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ABSTRACT: Low relative molecular weight trans-1,4-poly-
isoprene oligomers were synthesized successfully by bulk
precipitation and solution polymerization with supported ti-
tanium catalyst using hydrogen as relative molecular weight
modifier. The effects of polymerization conditions on intrin-
sic viscosity ([h]), catalyst efficiency (CE) and structure of
polymer were studied. Increasing the hydrogen pressure
resulted in the decrease of [h] of the polymer. With the
increasing of hydrogen pressure and reaction temperature,
CE decreased but still maintained above 2500 g polymer/g
Ti. The percentage composition of (trans-1, 4-unit) in the
polymer was over 90% in all results. The crystallinity of

polymer was about 50–60% with Tm being about 608C. The
relative molecular weight distribution index (MWD) was
quite difference according to the polymerization method.
While number average molecular weight (Mn) exceeded 860,
polymer turned from viscous materials to fragile wax materi-
als, and then to toughness materials at 1800. Dynamic prop-
erty testing showed that the additional of this oligomer could
increase the wet-skid resistance of the rubber. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 107: 3734–3738, 2008
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INTRODUCTION

With the development of fine chemistry, the applica-
tion of low molecular weight polymer, also called
oligomer, attracted more and more interests.1–3 Low
relative molecular weight polyisoprene rubber was
synthesized mostly by degradation of natural rubber
and solid isoprene rubber or through free radical
and anion polymerizations.4,5 All of these methods
above could not control the molecular structure of
products effectively, only obtained a miscellaneous
structure of cis-1, 4-, trans-1, 4-, 3, 4-, and 1, 2-chain.
The products usually were amorphous, liquid or vis-
cous half-solid under room temperature, so called
liquid rubber. Traditionally, the catalyst system of
coordination polymerization could control the micro-
structure effectively, but it is hard to control relative
molecular weight. Shen and Tang and Yu6,7 synthe-
sized isoprene trimer, which weight yield reached
more than 81% by using complex titanium catalyst
and the structure of these products was isoprene
cyclic trimer. Huang et al. have synthesized high
trans-1, 4- content of polyisoprene (TPI) using sup-
ported titanium catalyst TiCl4/MgCl2-Al (i-Bu)3
through isoprene bulk precipitation polymerization.8

During the polymerization process, molecular weight
of polymer decreased with the increasing of pressure
of hydrogen.9 While the pressure of hydrogen
increased up to a certain value, unsaturated wax
which showed as crystalline solid under room tem-
perature could obtain. The trans-1,4 content of the
polymer reached more than 90%. Because of the
micro-structure and physical property of the prod-
ucts, we called it low relative molecular weight
trans-poly (isoprene) wax (LMTPIW) or oligomers.
The as-synthesized oligomers have double bond
which could vulcanize, and low melting point which
made it an excellent mobility and operability. So it
can be used as graining accessory ingredient during
the rubber processing to avoid dust and pollution.

In this article, the effect of polymerization condi-
tions on molecular weight, catalyst efficiency (CE),
and structure of polymer was discussed. In bulk pre-
cipitation polymerization, MWD of polymer was
wide because of the heterogeneous phase of the po-
lymerization system. For the further study to reduce
the MWD, we chose gasoline as solvent to realize so-
lution polymerization.

EXPERIMENTAL

Materials

Commercially available isoprene (Ip, obtained from
Shanghai Petro-Chemical, the purity was no less

Correspondence to: H. Shao (shaohf0826@msn.com).

Journal of Applied Polymer Science, Vol. 107, 3734–3738 (2008)
VVC 2007 Wiley Periodicals, Inc.



than 99.5%) was dried by molecular sieves and puri-
fied by distillation to remove the inhibitor and water
prior to polymerization. A supported Titanium cata-
lyst (TiCl4/MgCl2) was prepared by our laboratory,
the content of Ti is 1.8 wt %. Triisobutylaluminum
(Al, polymerization grade) was diluted with gasoline
to 2.148 mol L21. Pure hydrogen and antioxidant
2,6-bi-tert-butyl-4-methyl-phenol (BHT) were com-
mercial products.

