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ABSTRACT

Bis(cyclopentadienyl)molybdenum dichloride-based catalyst systems were
used for the polymerization of phenylacetylene. The bis(cyclopentadienyl)
molybdenum-based catalyst systems were found to be effective for the poly-
merization of phenylacetylene to give a relatively high yield of polymer.
EtAlCl2 showed high cocatalytic activity for the polymerization of phenyl-
acetylene by Cp2MoCl2. The polymerization behaviors were studied according
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to such reaction variables as monomer to catalyst mole ratio, initial monomer
concentration, polymerization temperature, time, etc. The polymer structure
was characterized by various instrumental methods to be the conjugated poly-
mer backbone structure having phenyl substituents. The resulting poly(PA)s
were generally light-brown powers and soluble in common organic solvents.
The physical and thermal properties of the resulting poly(phenylacetylene)
were also investigated.

Key Words: Phenylacetylene; Metallocene catalyst bis(cyclopentadienyl)
molybdenum dichloride; Conjugated polymer.

INTRODUCTION

Conjugated polymers from acetylene derivatives have potential as organic
semiconductors (1–4), membranes for gas separation and for liquid-mixture sepa-
ration (5–7). Also, as materials for enantioseparation of racemates by high-perfor-
mance liquid chromatograpy (8), as a side-chain liquid crystal (9), as materials for
chemical sensors (10,11), as materials for nonlinear optical property (18–21), and
for photoluminescence and electroluminescence properties (15–18).

The Mo- and W-based catalysts have been used as the catalyst system for the
polymerization of acetylene derivatives having various functionality (3,19–21). In
particular, Mo-based catalyst systems have been known to be effective for the
polymerization of substituted acetylenes containing some polar functional groups,
such as hydroxy (22,23), carboxylic acid (24), ester (25), and ethers (26). In recent
years, it was reported that a novel molybdenum oxytetrachloride (MoOCl4)-based
catalyst (MoOCl4-Et3Al-EtOH, MoOCl4-Et2Zn-EtOH) induces the living poly-
merization of o-(trifluoromethyl)phenylacetylene (27,28).

The polymerization of phenylacetylene, a typical acetylene derivative, has
been carried out by various initiator systems (19,29). We have also reported the
polymerization of phenylacetylene by MoCl5/2-propyn-1-ol homologues (30,31)
and Mo(OEt)5-EtAlCl2 catalyst system (32).

Group IV metallocene catalysts, such as Cp2TiCl2, Cp2ZrCl2, and Cp2HfCl2/
RxAlCl3-x have been applied for the polymerization of acetylene derivatives (33).
To our knowledge, there have been no reports on the studies for the polymeriza-
tion of acetylene derivatives using bis(cyclopentadienyl)molybdenum dichloride
(Cp2MoCl2)-based metallocene catalysts. In our previous communication, we
reported the attempted polymerization of phenylacetylene by Cp2MoCl2-organo-
aluminium compound-based catalyst (34). 

The present article reports the full accounts on the catalytic activity of
Cp2MoCl2-based catalyst for the polymerization of phenylacetylene and the char-
acterization of the resulting poly(phenylacetylene).
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EXPERIMENTAL

Instrumentation

Nuclear magnetic resonance (NMR) (1H- and 13C-) spectra were recorded on
a Bruker AM-200 spectrometer in CDCl3, and chemical shifts are reported in ppm
units with tetramethylsilane as an internal standard. Infrared (IR) spectra were
obtained with a Bruker EQUINOX 55 spectrometer using a KBr pellet. Elemental
analyses were performed with Perkin-Elmer 240DS Elemental Analyzer. The mol-
ecular weights of polymers were determined in tetrahydrofuran (THF) solvent
with a Waters GPC-150C calibrated with polystyrene standards. Ultraviolet (UV)-
visible spectra were taken on a JASCO V-530 spectrophotometer in THF solvent.
Thermogravimetry (TGA) was performed under a nitrogen atmosphere at a heat-
ing rate of 10oC/min up to 700oC with a DuPont 2200 thermogravimetric analyzer.
DSC thermograms were taken on a DuPont 910 differential scanning calorimeter
under nitrogen atmosphere at a scanning rate of 10oC/min.

