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Abstract In this study, we present a method to synthesize styrene-butadiene copolymer, using anionic polymerization in a
co-rotating closely intermeshing twin-screw extruder. The weight content of polybutadiene in these copolymers was above
50% although in the past studies it had been possible to accomplish levels higher than 30%. "H-NMR and GPC show that the
molecular structure of the two polymers is different due to different feeding method. In terms of the structure of the
polymerized products, the mechanism of polymerization in the bulk polymerization is discussed. TEM and DMA show that
two phases in the block copolymer are completely incompatible, leading to sharp phase separation, while the case is
complicated in the copolymer through the mixture feeding. Traditionally, styrene-butadiene rubber is mainly synthesized by
solution polymerization. Reactive extrusion in this paper provides a possibility to synthesize these products in an
environmentally friendly way.
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INTRODUCTION

The thermoplastic elastomer made from styrene (St) and dienes, such as SBS and SIS, used to be synthesized by
solution anionic polymerization, which was easy to cause the energy consumption and pollution. On the other
hand, the extruders usually are used for polymer processing and modification. Recently, however, their
application as reactors of polymerization drew wide attention. Up to now, a vast array of experimental data about
the polymer synthesis using a twin screw extruder as a reactor has been published. Since the rotation of the
screws ensures good mixing and heat transfer in spite of the high viscosity of the melt, the synthesis and
modification of polymers can take place simultaneously, which leads to final products directly. In addition, as a
kind of bulk polymerization, reactive extrusion doesn’t need any solvent. Therefore, it means that the energy
consumption and pollution would be avoided. However, the course of the reactive extrusion has been a matter of
study for decades and the measurement and control of the polymerization process are very challenging due to the
complexity of physical mechanisms and polymerization kinetics.

Stuber!! and co-workers used a co-rotating intermeshing twin screw extruder with diameter of 34 mm to
study the free radical polymerization of methyl methacrylate. They developed a model to forecast the
polydispersity of the polymer and the extrusion efficiency through the resident time distribution and the
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molecular weight of the product.

The temperature in the extruder is required to be sufficiently high in order to make the polymerized reactant
flowing during the reactive extrusion. At the same time, the residence time needed for the reaction is extremely
short (about a few minutes). Therefore, the living polymerization, especially the anionic polymerization, is more
suitable for the reactive extrusion of the polymerization. Furthermore, the extruder is a closed system away from
H,0 and O,, which is beneficial for the anionic polymerization.

Based on the above reasons, Michaeli'®! successfully synthesized polystyrene (PS) using a co-rotation twin
screw extruder with diameter of 30 mm and reactor R/D of 29 using s-butyllithium as the initiator. The reaction
temperature was 50 °C to 230 °C from zone 1 to zone 6 and the conversion was almost 100%. Then, Michaeli
and co-workers™®! provided a new processing method to complete the synthesis of PS and its copolymers using
s-butylithium as the initiator. They found that the active center stayed “living” under high temperature and the
temperature in the polymerization zone had a decisive influence on the product quality during sequential
copolymerization.

Our lab™ " has conducted researches on anionic bulk polymerization of St and dienes with reactive
extrusion for over ten years and focused at the mechanism and kinetics of the polymerization and the textural
structure and analysis methods of the products. Gao et al.!* carried out the anionic polymerization of St and
butadiene (Bd) using n-butyllithium as the initiator. They studied the polymerization mechanism and proposed a
“bubble theory”. According to this theory, when monomers of St and Bd are pumped into the extruder, all the Bd
gasified and only the St could be polymerized and form the polystyryl reactive species. The Bd did not
participate into copolymerization until the viscosity of reactant was large enough to wrap Bd gas. Therefore, a
novel St-b-Bd multi-block copolymer was synthesized. Yuan ez al."" ' and Shan ez al."* got some St-isoprene
copolymers by reactive extrusion in which the weight content of isoprene was up over 50%.

