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ABSTRACT: The frontal ring opening metathesis polymerization
of dicyclopentadiene using first and second generation Grubbs’
catalysts is reported. To have sufficiently long pot lives, dimethylaminopyridine is added as an inhibitor. By choosing the
proper compositions, it is possible to determine the ranges in
which pure frontal polymerization occurs. A thorough study on
the effect of the above components on the maximum temperatures reached by the front and on its velocities is performed.
Namely, temperatures range from 164 to 205  C depending on
the type of catalyst and the above component ratios. Besides,

front velocities range from 1.0 to 15.0 cm/min, which are one
of the lowest and one of the highest values reported so far in
any frontal polymerization experiment reported in literature.
This finding allows the complete control of the frontal ring
opening polymerization of dicyclopentadiene also in practical
C 2014 Wiley Periodicals, Inc. J. Polym. Sci., Part
applications. V
A: Polym. Chem. 2014, 52, 2776–2780

INTRODUCTION Polydicyclopentadiene (PDCPD) is usually
obtained by ring opening metathesis polymerization (ROMP)
of its monomer in a highly exothermic reaction due to the
release of ring strain energy (Fig. 1).1,2

exploiting the heat produced by the exothermicity of the selfsame polymerization reaction. An igniting event causes the
formation of a hot polymerization front that allows the propagation of the reaction: the front is able to self-sustain and
propagate throughout the monomeric mixture.17–34

Generally speaking, ring opening metathesis reactions are usually
catalyzed by transition-metal alkylidene complexes.3–8 Among all,
the best known are those developed by Grubbs et al. (GC), which
are ruthenium-based and characterized by very high activity.4,9
The so-called Grubbs’ catalysts of first and second generation
(GC1 and GC2, respectively) are depicted in Figure 2. GC2,
which is much more reactive than GC1, has been developed
in the latest years.10,11
This results in very fast reactions that are difficult to be
handled; on this respect, latent systems that react fast, but
only upon ignition, are mostly preferred.12 In a recent paper,
P’Pool and Schanz reported an inhibiting method to increase
the pot life of the ROMP polymerization system, by adding
an organic base, such as pyridine, 1-methylimidazole, or N,Ndimethylaminopyridine (DMAP), which forms a deactivated
complex with the Grubbs’ catalysts 13By this method, pot life
is reported to increase from few seconds to several hours.
Frontal polymerization (FP) is an alternative synthetic
method that allows obtaining polymer materials by a simple
reaction route, short time and low energy consumption.14–16
FP allows the fast conversion of monomer into polymer by
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Frontal ROMP (FROMP) of DCPD was performed for the first
time by Mariani et al.35 using the first generation Grubbs’
catalyst, obtaining high front temperatures and velocities,
which were dependent on the monomer/catalyst ratio. However, the pot life was so short (just a few seconds) that the
polymerization mixture had to be immediately cooled under
the DCPD melting temperature to avoid spontaneous polymerization,35 thus limiting the number of possible practical
applications of the technique. It should be also emphasized
that the above study was limited to the first generation catalyst, which was the only commercially available at the time.
In this work, we present our latest studies on FROMP of
DCPD with GC1 and GC2 first. The effect of their inhibition
by DMAP addition, and the influence of the monomer/GC/
DMAP ratios are also reported.
EXPERIMENTAL

Materials
DCPD, toluene, GC1 GC2, and DMAP were purchased from
Sigma Aldrich and used as received, without further
purification.
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TABLE 1 Composition of the samples obtained in the presence
of GC1
Sample

DCPD/GC1 (mol/mol)

DMAP/GC1 (mol/mol)

FP1

6,000

1

FP2

4,000

1

FP3

2,000

1

FIGURE 1 Scheme of ROMP polymerization.

FROMP
In a common test tube (diameter 5 1.5 cm, length 5 16 cm)
a proper amount of GC1 or GC2, DMAP and 0.5 mL of toluene (Tables 1, 2) were introduced; after dissolution, 5 mL of
DCPD were added. A K-type thermocouple was located at
about 1 cm from the bottom of the tube and connected to a
digital temperature recorder (Delta Ohm 9416 6 1  C), in
order to record the temperature of the front (65  C). FP
was started by heating the external wall of the tube in correspondence of the upper surface of the monomeric mixture,
until the formation of the front becomes evident. The position of the front (easily visible through the glass wall of test
tubes) against time was also measured (60.2 mm).
Differential Scanning Calorimetry
To determine monomer conversion, differential scanning calorimetry (DSC) analyses were performed (from 230 to 450

C, with a scan rate of 20  C/min) using a DSC Q100 Waters
TA Instruments calorimeter, with a TA Universal Analysis
2000 software.
RESULTS AND DISCUSSION