Materials

Bis(cyclopentadienyl)molybdenum dichloride (Cp2MoCl2, Aldrich Chem-
icals. 98%) was used as received. Organoaluminium compounds such as Et3Al,
Et2AlCl, EtAlCl2 (Aldrich Chemicals. 25 wt% solution in toluene) were also used
without further purification. Phenylacetylene (PA, Aldrich Chemicals. 98%) was
dried with calcium hydride and fractionally distilled. Ph4Sn (Aldrich Chemicals,
97%) was purified by recrystallizing twice from carbon tetrachloride. Me4Sn
(Aldrich Chemicals, 95%) was dried with calcium hydride and distilled. The ana-
lytical grade solvents were dried with an appropriate drying agent and fractionally
distilled.

Polymerization of Phenylacetylene by Cp2MoCl2-EtAlCl2 Catalyst System

Cp2MoCl2 (0.029 g, 0.098 mmol) and chlorobenzene (0.69 mL, [M]0 ) are
introduced to the polymerization ampule, flushed with dry nitrogen, and then
equipped with rubber septum. This catalyst solution was aged at 30oC for 15 min
after the addition of EtAlCl2 (1.224 mL 0.4M chlorobenzene solution, 0.49 mmol)
to the solution. To this solution, 0.5 g (4.90 mmol) of PA is injected. After stand-
ing at 80oC for 24 h, the polymerization was stopped by adding a small amount of
methanol. The resulting polymer was dissolved in chloroform, followed by precip-
itation with excess methanol. The precipitated polymers were filtered from the
solution and dried to constant a weight under vacuum at 40oC for 24 h. The poly-
mer yield was calculated by gravimetry. 
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RESULTS AND DISCUSSION

The polymerization of PA by MoCl5 and Cp2MoCl2-based catalyst systems
was carried out under various reaction conditions.

Table 1 shows the general scope for the polymerization of phenylacetylene
by molybdenum-based catalysts. MoCl5 alone, which was very effective catalysts
for the polymerization of some acetylene derivatives carrying heteroatom (24,35)
polymerized PA to give poly(PA) in 21% yield. Cp2MoCl2 itself was tested for this
polymerization of PA; however, it did not give any polymeric product. Cp2MoCl2
itself was mostly insoluble in the polymerization solvents (aromatic hydrocarbons
such as benzene, toluene, and chlorobenzene). The inactivity of Cp2MoCl2 itself
for the polymerization of PA was assumed to be mainly due to the poor solubility
of Cp2MoCl2 catalyst to the polymerization solvent. 

The activation of Cp2MoCl2 catalyst was attempted by the addition of
organoaluminium compounds, as known in the polymerization case of PA by
Cp2HfCl2 (33). The addition of organoaluminium compounds such as Et3Al,
Et2AlCl, and EtAlCl2 to the Cp2MoCl2 chlorobenzene solution made the catalyst

266 GAL ET AL.

Table 1. Polymerization of Phenylacetylene by MoCl5 and Cp2MoCl2-
Based Catalystsa

aThe polymerization was carried out at 80°C for 24 h in chlorbenzene. M:C
and initial monomer concentration ([M]o) were 50 and 2.0M, respectively.
bThe mixture of Cp2MoCl2 and organoaluminium compound was aged for 15
min at 30°C before use.
cMethanol-insoluble polymer acid yield.
dDetermined by GPC analysis with polystyrene standards.
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solution into dark-purple suspension phase. The catalyst system composed of
Cp2MoCl2 and EtAlCl2 increased the polymer yield from 0% to 87%. Et2AlCl and
Et3Al also showed some cocatalytic activities for the polymerization of PA by
Cp2MoCl2, although the polymer yields were lower than that when EtAlCl2 was
used as cocatalyst. However, organotin compounds, such as Ph4Sn and Me4Sn, did
not show any cocatalytic activity for this polymerization by Cp2MoCl2. The rea-
son was assumed to be due to the insufficient activation of Cp2MoCl2 by organ-
otin compounds. EtAlCl2 itself was tested for the polymerization of PA in order to
check the possibility of cationic polymerization of PA with EtAlCl2. However,
only light-yellow oligomeric products were obtained. This fact revealed that the
present polymerization of PA with Cp2MoCl2-EtAlCl2 catalyst system proceed in
classical metathesis polymerization mechanism via metallacyclobutene intermediate.