In this work, two kinds of St-Bd copolymers are synthesized using a intermeshing co-rotating twin-screw
extruder with reactor L/D of 56, diameter of 36 mm and »-butyllithium as the initiator through the addition of a
special polarity regulator and strictly controlling the screw speed and the temperature of every zone. GPC,
'H-NMR, DMA, DSC and TEM are used to analyze the molecular structure and the micromorphology of the
products. The aim of this research is at establishing a new method to synthesize the St-Bd copolymers with
different structures and properties without need of any solvent.

EXPERIMENTAL

Materials

The St used in the polymerization was polymerization grade provided by the Sinopec Shanghai Petrochemical
Company Limited with tertiary butylcatechol as polymerization inhibitor. Bd, a commercial sample, was
supplied by YueYang Petroleum-Chemical Co., Ltd.. The inhibitors in the St and the Bd were removed
respectively by distillation for the former and by adsorption of Al,O; for the latter. The moisture in the
monomers was removed through adsorption of molecular sieve and the water content should be less than
0.01%o. The initiator provided by J&K Chemical was diluted to 0.08 mol/L using cyclohexane. The monomers
and the initiators were all stored in tanks away from light. The storage and the processing of the polymerization
were always in a dry argon atmosphere. Tetrahydrofuran (THF) provided by J&K Chemical was distilled to
remove the moisture.

Synthesis of S/B Copolymer

The rapid polymerization of St and Bd was carried out in a co-rotating intermeshing twin-screw extruder
containing 13 zones, shown in Fig. 1. At first, the extruder was heated to set temperatures of the various zones
and cleaned with dry argon to remove moisture in the extruder before polymerization. The screw speed was
100 r/min. During the synthesis of SBR1, pump 1 was used to feed the initiator with THF (nye/np.; = 3) as
regulator into zone 1 of the extruder and the S/B monomer mixture (mg/mp = 38/62) was added into the same
zone by pump 2. The feeding rate of monomer and the initiator is 40 g/min and 5 mL/min. However, PS could be
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prepared as SBR1 only by replacing S/B monomer mixture with St. While SBR2 was synthesizing, pumps 1, 2
and 3 were used to feed the initiator, St and Bd respectively into zone 1, 1 and 4 of the extruder. The feeding
speed of St, Bd and the initiator was 15.2 g/min, 24.8 g/min and 5 mL/min, respectively. The temperature of
extruder was set as Table 1",

Fig. 1 Process for reactive extrusion of St-Bd copolymers

Table 1. Temperature setting for extruders
Barrel 1 2 3 4 5 6 7 8 9 10 11 12 13
Tspr1 (°C) 30 40 50 60 80 90 100 100 140 150 150 180 180
Tsgra (°C) 100 140 80 30 40 50 70 90 100 140 150 150 180
Tps (°C) 100 140 180 180 180 180 180 180 180 180 180 180 180

"H Nuclear Magnetic Resonance (‘H-NMR) Analysis
The microstructure of the polymer was analyzed with '"H-NMR using a DRX-500 spectrometer with
tetramethylsilane as the internal standard. All the samples were dissolved in deuterated chloroform.

Gel Permeation Chromatography (GPC) Analysis

The molecule weight and molecule weight distribution were characterized with Waters Model 244 GPC
spectrometer connected with Wyatt Technology DAWN EOS small-angle light scattering detector using THF as
the solvent. In order to analysize the structure of the polymer chain, complete degradation of the samples was
conducted using OsO, under the catalysis of H,O, before measurements!'¥. After degradation, all double bonds
were cut off, therefore the left polymer should be PS blocks in the copolymer.

Dynamic Mechanical Analysis

The dynamic mechanical data were recorded with Netzsch DMA242 rheometric mechanical spectrometer. The
samples, with a size of 10.0 mm % 30.0 mm X% 4.0 mm, were analyzed at the heating rate of 2 K/min from
—100 °C to 150 °C using the oscillation frequency of 1 rad/s.

Transmission Electron Microscope Observation
Joel JEM-1400TEM was used for the observation of the micromorphology of samples. In order to distinguish the
PS domain region and the polybutadiene (PB) domain region, the sample film was stained with OsO4 for 35 min.