Polymerization

Bulk precipitation polymerization of Ip in the pres-
ence of the supported Ti catalysts was carried out in
a sealed autoclave, filled with pure N2. A certain
mount of Ip, Al, and Ti was added into the reactor
in sequence. Hydrogen as chain transfer agent was
kept at a given pressure during polymerization. The
polymerization has two stages, the first stage was
low-temperature prepolymerization for 1 h and then
polymerized another 24 h with the desired tempera-
ture. The polymerization was terminated with quan-
titative alcohol, and antioxidant BHT was added in
the reactor afterward at about 1 wt % of the product.
After the unpolymerized monomer was removed,
viscosity or wax polymer was obtained. The
obtained polymer was weighed and calculated CE
which used to express the activity of catalyst accord-
ing to equation 1 below:

CE ¼ weight of obtained polymer ðgÞ=catalyst ðgÞ
(1)

Solution polymerization of Ip was carried out as
above except for the adding of gasoline as solvent.
The concentration of Ip was about 50% (v : v).

Characterization

Gel content of the polymer was measured by gra-
vimetry. The solid product (� 0.1 g) was dissolved
in an excess of toluene (� 15 g) and stirred gently at
408C for 30 h in darkness. The resulting solution was
filtered using a 74 lm stainless steel filter. The unfil-
tered portion was weighed after drying in vacuum
box.

Tm and crystallinity (Xc) were measured and
recorded on a Shimadzu DSC-50 Differential Scan-
ning Calorimeter with a heating rate at 108C min21

(from 20 to 1008C). The calculation of Xc according
to eq. (2):

XO ¼ DH=DH�ð Þ 3 100% (2)

where: DH, melting heat of as-obtained sample, J g21;
DH*, melting heat of absolutely crystallinic TPI
which is 155.5 J g21.10

Microstructure analysis was examined using IR
(Magna-IR Spectrometer, Nitolet) and 13C-NMR
(Mercury Plus 400 Nuclear Magnetic Resonance,
Varian). Mole ratio of microstructure was calculated
according to literature 10 as follow:

Ctrans ¼ 23:1 3 D1152 cm�1 (3)

C3;4 ¼ 0:57 3 D890 cm�1 � 0:56 3 D1152 cm�1 (4)

where: Ctrans and C3,4 represent the content of trans
and 3,4-unit of TPI, and D represent the absorbance.
1152 cm21 and 890 cm22 in IR spectra represent the
characterization peak of trans and 3,4-unit, respec-
tively.

In 13C-NMR, Chemical shift of 23.6 ppm and
16.2 ppm represented the cis-1,4 and trans-1,4 unit
characterization peaks respectively. The calculation
of mole content used the characterization peaks area
method.

Mn was determined by using QX-08 Vapor Pres-
sure Osmometer at 508C using bibenzoyl as standard
sample.

Intrinsic viscosity [h] was determined by Ubbe-
lohde viscosmeter-one point method at a tempera-
ture of 308C using toluene as solvent. [h] and viscos-
ity average molecular weight (Mh) were calculated
as follow12:

½h� ¼ 1:3714ðhsp � lnhrÞ0:5=cðdL g�1Þ (5)

½h� ¼ 7:35 3 10�4M0:697
h (6)

RESULTS AND DISCUSSION

Effects of polymerization conditions on [g] and CE

In the experiment, Al/Ti and Ti/Ip mole ratio affect
the [h] slightly, so they are not the emphasis of our
discussion. A common practice to reduce the aver-
age molecular weight is to introduce a chain-transfer
agent. Hydrogen has been proved to be an effective
agent. 13 The experimental results show that hydro-
gen as a chain-transfer agent can adjust the molecu-
lar weight of TPI effectively. The effects of hydrogen
pressure on [h] of the oligomers are investigated, as
shown in Figure 1.

It can be seen that [h] of the oligomers obviously
decrease with an increase in the H2 pressure both so-
lution and bulk precipitation polymerization. How-
ever, when hydrogen pressure increases to a critical
value, [h] of the oligomers decreases slightly with a
further increase in the H2 pressure. The appropriate
H2 pressure allows it to get oligomers with the
desired molecular weight in the range of [h] equal to
0.2–0.4 for solution polymerization and 0.2–0.6 dL g21
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for bulk precipitation polymerization, respectively.
Compare with solution polymerization, with the
increasing of H2 pressure, the decrease of [h] in bulk
polymerization is intense. It also can be seen from
Figure 1, at the same H2 pressure, the [h] of poly-
mers by solution polymerization is lower than the
one’s by bulk polymerization. This may cause by the
chain-transfer reaction to solvent during solution po-
lymerization. This trend also occurs in the effect of
temperature on the [h] of oligomers, as shown in
Figure 2. However, compare with H2 pressure, the
effect of temperature on [h] is not obvious. With the
increasing of temperature, the [h] is increasing
which differs from the general regulation of coordi-
nation polymerization due to the decreasing of the
solubility of H2 in the reaction system.

