
Cyclopentene is known to undergo equilibrium polymerization through a metathesis
reaction which its bulk and solution polymerizations have been thoroughly inves-
tigated. However, we have found that under specific experimental conditions, this

monomer polymerizes in the gas phase. The gas phase polymerization is defined here
as the conversion of pure gaseous monomer into polymer in the condensed phase. Pure
gaseous cyclopentene is found to polymerize on a glass surface in the upper part of the
ampoule above the liquid phase when the polymerization is initiated with only tungsten
hexachloride. Polymerizations are carried out under high vacuum and in the 10-60oC
temperature range. In presence of methanol, the colourless formed polymer shrinks
slightly, then it can be removed easily from the glass surface and simply dried under vac-
uum without any other purification process. From kinetic measurements, an overall acti-
vation energy of 63.47 kJ/mol is obtained for the conversion of one mole of gaseous
monomer to one unit of condensed polymer. GPC Chromatograms of polymer samples
are compared with chromatograms of polystyrene standards obtained in the same condi-
tions in chloroform. All polymer chromatograms show a narrow molar mass distribution.
Elution peaks of the polymer correspond to peaks obtained for the standards with high
molar mass ranging from 2×104 to above 2×106 g/mol. 1H NMR Spectra at 200 MHz
show no loss of double bonds in the polymer, nor any presence of tertiary proton. This
results indicate that the polymer is linear and branching or cross-linking, if present, can-
not be detected. Spectra obtained through 13C NMR spectrometry at 22.63MHz allow the
determination of the proportion of cis and trans configurations.
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The metathesis reaction was
observed on 1955-1956, when the
ring opening polymerization of nor-
bornen was carried out in the pres-
ence of Ziegler-Natta catalysts [1]. It
was proposed as a novel organic

reaction on 1964, when propen in
presence of tungsten oxide at 120oC,
was converted into a mixter of buten
and ethylene [2] (Scheme I). 

The phenomenone of transalky-
dation between two alkenes to give
other alkenes, was first known as the
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disproportionation reaction, it was later renamed as the
metathesis reaction, a term that has also been used for
ring opening polymerization of cycloolefins (in Greek
it means transposition, double decomposition). This
reaction was proved by N. Calderon on 1967 using
deutered alkenes [3], then confirmed one year later by
J.C. Mol using C-14 as tracer [4]. Since, the metathesis
reaction became an important reaction in the field of
petrochemicals, some important applications of olefin
metathesis are the olefin conversion technology (OCT)
process, the high demand for propene production, out-
paces supply from conventional sources. Thus, naphta
steam crackers with an integrated metathesis unit, may
be an interesting alternative for producing propene via
the OCT process. Several industrial process involving
ring opening metathesis polymerization (ROMP) of
cycloalkenes (cyclooctene, norbornene, dicyclopenta-
diene, etc.) have been developed and braught into prac-
tice leading to useful polymers [5]. In other way, to
reduce the cost of isoprene production from C-5 frac-
tion of naphta that contains only 10-15% of isoprene,
ZEON Corporation as a chemical company of Japanese
industry, has to utilize other components from C-5  to
produce cycloolefin polymers [6]. 

The ROMP of  cycloolefins gives linears polyalke-
namers. Thus, polypentenamer is the resullt of the poly-
meization of cyclopentene. The double carbon-carbon
bond in the structual repeat unit gives the polymer cis
and trans  steric configurations (Scheme II). 

Polypentenamer
Poly(1-pentenylene), polycyclopentene (PCP) or
polypentenamer was synthetised for the first time on
1957 by Eleuterio [7]. Then, Natta on 1964 using

another catalytic system, observed the cis and trans
configuration of the double bond by IR spectroscopy,
[8]. The metathesis reaction has not yet known. PCP Is
a good general purpose rubber whose vulcanizates are
comparable with those of polybutadiene or polyiso-
prene. However, it has no special or unusual properties
to compensate for its more expensive production. This
is why polypentenylene did not become a commercial
product until recently. But in research point of view, it
is an interesting  intermediate product, for example, a
facile method was developed for the synthesis of nar-
row-distribution, defect free linear polyethylene, and
the same block copolymers containing, where polyeth-
ylene is obtained via catalytic hydrogenation of
polypentenamer [9]. In the same way, unsaturated fluo-
rinated  and cyclopentene copolymers prepared by
ROMP were 99% hydrogenated to give new products
of saturated material showing lower Tg values [10].

