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Some bimodal molecular weight distributed polystyrene samples were produced
through blending the products of the free radical polymerization processes of
the two parallel reactors. The two types of prepared low molecular weight poly-

styrenes (Mn = 40000 and Mn = 79000) at 5, 10, 15, and 20 %wt were blended with
high molecular weight polystyrene (Mn = 211000), respectively. The physical and
mechanical properties of these polymer blends were investigated by measuring the
amount and molecular weight effects of the low molecular weight fractions on the final
molecular weight distribution (MWD) and melt flow index (MFI) of the polystyrene
blended samples. The results showed that the final MWD and MFI were significantly
affected by the number average molecular weight and weight ratio of the low molecu-
lar weight fractions in the polystyrene blends. Furthermore, dynamic mechanical
analysis (DMA) properties were determined experimentally. It was observed from DMA
results that glass transition temperature (Tg) shows positive deviation at the low
molecular weight fraction of 5 %wt in the polystyrene blends.  

INTRODUCTION

There are numerous commercial
polyolefin resins which have been
tailored specifically for certain
product applications and polymer
processing operations. Various
grades of resins that have been
manufactured around the world are
commonly classified by their chem-
ical composition, density, and melt
index to identify their end-use

application and processing opera-
tion [1]. It is well known that the
shape of the molecular weight dis-
tribution curves of polymer resins
has a great influence on their final
properties [1-6]. 

Methods of improving the
processability of styrenic resins
include: (a) adding a plasticizing
compound such as mineral oil; (b)

polystyrene; 
molecular weight; 
bimodal molecular weight
distribution; 
melt flow index; 
glass transition temperature. 
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lowering the average molecular weight of the resin; or
(c) broadening the molecular weight distribution
(MWD) of the resin in order to increase the amount of
lower molecular weight fraction and decrease the num-
ber average molecular weight of resin which improves
the melt flow rates [9]. Most of the plasticizers, while
improving the melt flow characteristics of a thermoplas-
tic resin, rapidly lower its Vicat distortion temperature.
This may cause die dripping, fogging, and smoking dur-
ing processing. By lowering the average molecular
weight of the resin, a noticeable reduction is noticed in
the strength of the final product. Broadening the MWD
of the resin is usually accompanied by problems like die
swelling which occurs during processing as well as loss
of strength and lowering heat distortion temperature of
articles formed [7,9].

To overcome these problems, a balance in properties
can be achieved by blending of polymers. Particularly,
polymer resins having bimodal molecular weight distri-
bution (BMWD) favour certain special applications, as
they may present enhanced mechanical and flow proper-
ties. It is believed that the low molecular weight (LMW)
fraction enhances the flow properties while the high
molecular weight (HMW) fraction impairs melt strength
and provides good mechanical properties. 

Different techniques have been proposed to produce
various polymer materials possessing BMWD [2,3].
These techniques can be summarized as: stepwise poly-
merization in tandem reactor, polymerization using
mixture of different catalysts, and polymerization with
sudden changes of reaction conditions (especially the
concentration of chain transfer agent). Since poly-
styrene is widely used in many industries all around the
world, synthesis of bimodal molecular weight distrib-
uted polystyrene (BMWDPS) is the subject of much
research [8-15]. 

For amorphous polymers, Tg constitutes their most
important mechanical property. In fact, upon synthesis
of a new polymer, Tg is one of the first properties which
is measured [16].The Tg behaviours of molten and solu-
tion polystyrene blends are investigated in literature
[17-19]. These behaviours are often examined on ideal-
ized systems, e.g., monodisperse polymers and their
binary blends. The objective of the present paper is to
evaluate MWD, MFI, and dynamic mechanical proper-
ties of broad polydisperse polymers in a wide-range of

distribution that are typically encountered in industrial
practices. Also authors have studied further the effect of
blend ratio and molecular weight (MW) of LMW poly-
styrene on MWD, MFI, and Tg in polystyrene blends.

In spite of the efforts made in developing techniques
for producing polymer materials with BMWDs, no
research has been found in literature about the relation-
ships of MWD, processability, and dynamic mechanical
properties of polystyrene. Polystyrene samples having
suitable BMWD provide good processability without
the addition of different processing-aid materials such as
mineral oil. A deeper and basic understanding of
BMWD polymers helps the processing engineers to
improve the existing polymers and design new products
readily. 

In this work, our study was initiated to understand
the MWD-processability relationship of polystyrene.
BMWDPS was produced through blending of the prod-
ucts of the free radical polymerization of the two paral-
lel reactors. HMW Polystyrene was produced by self-
thermal initiation of styrene and LMW polystyrene was
produced by a chemical initiator. The effect of the
molecular weight averages of LMW polystyrene on
final MWD was found. Also, the effects of the molecu-
lar weight averages and weight ratio of two fractions
were investigated on the processability of the samples.
To determine the flowability of different polystyrene
samples MFI test was used. Furthermore, the dynamic
mechanical behaviours of BMWDPS samples in the Tg

range were studied. 