RESULTS AND DISCUSSION

Microstructure of the Polymer Chain

"H-NMR spectra of the two polymers, SBR1 and SBR2, are shown in Fig. 2, whose computing method and data
are listed in Table 2 and Table 3, respectively. The absorption peaks at 5= 6.35—7.25 belong to 'H at ortho, meta
and para position of the benzene ring of the St in the polymers. The absorption peaks at 6 = 4.75-5.05 and 6=
5.05-5.45 belong to 'H at 1,2-structure and = 5.45-5.75 belong to 'H at 1,4-structure. As shown in Table 3, the
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mass fractions of the Bd in the two polymers can be calculated according to Table 2, being 61% in SBR1 and
59% in SBR2, respectively. Although the mass fraction of the monomers in the two kinds of polymers is almost
equal, their structures are quite different as shown by 'H-NMR spectra. In SBR2, the absorption peak at 6.55
belonging to the ortho proton of St is clearly presented, which means PS is the homopolymer or the block
polymer in the co-polymer. However, this absorption peak almost don't appear in SBR1, which means there
hardly exists the continuous St links. Furthermore, because of the influence of the complicated chemical
environment of the alternated units of St and Bd, the chemical shift of the 'H in Bd drifted and the peaks of
1,2-structure and 1,4-structure merged each other. On the other hand, the absorption peaks of St unit and Bd unit
in the SBR2 are almost the same as those in PS and PB, which means there hardly exists the alternated unit of
two monomers in SBR2. The addition of THF also changed the insert structure of Bd and the proportion of
1,2-Bd became larger!'> !9,

SBR1

| SBR2

8.0 75 10 65 60 55 50 45 4.0
o

Fig. 2 '"H-NMR spectra of SBR1 and SBR2

Table 2. Chemical shift of 'H and the computing method of structural contents

Chemical shift Peak area belongingness Computing method
6.35-7.25 A S 208x4
351, t
‘ 27 x A, +54x 4, +20.8x 4,
4.75-5.05 4, 1 2.Bd 27x 4,
5.45-5.75 As ’ 27 x A, +54x A4, +20.8%x 4,
27x A,
5.05-5.45 Ay 1,4-Bd

27 x A, +54x 4, +20.8x 4,
27 x A, +54% 4,
27 x A, +54x 4, +20.8x 4,

4.75-5.75 Ayt Azt Ay Bd

Table 3. Structural contents of SBR1 and SBR2

Sample b-St 7St St (%) Bd (%) 1,2-Bd (%) 1,4-Bd (%)
SBR1 7 32 39 61 16 45
SBR2 40 1 41 59 7 52

The structure of the two polymers was quite different only for that two different kinds of feeding sequence
were used. However, according to the analysis of '"H-NMR results above-mentioned, it is clear that the reactivity
ratios of St and Bd approached equal during the polymerization of the SBR1. Furthermore, it means that the
homo-polymerization of St had almost completed before the polystyryl radicals reacting with Bd according to
the feeding sequence in SBR2.
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In order to analyze the structure of the chain links of the two polymers, GPC was adopted to measure the
polymer samples before and after degradation. The designed number average molecular weight of the polymers
was 10° and the actual molecular weight of both polymers before degradation corresponded with this designed
value (Table 4). However, the molecular weight distribution and chain links of SBR1 and SBR2 were quite
different after degradation, as shown in their GPC curves (Fig. 3) and the weight percentage of different
molecular weight of PS chains (Table 5). During the degradation of SBR-1, polymer with 1,2-butadiene could
not be cut off because the double bond was not in the backbone which led to the increase of M, of PS. Even so,
the PS oligomer with low molecular weight was the significant proportion of PS chains in the SBR1, while this
case did not exist in SBR2, in which PS blocks with the molecular weight of 0.8—8 x 10* occupied the significant
proportion. The results are consistent with the 'H-NMR analyses given above.