Catalytic Systems
In ROMP, most catalysts used are homogeneous sys-
tems, but there are also a few heterogeneous catalytic
systems that are very effective. However, heteroge-
neous catalytic systems did not attain much application
in ROMP, where as homogeneous catalysts are very
important. 

Catalytic systems are complexes, they are general-
ly composed of catalysts (WCl6, WF6, MoCl5,
R2CW(CO)5 ...), cocatalysts (EtAlCl2, SnEt4, TiCl4,
Al(isobut)3 �), and activators  (ROR , ROH , RCOOR,
RNH2�). Some times, a little olefinic molecule is used
to initiate the polymerization of the cycloolefin, it has
an effect on the molar mass of the product, and on the
rate of the reaction [11].

A special group of metathesis catalysts is based on
individual organometallic compounds of W, Mo, which
are the transition metals carbene complexes. Pentacar-
bonyl tungsten methoxyphenylcarbene, pentacarbonyl
tungsten diphenylcarbene and tetracarbonyl tungsten
methoxybutenylcarbene, were used  without any cocat-
alyst in cycloolefin metathesis polymerization [12-14].

Scheme I

Scheme II
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A new group of effective homogeneous catalysts for
metathesis polymerization of cycloolefins was devel-
oped later on the basis of stable carbenes of tungsten
and molybdenum [15,16].  

The formation of transition metal carbene complex-
es in metathesis polymerization initiated by Ziegler-
type and similar multicomponent catalytic systems is
not completely understood. The reaction between the
two main components of the catalytic systems first
occurs in the same way as in typical Ziegler systems to
give a metal organic intermediate with a δ-transition
metal-carbon bond. 

Rather, it is shown that the higher molecular weight
material in PCP originates in a secondary metathesis
reaction: intermolecular acyclic metathesis between the
metal carbene chain end and the C=C double bonds
present in PCP chains [17]. Acyclic metathesis com-
petes with the ROMP of CP in the presence of
Mo:PMe3 as catalyst system. The ratio of rate constants
for propagation versus acyclic metathesis is 1600
approximately [18].

The present work investigates that under specific
experimental conditions, pure gaseous cyclopentene is

found to polymerize in the phase gas through a ring
opening metathesis reaction, when the polymerization
is initiated with tungsten hexachloride all alone. It is a
bulk polymerization in presence of a very simple cat-
alytic system without any cocatalysts or activators. The
gas phase polymerization is defined here as the conver-
sion of pure gaseous monomer into polymer in the con-
densed phase. The conversion of gaseous monomer to
condensed polymer is studied kinetically and the poly-
mer thus formed, is analyzed by GPC (gel permeation
chromatography) technique and 1HNMR and  13CNMR
spectroscopies.

EXPERIMENTAL

All polymerizations are carried out using high vacuum
techniques. The initiator, tungsten hexachloride under
inert atmosphere, is brought in to an ampoule that is
immediately evacuated. After purification on sodium
mirror, pure cyclopentene is distilled at 10-6 atmos-
phere into the ampoule that is then sealed off. The
monomer is mixed with the initiator and the mixture is

Figure 1. Evolution of the gas phase polymerization of cyclopentene.

(a) (b) (c) (d)
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spread over all the inner glass surface of the ampoule.
The ampoule is completely immersed in a constant
temperature bath and remains still for the time required
for the polymerization. 

