o,
and [M]o/[I]o) on the relative rates of propagation and termin-
ation has not been completely elucidated, further studies to
probe the reaction mechanism are required. In addition,
thermal and mechanical properties of linear pDCPD as well as
aging studies are underway.
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