The effect of monomer to catalyst mole ratio (M:C) for the polymerization
of PA by Cp2MoCl2-EtAlCl2 catalyst sysetm is depicted in Figure 1. The best poly-
merization result was obtained when the M:C is 50. Even in the case of high M:C
value (M:C = 144), the poly(PA) was obtained in 51% yield.

The effect of initial monomer concentration ([M]0) for this polymerization
was tested in the range of 0.5 to 3.0 M. The results are shown in Figure 2. In gen-
eral, the polymer yield increased as the [M]0 increased. However, slightly insolu-
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Figure 1. The effect of monomer to catalyst mole ratio (M/C) for the polymerization of PA by
Cp2MoCl2-EtAlCl2 catalyst system.
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ble products were obtained in the case of high initial monomer concentration
([M]0 = 3.0).

Figure 3 shows the effect of cocatalyst to catalyst mole ratio (the mole ratio
of EtAlCl2 to Cp2MoCl2, cocat:cat) for the polymerization of PA by Cp2MoCl2-
EtAlCl2 catalyst sysetm. The polymer yield was increased up to 3 of the cocat/cat
mole ratio and then, the polymer yields were slightly decreased. The polymer
yield was 69%, even in the case of the cocatalyst/catalyst, mole ratio is 8.

The effect of reaction temperature was also tested in the temperature range
of 20oC to 100oC. As shown in Figure 4, it was found that this polymerization pro-
ceeded well at a wide temperature ranges to give high polymer yield (68–76%).

The polymer yields according to the polymerization time were consecutively
calculated (Fig. 5). This polymerization proceed well within the first 30 min,
accompanying some mild exothermic reaction. As the polymerization time
increased, the polymer yield also slightly increased to 3 h, and then plateaus.

The polymer structure of the resulting poly(PA) was characterized by ele-
mental analyses, NMR (1H- and 13C-), IR, and UV-visible spectroscopies. The ele-
mental analysis data of reprecipitated poly(PA) agreed with the theoretical value:
Calcd.: for (C8H6)n: C, 94.08%; H, 5.92% Found: C, 93.26%; H, 5.62%. 

268 GAL ET AL.

Figure 2. The effect of initial monomer concentration ([M]o) for the polymerization of PA by
Cp2MoCl2-EtAlCl2 catalyst system.
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Figure 3. The effect of EtAlCl2 to Cp2MoCl2 mole ratio for the polymerization of PA by
Cp2MoCl2-EtAlCl2 catalyst system.

Figure 4. The effect of polymerization temperature for the polymerization of PA by Cp2MoCl2-
EtAlCl2 catalyst system.
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Figure 6 shows the proton NMR (1H-NMR) spectrum of poly(PA) prepared
by Cp2MoCl2-EtAlCl2 catalyst system. The broad peak at 6.0 to 8.0 ppm origi-
nated from the protons of aromatic phenyl substituent and the vinyl protons of
conjugated polymer backbone. Moreover, the present NMR spectrum also shows
some distinct and wide resonance peaks at 1.0 to 3.5 ppm, which cannot be seen at
the NMR spectrum of ideal poly(PA). The peak at aliphatic proton regions was
found to be more intense than those of poly(PA)s prepared by MoCl5-
HC≡CCH2OH catalyst system (36). This signals may be due to the a low content
of aliphatic (methyl, ethyl) protons, which arise from the initiation step (migration
insertion of monomer into the metal-alkyl bond).