Polymerizations are carried out in the 10 to 60oC
temperature range. Soon after the polymerization has
started, spots of colourless condensed materials are
observed in the upper part of the ampoule above the
dark-brown liquid phase, as illustrated in Figure 1a. As
time elapses, the amount of condensed polymer
increases along with a decrease of the volume of the
liquid phase (Figure 1b). As the volume decreases, a
dark-brown deposit is left on the walls of the ampoule.
The reaction may reach a point where the polymer fills
the stem of the upper part (Figure 1c). If the polymer-
ization is allowed to proceed to completeness, the
upper part is then filled with a colourless polymer and
a dark-brown residue is left at the bottom of the
ampoule (Figure 1d).  

At the end of the polymerization the ampoule is
broken in methanol. In presence of this solvent, the
polymer shrinks slightly and is then removed easily
from the glass surface while the residue is mixed with
methanol. The polymer is simply dried under vacuum
without any further process. The final product is
colourless polymer with the shape of the polymeriza-
tion ampoule (Figure  2).

Except for chloroform, the polymer is not very sol-
uble in usual solvents. This solvent is used for GPC and
some NMR spectroscopy analyses. GPC measurements

are carried out at room temperature with a Water Asso-
ciates instrument using various column combinations.
1H NMR spectra are obtained in CDCl3 at 200MHz
with a Varian XL-200 spectrometer. 13C NMR measure-
ments are performed at 22.63MHz using a Bruker WP
80 instrument and at 50.13MHz with a Varian XL-200
spectrometer.

RESULTS AND DISCUSSION

With the formation of the polymer that is taking place
above the liquid phase, polymerization can occur only
from the conversion of the monomer in the gas phase
into condensed polymer. Polymerization may also take
place in the liquid phase. If the polymerization is
stopped halfway through, small amount of polymer is
found in the liquid mixture. The gaseous monomer can
also polymerize into condensed polymer when two
evacuated ampoules, containing pure cyclopentene and
pure WCl6, respectively are connected together. How-
ever, in both cases the polymerization is much slower
than the gas phase polymerization.

These observations strongly suggest that traces of
catalyst left over the glass surface, form with the
gaseous monomer and components of the glass surface,
a polymerization system with relatively low activation
energy for the initiation. Once polymerization has start-
ed, monomer is removed from the gas phase, this
monomer being quickly replaced by monomer from the
liquid phase in order to maintain the gas-liquid equilib-
rium in the system.

The rate of polymerization is easily followed
through the variation of the volume of the liquid phase
with time. As can be seen from Figure 3, the rate
increases with increasing temperature. The rate of initi-
ation follows the same trend, although quantitative data
could not be obtained. This may be due to the fact that
the rate of initiation may also depend on the initiator
concentration in the liquid phase. However, the rate of
polymerization seems to be independent of the initiator
concentration.

At 50oC, monomer/WCl6 initial mole ratios of 325
and 1800 yield the same rate of polymerization, but dif-
ferent rates of initiation (Figure 4). From this result it
can be speculated that for both initiator concentrations
the glass surface is saturated with initiated species, andFigure 2. Final product (PCP).
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since all the ampoules are of the same size, the number
of available initiating sites (or active sites) is approxi-
mately the same, hence, the rate of polymerization is
independent of the initiator concentration.

It is most unlikely that the propagating sites remain
in the vicinity of the glass surface during polymeriza-
tion. If it was the case, once the glass has been covered
with the condensed polymer, the monomer would have
to diffuse through the polymer in order to react with the
growing chains and a sharp decrease in the rate of poly-
merization would have been observed.

The variation of the rate of polymerization with
temperature allows for a direct evaluation of the activa-
tion energy. The rate of polymerization is a function of
P, the monomer pressure in the gas phase.  For the rea-
sons given above, the concentration of active sites on
the glass surface, is constant at a given temperature and
should not vary much with it. The situation is much
similar to a gas reaction at a solid surface where the
reactant is strongly adsorbed. In that case the reaction
is described through the equation:

rate = kP × P

where, kp is the rate constant of polymerization. 