EXPERIMENTAL

Materials
Commercial styrene monomer produced by Tabriz
Petrochemical Complex (Tabriz, Iran) was used in the
experiments. The monomer was washed with equal vol-
umes of a NaOH solution 10 %wt in water to remove the
inhibitor (ter-butylcatechol). Then it was washed three
times with equal volumes of distilled water to remove
traces of NaOH and water-soluble impurities.
Commercial toluene and methanol were used as solvent
and anti-solvent, respectively. 2,2-Azobisisobutyronitrile
(AIBN) purchased from Fluka was used as initiator with-
out further purification.
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Instruments
An Agilent 1100 liquid-chromatography system
equipped with a refractive index detector was used to
determine the average molecular weight of samples and
their MWD. The GPC was fitted with three 10 m
PLgel columns with pore sizes of 103, 104, and 105 Å.
Tetrahydrofuran was used as an eluent at a flow rate of
1 mL/min at 30°C. The molecular weight of the poly-
mers was determined by the calibration curves obtained
from polystyrene standard samples.

A 4100 Zwick plastometer instrument was used to
measure the MFIs of the samples which were deter-
mined according to ASTM D1238 under 200°C/5 kg
condition.

The dynamic mechanical properties of polymer
samples were measured by a DMA of Polymer
Laboratories (UK). The samples were melt-pressed at
200°C into thin sheets and quenched to room tempera-
ture in a water bath. The sheets were then cut into rec-
tangular specimens (25 ×10 × 0.25 mm). Storage mod-
uli (E') and damping factor (tan| ) were measured in
the bending mode. Dynamic temperature sweeps were
carried out over a temperature range of 0 to 180°C, at a
scanning rate of 5°C/min, and a frequency of 1 Hz.

Bulk Polymerization
Polymerization was performed in a 1L volumetric flask
equipped with a condenser. Charged reactor was purged
with gentle nitrogen stream in 10 min, and then the reac-
tor was isolated to prevent the reaction contact with oxy-
gen. Polymerization conditions are tabulated in Table 1.
HMW Polystyrene was produced by self-thermal initiat-
ed polymerization reaction. For LMW polystyrene, ini-
tiator was dissolved in a measured amount of styrene to
achieve the desired initiator concentration. The reaction
was stopped by the addition of toluene, twice the weight
of initial monomer. Then, the reactor product was dilut-
ed by toluene and the polymer was precipitated by addi-
tion of an excess amount of methanol and dried in an

oven at 60°C to reach a constant weight. 

Blending
The bimodal molecular weight distributed samples were
made by solution blending of the fractions of low and
high molecular weight polystyrenes. These low and high
molecular weight polystyrene components were dis-
solved in toluene at room temperature. After 2 h of stir-
ring, the polystyrene was precipitated from solution by
methanol. The obtained polystyrene was dried in an
oven at 60°C to reach a constant weight.

RESULTS AND DISCUSSION

Molecular weight data are given in Table 1. In order to
study the effect of LMW polystyrene content on final
MWD of the blend, 8 different samples were prepared
by blending 5, 10, 15, and 20 %wt of LMW poly-
styrenes (L1 and L2) with HMW polystyrene (H),
respectively. Samples codes are listed in Table 2.

In Figures 1 and 2, the MWDs determined by GPC
method are presented. In Figure 1, the effect of the
amounts of L1 as LMW is shown. By increasing the
weight fraction of L1, the shape of the MWD curve of

δ

μ

Table1. Polymerization conditions and polymers characterizations. 

Polymer Temperature
( ºC)

Time
( min)

AIBN
(%wt)

Conversion
(%)

Mn

(g/mol)
Mw

(g/mol)
PDI Tg

(ºC)

H(HMW) 130 120 - 30 211,000 395,000 1.87 106.40
L1(LMW) 80 180 0.1 25.4 79,000 128,000 1.61 97.85
L2(LMW) 90 90 0.2 32.5 40,000 74,000 1.83 96.80

Figure 1. The effect of  LMW(L1) polystyrene amounts on MWD
profiles: (a)H, b) HL1-5, (c) HL1-10, (d) HL1-15 and (e) HL1-20.
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the blend becomes broader. The shape of the MWD
curves of final samples is more influenced by decreas-
ing the molecular weight averages of LMW poly-
styrenes. 

As it is observed in Figure 2, the addition of 20 %wt
of L2 to the blend causes the MWD curve to show a
bimodal characteristic. Therefore, by decreasing the
molecular weight and increasing the amount of LMW
fraction in the blend, a BMWD polymer (with two dis-
tinct peaks) can be produced. 