ROMP of DCPD is a highly exothermic reaction that occurs
by bulk polymerization in few seconds by simply mixing
monomer and catalyst. This characteristic is an advantage
and a drawback at the same time. Indeed, while short reaction times are generally preferred, low activation energies
(i.e., short pot lives) can make the monomer mixture difficult, or even impossible, to handle.
Frontal polymerization works well when a polymerizing system is inert at room temperature or above but reacts fast at
the temperature of the front. When the pot life is shorter
than frontal polymerization time (including the preparation
of the monomer mixture), a spontaneous polymerization
occurs. This can be simultaneous to FP or, when the system

FIGURE 2 GC1 (1) and GC2 (2).
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is very reactive, can happen before FP ignition. For such a
reason, the control of the pot life duration is a fundamental
aspect in all FP studies. In particular, the FROMP of DCPD
was already reported by Mariani et al.35 but it was achieved
only thanks to the slight inhibiting effect of triphenyl phosphine and, above all, to the crystallization of the liquid
monomer/catalyst mixtures, which were cooled as fast as
possible.
This work exploits the latest advances in ROMP, which have
made new catalysts having high activity and a number of
their inhibitors now available.11
Namely, in this work GC1 and GC2 are used as catalysts
while DMAP as their inhibitor. In particular, the effect of
their concentrations on the temperature reached by the front
(Tmax) and its velocity (Vf) is fully investigated.
The feasibility of the FROMP without the addition of the
inhibitor was preliminarily tested but, as expected, FP is not
possible to perform because of the too high reaction rates at
room temperature, which result in immediate polymerization. On the other hand, when very low concentrations of
catalyst are used, no FP is observed. For what above, only
successful FP experiments characterized by pot lives longer
than 10 min are here reported. This time has been considered long enough in order to homogeneously dissolving the
components, fully handle the monomer mixture, fill molds,
and so on. Shorter pot lives are not considered because of
the actual or possible simultaneous occurrence of spontaneous polymerization.
TABLE 2 Composition of the samples obtained in the presence
of GC2
Sample

DCPD/GC2 (mol/mol)

DMAP/GC2 (mol/mol)

FP4

16,000

1

FP5

12,000

1

FP6

8,000

1

FP7

6,000

1

FP8

4,000

1

FP9

2,000

1

FP10

16,000

2

FP11

16,000

4

FP12

16,000

8

FP13

2,000

2

FP14

2,000

4

FP15

2,000

8
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FIGURE 3 Sample synthesized by FROMP. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

It should be evidenced that, despite the high temperatures
reached, all FP experiments give rise to clear, bubble-free
samples (Fig. 3).
All successful FP experiments are characterized by constant
Vf ’s, as evidenced also by the straight lines displayed in Figure 4, in which the position of the front as a function of time
is reported for all samples.
It should be noted that the incidental undesirable simultaneous occurrence of spontaneous polymerization should result
in front velocities that are not constant and, consequently,

FIGURE 5 Thermal profiles of samples FP1 and FP7.

the positions of the fronts as a function of time should be
represented by curvilinear trends.
Moreover, a confirmation that no spontaneous polymerization occurs before FP ignition is given also by the horizontal
part of the curves reported in Figure 5. This indicates that
the temperature of the reaction mixtures is constant until
the front approached the thermocouple junction. Indeed, if a
spontaneous polymerization would occur, a temperature
increase due to the exothermicity of the reaction should be
recorded.
After some preliminary experiments, in which it was found
that at least an equimolar amount of DMAP referred to the
catalyst is necessary in order to have sufficiently long pot
lives, the effect of the ratio between DCPD and GC1 or GC2
is initially studied by keeping the DMAP/GC molar ratio constant and equal to 1.0 mol/mol.
As can be seen in Figures 6 and 7, the minimum amount of GC1
that allows obtaining a pure FP (i.e., without the simultaneous occurrence of spontaneous polymerization) corresponds

FIGURE 4 Front position as a function of time for the samples
prepared using: a) GC1; b) GC2.
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FIGURE 6 Tmax as a function of the DCPD/GC molar ratio
(DMAP/GC 5 1 mol/mol). The two interpolation lines cross the
Tmax axis almost at the same value (T 5 203  C), very close to
the adiabatic temperature of 206  C.35
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TABLE 3 Vf and Tmax of samples synthesized in the presence of
GC2: effect of the amount of DMAP
DMAP/GC2
(mol/mol)

DCPD/GC2
(mol/mol)

Vf
(cm/min)

Tmax
( C)

FP12

1

2,000

15.0

205

FP16

2

2,000

11.8

205

FP17

4

2,000

6.8

201

FP18

8

2,000

4.0

199

FP7

1

16,000

7.5

197

FP13

2

16,000

5.6

199

FP14

4

16,000

3.4

196

FP15

8

16,000

2.2

197

Sample

FIGURE 7 Vf as a function of the DCPD/GC molar ratio (DMAP/
GC 5 1 mol/mol).