Because the liquid phase consists of pure liquid
monomer, P is essentially the saturated vapour pressure
of the monomer and remains constant at a given tem-
perature, the variation of the volume with time (dV/dt)
of liquid monomer is equal to the rate and is given by:

-dV/dt  = rate  =  kP × P =  k

Under these circumstances, application of the Arrhe-
nius and Clausius-Clapeyron equations leads to:

d(ln k) / d(1/T)  =  - (Ea + ∆Hv) / R

where, Ea is the overall activation energy and  ∆Hv is
the enthalpy of vaporization of monomer that can be
estimated from Trouton law (∆Sv =  21 cal mol-1K-1) :

∆Sv =  Qrev / Tv =  ∆Hv / Tv=  21 cal mol-1K-1

where ∆Sv and Tv are the monomer entropy and tem-
perature of vaporization, respectively. 

Tv = 333.11K    ∆Hv =  29.24 kJ/mol

It can be seen from Figure 5 that the variation of the

Figure 3. Rate of gas phase polymerization of cyclopentene

vs. time (CP/W=1200).
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ln(K) with 1/T is linear,

(Ea + ∆Hv) / R  =  11.17 × 103

From the slope that taking the value of 29.24 kJ/mol for
∆Hv at the boiling point, a value of 63.47 kJ/mol is
obtained for Ea. This result is in very good agreement
with the range of 20 to 70 kJ usually obtained for Ea in
the case of Ziegler-Natta polymerizations [19].

In the temperature range 10-60oC where polymer-

izations are carried out, measurements of monomer
conversion show that the conversion is better at higher
temperature (Figure  6). 

Polymer samples are examined through GPC and
NMR spectroscopy. GPC Chromatograms of polymer
samples are compared with chromatograms of poly-
styrene standards obtained in the same conditions in
chloroform, as shown in Figure 7. All chromatograms
of the polymer soluble in chloroform show a narrow
molar mass distribution, all the volatiles being removed
with the vacuum drying. Elution peaks of the polymer
correspond to peaks obtained for the standards with
molar mass ranging from 2×104 to above 2×106 g/mol.
The equivalent polystyrene molar masses of polycy-
clopentene samples obtained and of standard poly-
styrenes, are given in Table 1. Therefore, These poly-
merization products are produced with high molar
masses. 

1H NMR Spectra of cyclopentene and polypente-
namer at low and high fields show no loss of double
bonds in the polymer nor any presence of tertiary pro-
ton (Figures 8 and 9). This results indicate that the
polymer is linear and branching or cross-linking, if

Figure 5. Variation of the rate constant with temperature.
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present, cannot be detected. The difference between the
two spectra, is situated first on the translation of all
peaks (monomer : 5.74 , 2.32 and 1.82ppm, polymer :
5.37 , 2.00 ; and 1.40ppm), and chiefly on the appari-
tion on the polymer spectrum of the cis-trans isomer-
ization of the olefinic proton peak [20].

Indeed, theoretical program application on simulat-
ed model, gives peaks at 1.37ppm and  1.96 ppm for β

and α protons, and two peaks at 5.48ppm and 5.42ppm
for trans and cis configuration of olefinic protons,
respectively (Figure 10). This result is in very good
agreement with experimental spectrum of polypente-
namer (Table 2).

The geometric configuration of the polymer is
analysed through 13C NMR spectrometry. If for
cyclopentene (Figure 11) there are only three peaks
(130.82 , 32.63, and 23.04 ppm for, olefinic, β, and α
carbons, respectively), for polypentenamer (Figure 12)
and from its cis-trans isomerization, other peaks appear
on 13C NMR spectrum (130.02 and 130.53 ppm for cis
and trans olefinic carbons, 26.99 and 32.12ppm for cis
and trans α carbons, and 29.92 ppm for β carbon).
Spectra obtained at 22.63MHz allow the determination
of the proportion of cis and trans configurations. This
proportion is an average between values calculated
from the cis-trans isomerization of the olefinic carbon
and of the α carbon.

Theoretical spectrum of simulated model gives one
peak at 29.9ppm for β carbon, two peaks at 27.8ppm
and 33.8 ppm for α carbon, and the cis and trans dou-
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Table 1. Number average molar mass equivalent of poly-

styrene samples (PS 1 and PS2) for polypentamer samples

(PCP3, PCP4, and PCP5).