The melt viscosity determines the processability of a
polymer under a given set of conditions. Detailed
knowledge of the melt viscosity as a function of impor-
tant variables is very useful in designing the new poly-
mers [4]. The simplest and most frequently used method
for evaluation of the melt flow behaviour is the determi-

nation of MFI [20]. To study the effect of the foregoing
parameters on processability of the final polymer, MFIs
of blended samples were compared with that of pure
HMW polystyrene (0 %wt LMW). The results are
shown in Figure 3. Series HL1 and HL2 relate to the
blends of H with L1 and L2 at 4 different weight ratios,
respectively. 

It is observed that in each series by increasing the
amount of LMW polystyrenes, the MFI increases. As it
is expected, the blends of series HL2 that have lower
molecular weight averages have high effect on MFI. It
is noticeable that in series HL2, 5 %wt of L2 shows
higher effect on MFI than 20 %wt of L1. Therefore,
higher molecular weight differences between HMW and
LMW polystyrenes in bimodal polymer make stronger
effect on MFI.

Figure 2. The effect of LMW(L2) polystyrene amount on MWD
profiles: (a) H, b) HL2-5, (c) HL2-10, (d) HL2-15 and (e) HL2-20. Figure 3. MFI Changes in series HL1 and HL2.

Samples codes H(HMW)
(%wt)

L1(LMW) 
(%wt) 

L2(LMW)
(%wt)

H 100 0 0
H

L1
 s

er
ie

s HL1-5 95 5 0
HL1-10 90 10 0
HL1-15 85 15 0
HL1-20 80 20 0

H
L2

 s
er

ie
s HL2-5 95 0 5

HL2-10 90 0 10
HL2-15 85 0 15
HL2-20 80 0 20

Table 2. Sample characterization.
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Figure 4 shows that for HL1 and HL2 series the stor-
age modulus (E') decreases by increasing temperature.
This behaviour is typical in polymeric materials since
the chain movement and relaxation times of the polymer
are reduced at lower temperatures [21]. As shown in
Figure 4 the behaviour of all specimens are the same,
except HL2-5 that has storage modulus about 10% high-
er than the other samples. Also the deduction of its mod-
ulus curve by increasing temperature is smoother than
the other samples. Figure 5 shows the effect of temper-
ature on the tan|d|responses. For the temperature range
studied, it was found that the tand curve has a single
peak. This is evident by the miscibility of the samples. 

The Tg of the samples increases by increase in the
LMW polystyrene component. After a maximum point
at 5 %wt of LMW polystyrene, Tg is reduced with fur-
ther increase of LMW polystyrene component up to
20 %wt of LMW polystyrene, which it approximately
equals the Tg of pure HMW polymer (H) (Figure 6).

Molecular motion in the bulk state depends on the
presence of holes or vacancies. It means that molecules

cannot move without the presence of the holes. These
holes, collectively, are called free volume [16]. There is
a contraction of the mean free volume cavity size due to
changes in molecular packing that occur on blending.
The result shows that free volume decreases with
increasing of LMW polystyrene component which
increases Tg. LMW Polystyrene is located at the space
of gyration radius of HMW polystyrenes and by filling
the holes, it has a positive effect on the free volume

Figure 4. Effect of temperature on the storage modulus (E') of:
(a) HL1 series and (b) HL2 series.

(a) (a)

(b) (b)

Figure 6. Tg Changes in series  HL1 and HL2.

Figure 5. Effect of temperature on tan of: (a) HL1 series and
(b) HL2 series.

δ
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reduction. On the other hand, a higher content of the
LMW polystyrene causes increasing of free volume
because the number of polymer chain ends increases.
The Tg decreases because this phenomenon competes
with the former one. Due to the lower MW of HL2
series, the free volume can be filled more effectively.
Furthermore, the rate of reduction of Tg by increasing
the number of polymer chain ends is higher for HL2
series than in HL1 series (Figure 6). 

CONCLUSION

The effect of LMW polystyrene components on MWD
and processability of HMW polystyrene were studied.
By decreasing the molecular weight and increasing the
amount of LMW polystyrene in the blend, it is possible
to produce BMWD polystyrenes. The higher molecular
weight differences between the two fractions in bimodal
polymer cause the higher rate of MFI variations. In
other words, in order to increase the MFI of HMW poly-
styrene up to a specified degree, the amount of LMW
polystyrene component decreases by increasing its aver-
age molecular weight. It is observed from DMA result
that glass transition temperature (Tg) has positive devia-
tion in polystyrene blends. This behaviour is interpreted
as a contraction of the mean free volume cavity size due
to changes in molecular packings that occur during
blending process. 
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