to DCPD/GC1 5 6000 mol/mol. It is worthy to note that,
when GC2 is used instead of GC1, such a ratio is much
larger, that is 16,000 mol/mol, thus confirming the increased
efficiency of this second catalyst.
The maximum temperatures reached by all fronts are
reported in Figure 6. As can be seen, the effect of the type of
catalyst is very marked. Indeed, while in the presence of GC1
relatively large temperature differences are found by varying
its concentration (from 193 to 164  C as the DCPD/GC molar
ratio ranges from 2000 to 6000 mol/mol, respectively), when
GC2 is used no significant temperature differences are found,
although the effective DCPD/GC molar ratio is much larger.
Namely, in this second case Tmax is always close to 206  C.
This is the adiabatic temperature of the system,35 as also confirmed by both the two straight interpolation lines, which
cross the Tmax axis very close to that value, at ca. 203  C.
This different behavior is also reflected by the Vf trends
reported in Figure 7. Indeed, while in the presence of GC1 Vf
range from 1.0 to 1.7 cm/min as the DCPD/GC1 molar ratio
is varied from 6000 to 2000 mol/mol, respectively, when
GC2 is utilized front velocities raise from 7.5 to 15.0 cm/
min. It should be highlighted that this latter value is one of
the highest reported so far in any FP experiments reported
in literature.36
Besides, the much higher activity of GC2 as compared with
GC1 is further confirmed together with the effectiveness of
DMAP as inhibiting compound at low temperature. On the
other hand, the high Vf values found in the presence of GC2
are in agreement with the corresponding temperatures
reached by the fronts. Actually, it is well known that, generally, the higher Tmax, the higher Vf. This can be explained as
follows: when a front moves fast there is less time for the
polymerization heat to dissipate and Tmax values remain relatively high. In the present case, fronts resulting from DCPD
polymerization in the presence of GC1 are relatively slow,
which results in the big variation of Tmax; at variance, the
use of GC2 result in fronts that are so fast that heat dissipa-
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tion is almost completely avoided, thus accounting for the
higher front temperatures, always close to the adiabatic
value.
A second series of experiments is devoted to the study of
the amount of inhibitor. As mentioned above, when the
DMAP/GC molar ratio is <1 pot lives are always shorter
than 10 min as evidenced by the temperature increase in
their reaction mixtures that is recorded before ignition. On
the other hand, when DMAP/GC1 2 mol/mol the fronts are
too inhibited to self-sustain. On this basis, the following
study is carried out on the GC2 system only and, more specifically, for DMAP/GC2 ranging from 1 to 8 mol/mol.
Namely, the systems characterized by the highest and the
lowest DCPD/GC2 molar ratios are considered (TABLE 3).
First of all, it is found that all systems exhibit a much
increased pot life, which becomes as long as 20–30 min. The
effect on the temperature reached by the front is not particularly relevant; actually, only a slight decrease of the Tmax is
observed as the content of inhibitor increases for the system
in which the DCPD/GC2 is kept equal to 2. However, in all
cases the temperature is close to the aforementioned adiabatic one. At variance, front velocities are largely affected by
the amount of DMAP. Particularly, when DCPD/
GC2 5 2000 mol/mol, Vf ranges from 15.0 down to 4.0 cm/
min while, when DCPD/GC2 5 16,000 mol/mol, Vf decreases
from 7.5 to 2.2 cm/min, thus allowing for a good control of
the whole system, which may be of interest in practical
applications.
CONCLUSIONS

The recent developments in ROMP research field were
exploited in the present work in order to achieve a complete
control of the FROMP of dicyclopentadiene also for practical
applications in which easy protocols are requested. Actually,
this latter was already reported several years ago by Mariani
et al.35 but its protocol was not easily applicable mostly due
to the immediate reaction of DCPD when put in contact with
the catalyst (GC1), even if in the presence of an inhibitor
(triphenyl phosphine). The evolution of the first generation
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Grubb’s catalyst to the commercially available GC2 and the
finding of new, more effective inhibiting systems such as
DMAP, allowed us to successfully perform the FROMP of
DCPD in very short times and quantitative yields on systems
characterized by sufficiently long pot lives. Moreover, it has
been possible to delimitate the mutual molar ratios between
monomer, catalyst and inhibitor that make the FP able to
occur. Finally, it has been possible to determine the conditions
for having polymerization fronts varying along a large velocity
range, namely from 1.0 to 15.0 cm/min, which respectively
are one of the lowest and one of the highest values reported
so far in any published frontal polymerization experiment.
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