Although the increasing of H2 pressure reduces
the [h] of the oligomers, it also lead to a reduction of
CE, which shown in Figure 3. The effect of H2 on

the [h] of oligomers and CE could be explained by
the following reaction mechanism14:

�� P��C�TiþH2 !TiþHþ�� P��C��H

Ti��HþM !Ti��C�

Ti��C� þ nM !Ti��C��� P��
In this polymerization system, H2 can transfer to

Ti��C* active centers as a chain-transfer agent, and
then Ti��H bonds and terminated polymer chains
(��P��C��H) are formed. It is well known that, the
Ti��H bonds are more stable than Ti��C* bonds, so
more energy is needed for the Ti��H bonds to react
with the monomer (M) to form the new Ti��C*
bonds. Once the Ti��C* bonds are formed, they act
as active centers and initiate monomers to propagate
other polymer chains. Therefore, with the reduction
of the [h] of the oligomers, the whole polymerization
rate is also reduced, that is to say, the CE is reduced
but still above 2500 g polymer/g Ti while H2 pres-
sure is about 4 MPa. In bulk polymerization, reaction
time prolong to 72 h, the CE can still maintain at
1.7 3 104 g polymer/g Ti while H2 pressure is
1.6 MPa, and thus the [h] is about 0.45 dL g21.

Figure 1 Effect of H2 pressure on [h] of the polymer
obtained by solution and bulk precipitation polymerization
(n(Ti)/n(Ip)5 8.10-5, n(Al)/n(Ti)5 100, T5208C, t5 24 h).

Figure 2 Effect of temperature on [h] in solution and
bulk precipitation polymerization (n(Ti)/n(Ip) 5 5 3 10-5,
n(Al)/n(Ti) 5 150, H2 5 1.6 MPa, t 5 24 h).

Figure 3 Effect of H2 pressure and Temperature on CE in
solution polymerization (n(Ti)/n(Ip) 5 8 3 10-5, n(Al)/
n(Ti) 5 100, t 5 24 h, H2 5 2.0 MPa, T 5 208C)

TABLE I
Mass Percent and Mn of Fraction

Fraction

Bulk polym Solution polym

Mass
percent, 100% Mn

Mass
percent, 100% Mn

1 13.2 – 9.0 10,000
2 61.0 1809 9.5 2012
3 10.3 1436 17.0 782
4 8.3 1099 15.5 503
5 7.2 859 49.0 362

Polym. Condition: n(Ti)/n(Ip) 5 8 3 1025, n(Al)/n(Ti) 5
100, T 5 208C, PH2 5 4.0 MPa, t 5 24 h.
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Molecular weight and MWD

Table I describes the mass percent and the corre-
sponding number average molecular weight of solu-
tion and bulk polymerization respectively. The
oligomers are classified by gasoline, toluene, and
ethanol according to literature15 because of the dif-
ferent solubility of the different fractions of the
oligomers in the three solvents and the solubility is
determined by the relative molecular weight while
the molecular structure is same.

From Table I, it can be seen that the mass percent
of the fraction which Mn below 1000 is over 80% in
solution polymerization and much more than the
7.2% in bulk polymerization. The value of Mn is
determined by VPO method. After the data of both
polymerizations were arranged and calculated
according to literature, 15 the obtained the MWD
was 2.45 of solution polymerization and 1.1 of bulk
polymerization. All analysis above demonstrates that
solution polymerization could obtain oligomers with
more less molecular weight and bigger MWD than
by bulk polymerization under the same polymeriza-
tion conditions.