Figure 7 shows the 13C-NMR spectrum of poly(PA) in CDCl3. The chemical
shift of the carbons on the phenyl substituent was observed at 120 to 132 ppm,
whereas those of the carbons on the conjugated double bond of the polymer back-
bone were observed at 133 to 155 ppm.

Figure 8 shows the IR spectra of poly(PA) prepared by Cp2MoCl2-EtAlCl2
catalyst system. In the IR spectrum of poly(PA), it did not show the acetylenic
C≡C bond stretching frequency and the acetylenic ≡C-H stretching frequency.
Instead, the C=C stretching frequency peak of conjugated polymer backbone at
1598 cm-1 became more intense than those of PA. It shows the aromatic =C-H
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Figure 5. The effect of the polymerization time for the polymerization of PA by Cp2MoCl2-
EtAlCl2 catalyst system.
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stretching frequencies of phenyl substituents at 3021 and 3055 cm-1. And, it also
shows the aliphatic C-H stretching frequencies at 2937 and 2963 cm-1, which the
presence of aliphatic moiety was confirmed by 1H-NMR spectroscopy. The
absorption frequencies at 757 and 698 cm-1 are due the C-H out-of-plane defor-
mation of monosubstituted benzene. 

The UV-visible spectrum of poly(PA) prepared by Cp2MoCl2-EtAlCl2 cata-
lyst system also showed a characteristic peak of conjugated polymer, a wide broad
π→π* absorption up to 500 nm.

These spectral data indicate that the resulting poly(PA) have a conjugated
polymer backbone system carrying pendant phenyl substituenets.

The resulting poly(PA)s were generally light-brown powders. The solubility
test was performed for powdery samples in excess solvent. The poly(PA)s were
completely soluble in THF, chloroform, benzene, chlorobenzene, and but insolu-
ble in methanol, ethyl ether, and n-hexane. The number average molecular weights
(Mn) and the polydispersities (Mw/Mn) of the resulting poly(PA)s were in the range
of 2960-4280 and 1.72-2.48, respectively, depending on the polymerization condi-
tions.

The TGA thermogram (Fig. 9) of poly(PA) was also measured under nitro-
gen atmosphere. This thermogram shows an abrupt weight loss after 340oC, which
is originated from the thermal decomposition and the crosslinking of the present
polymer system. The slight weight loss at low temperature (200oC) is due to the
absorbed moisture and/or organic residues in the polymer (37). The poly(PA)
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Figure 6. 1H-NMR spectrum of poly(PA) prepared by Cp2MoCl2-EtAlCl2 catalyst system.
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retains 97.5% of its original weight at 200oC, 96.5% at 300oC, 90.0% at 382oC,
80.0 at 421oC, 50.0% at 57oC, and 29.0% at 690oC. 

Figure 10 shows the DSC thermogram of poly(PA) prepared by Cp2MoCl2-
EtAlCl2 catalyst system. This polymer did not show the characteristic glass-transi-
tion temperature (Tg) peak as like with those of other similar conjugated polymers
(38, 39). The exothermic peak starting at about 210.5oC and 238.3oC is due to the
conformational isomerization of the polymer system (40, 41).

272 GAL ET AL.

Figure 7. 13C-NMR spectrum of poly(PA) prepared by Cp2MoCl2-EtAlCl2 catalyst system.
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CONCLUSION

The present article summarized the polymerization behaviors of PA with
new metallocene-based catalyst, Cp2MoCl2-organoaluminium compounds. This
catalyst system was found to be very effective for the polymerization of PA. The
addition of organoaluminium compounds made the insoluble Cp2MoCl2 catalyst
into an activated suspension catalyst solution. The chemical structure of resulting
poly(PA) was characterized by various instrumental methods to have conjugated
polymer backbone system having phenyl substituents. Cp2MoCl2-organoalu-
minium compound catalyst may be applied to the polymerization of other func-
tional acetylene derivatives.
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