Sample
Number average molar mass equivalent of  PS

Mn × 10-3 (g/mol)

PS1  

PS2

PCP3

PCP4

PCP5

2000

230

2596

1476

617

Table 2. Chemical shifts for 1H NMR peaks of cyclopentene

(CP) and polypentenamer (PCP).

Assignment

Chemical shift (ppm)

CP

(exp.)

PCP*

(exp.)                (theor.)

H-C=C  (cis)*

H-C=C (trans)*

H-C-C=C

H-C-C-C=C

5.74

2.32

1.82

5.37

>5.37

2.00

1.40

5.42

5.48

1.96

1.37

Figure 9. 1H NMR Spectrum of polypentenamer (61.4% cis)

at 200 MHz.
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Figure 10. Assignments for 1H NMR peaks of a cis-trans
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ble bonds, respectively, which are in good agreement
with experimental spectrum (Table 3). But for the
olefinic carbon, the theoretical simulated model is
unable to discern between cis and trans olefinic carbon;
as only one peak appears on theoretical spectrum (Fig-
ure 13) compared with the correspondening two peaks
on the experimental spectrum (Figure 12). 

In addition, measurements at 50.13 MHz supply

information on the distribution of cis and trans units in
the polymer through the showing off the triplets for the
β carbon, quadruplets for the α carbon and sextuplets
for the olefinic carbon. The presence of cis-trans-triads
strongly suggests, contrary to previous claims, [20,21]
that the polymer is not made of large cis and trans
blocks. The statistical distribution of its cis and trans
units is studied and will be published shortly.

CONCLUSION

From the present set of results it can be shown that pure
cyclopentene can polymerize directly from the gaseous
state to form condensed polymer on a glass surface.
The polymer is obtained in the presence of WCl6 as cat-
alyst which its concentration has no effect on the
polmerization rate. However, this rate increases with
temperature and a value of 63.47 kJ/mol is obtained for
the overall activation energy of the bulk polymerization
of cyclopentene. 

The utilization of WCl6 all alone as catalyst will
make clearer information in research of the ROMP
mechanism that is unknown until now. Indeed, interme-
diates species which initiate polymerization, must be
compound with only cyclopentene and tungsten chlo-
rides. Besides, cis and trans configurations of polymer
repeat units which are detected easly by 13C NMR,
allow two different mechanisms which depend on the
temperature polymerization.

The polymer is removed easily from the glass sur-
face and it is simply dried under vacuum without any
other process to obtain a colourless product. GPC chro-
matograms show that the molar mass of the polymer is
high and its distribution is narrow. 1H NMR spec-
tra indicate that the polymer is linear and branching or
cross-linking, if present, cannot be detected.

Figure 11. 13C NMR Spectrum of cyclopentene at 22.63 MHz.

Cyclopentene

CDCl3

TMS

Figure 12. 13C NMR Spectrum of polypentenamer (61.4% cis)

at 22.63 MHz.

CDCl3Polypentenamer

(61.4 % cis)

TMS

Figure 13. Assignments for 13C NMR peaks of a cis-trans

polypentenamer (theoretical simulated model: fraction cis-

trans).

Table 3. Chemical shifts for  13C NMR peaks of cyclopentene

(CP) and polypentenamer (PCP).

Assignment

Chemical shift (ppm)

CP

(exp.)

PCP*

(exp.)                (theor.)

C=C    (cis)*

C=C    (trans)*

C-C=C   (cis)*

C-C=C (trans)*

C-C-C=C

130.82

32.63

23.04

130.02

130.53

26.99

32.12

29.92

128.2

27.8

33.8

29.9
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High resolution 13C NMR results show that cis and
trans configurations are present in the polymer chains
without forming large blocks of cis and trans units. The
ratio of cis/trans of the polymer repeat units, that
depends on temperature and the statstical distribution
of cis and trans units will be published shortly. 
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