Structure analysis

DSC

In TableII, the crystallinity of these fractions was cal-
culated by peak area of the melting point. From Fig-

ure 4 and Table 2, the crystallinity of fraction 2 and
3 is about 59 and 47% respectively and higher than
the crystallinity of TPI. 13 The high melting point
and crystallinity of fraction 2 and 3 are due to the in-
tegrity of crystallization from diluted solution and
the shorter segment which compared with TPI is
easy to arrange and form a crystals. It also can be
seen that the fraction 5 only has a crystallinity of
about 12% with a melting point of about 20.38C.
Because the Mn of fraction 5 is only 860 which imply
that fraction 5 has an average segment long of about
13, the crystallization of fraction 5 may be imperfect
which bring it a low melting point. So, fraction 5 is a
sticky fluid like aromatic oil in appearance. The
appearance of fraction 2 and 3 is wax-like and
higher molecular weight TPI is a kind of hard rub-
ber. 13 According to the relation of morphology and
Mn above, it can be concluded that 860 and 1800 are
the transition point of viscosity to brittleness and
brittleness to toughness, respectively.

FTIR

IR spectra of fractions 1–5 are listed in Figure 5. In
the region between 400 and 1600 cm21, a number of
vibrations can be observed. The bands at 1152 and
890 cm21 represent the trans 1,4-structure and 3,4-
structure of Ip units, respectively.

Figure 4 DSC curves of fraction 2, 3, 5 of bulk polymer-
ization.

TABLE II
Melting Point and Crystallinity of Different Fractions of

Bulk Polymerization by DSC

Fraction Melting point (8C) Crystallinity (%)

2 61.4 59.13
3 58.9 47.16
5 20.3 11.66

Figure 5 IR curves of different fractions of bulk polymer-
ization.

TABLE III
Configuration Structure of Different Fractions of

Bulk Polymerization

Fraction

Mole percent
of 3,4-unit
(by FTIR)

Mole percent
of cis-1,4-unit
(by 13C-NMR)

Mole percent
of trans-1,4-unit
(by 13C-NMR)

1 1.1 – 98.9
2 0.9 4.7 94.4
3 1.0 6.6 92.4
4 1.0 1.1 97.9
5 1.5 8.7 89.8
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The 3,4-structure of the oligomers are summarized
in Table III according to the IR spectra. From Figure
5 and Table 3, it can be seen that only little content
of 3,4-structure and without 1,2-structure. Because
the characterization band of trans-1,4 and cis-1,4 is
very close and hard to distinguish, 13C-NMR is used
to determine the content of the cis- and trans-config-
uration of the oligomers.

13C-NMR

13C-NMR spectra of the oligomers are shown in Fig-
ure 6. The content of the cis- and trans-structure
obtained from 13C-NMR spectra is shown in Table
III. The content of trans-configuration is greater than
90% but lower than previous study13 may due to the
direction ability of active center of this catalyst is
decreasing under the high H2 pressure.

Dynamic property

TPI oligomer can be used in tire formulation as a
substitute for aromatic oil. Table IV lists the formula-
tions. Figure 7 shows the tan d-temperature curves
of different formulations. Generally, the tan d at 08C
can be used as an index to evaluate the wet-skid re-
sistance of the tire. Rubber with higher tan d at 08C
has better wet-skid resistance. From Figure 7, tan d
of formulation 1 is bigger than formulation 2 which
indicate that its wet-skid resistance is better than for-
mulation 2. So, TPI oligomers supplant the aromatic
oil in the tire formulation can increase the wet-skid

resistance obviously. We deduced the compatibility
of TPI oligomers with SBR is better than aromatic oil
because of similar of molecular main chain structure
which bring it better wet-skid resistance.

CONCLUSIONS

In this article, low relative molecular weight high-
trans 1,4-polyisoprene was synthesized with hydro-
gen as an effective molecular weight control agent in
the presence of supported titanium catalysts. The rel-
ative molecular weight and CE were affected greatly
by the polymerization such as H2 pressure etc. Mn

was decreased to about 860 while H2 pressure was
about 4.0 MPa. The percentage composition of (trans-
1, 4-unit) in the polymer was over 90%. DSC showed
the crystallinity of polymer was about 50–60% with
Tm being about 608C. The results of dynamic prop-
erty showed that the additional of this oligomer
could increase the wet-skid resistance of the rubber.
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Figure 6 The 13C-NMR spectra of different fractions of
bulk polymerization.

Figure 7 Tank-temperature curves of different formulation.

TABLE IV
Formulation of the Dynamic Property Experiment (phr)

Formulation 1 2 3

SBR 100 100 80
TPI oligomer 20 0 20
TPI 0 0 20
Aromatic oil 0 20 0
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