1 1 1 1 1 1 1 ! 1 ! L 1 I 1

18 22 26 30 34 38 42 18 20 22 24 26 28 30 32 34
Elution time (min) Elution time (min)

Fig. 3 GPC profiles of SBR1 and SBR2 (a: SBR1 before degradation, b: SBR1 after degradation, c: SBR2
before degradation and d: SBR2 after degradation)

Table 4. GPC data for SBR1 and SBR2

Sample . SBR1 . . SBR2 .
Before degradation After degradation Before degradation After degradation
M, 1.13 x 10° 4.13 x 10* 1.02 x 10° 232 % 10°
MWD 1.35 1.85 1.59 1.56

Table 5. Data of the integral curves of molecular weight of SBR1 and SBR2 after degradation
Weight percentage of different molecular weight of PS chains

Sample Below 2 x 10° 2% 10°-8 x 10° 8% 10°-2 x 10° 2 x 10°-8 x 10*
SBRI1 25.1% 703% 2.8% 0.4%
SBR2 1.0% 1.7% 17.0% 78.6%

Micromorphology of the Polymers

TEM images of SBR1 and SBR2 are shown in Fig. 4. In TEM images, PS and PB domains appear as white and
black regions, respectively, because of the double bond left in PB being dyed by osmium tetroxide. In spite of
the similar chemical composition, the morphology of SBR1 appears to be significantly different with that of
SBR2. In the morphology of SBR1, PS domains also existed which meant that there were PS blocks in the
copolymer. However, the percentage of PS domain was much smaller in SBR1 than in SBR2 which meant that
there were St units existing in the PB phase. On the other hand, in the morphology of SBR2, black PB and white
PS regions had sharp and clear interface between the two phases, and PB was the continuous phase PS was the
discrete phase, embedding in PB phase. Therefore, the morphology of SBR1 and SBR2 as indicated by TEM is
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consistent with the results shown above by 'H-NMR and GPC analyses. These further indicate that the structure
of the polymer chain plays an important role in the morphology formation. However, it is worth to note when
SBR1 was synthesized through the mixture feeding of St and Bd, even THF was added into the reaction system,
block structure, either PS blocks or PB blocks with a certain scale still formed, which clearly indicates that the

anionic polymerization by the reactive extrusion is quite different to that by traditional solution polymerization
[17]

because of some dynamic factors

Fig. 4 TEM images of SBR1 and SBR2

The glass transiton temperatures (7,) of SBR1 and SBR2 can be clearly observed from their DMA curves,
as shown in Fig. 5 and Fig. 6. Comparing with normal PS and PB, T,s of PB blocks and PS blocks are close to
each other, that is, 7, of PB blocks increases by about 70 K, in contrast, 7, of PS blocks decreases by about
50 K. According to the Fox equation for a random copolymer, the compatibility of the two phases is greatly
improved. The reason is that in SBR1, there are many St units embedding in PB phases, vice versal'® 2",
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Fig. 5 Loss modulus versus temperature curves Fig. 6 Loss factor versus temperature curves of
of SBR1 and SBR2 SBR1 and SBR2

According to the traditional theory, when average molecular weight () of the polymer increases up to a
certain value, its 7, will be equal to 7,” (the T, while the M, of the polymer being infinitely great), that is, the
effect of M, on T, can be ignored. The certain value of M, of the PS block is higher than 8000. When the two
kinds of blocks in the St-Bd random polymer are shorter, 7,s of the two parts will both reduce!*'. Therefore, it is
quite natural that the 7, of PS blocks in SBR1 is much lower than 105 °C, the T, of homo PS, because the M, of
the PS phase over 80 wt% in SBR1 is lower than 8000, as shown in Table 5 and Fig. 6. Furthermore, the T, of
PB phase is greatly higher than that of normal PB homo-polymers, though some weak signals can be seen at
about —68 °C, as shown in Fig. 5 and Fig. 6. This means there are many St units existing in PB links. This is in
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keeping with Fox equation (1), in which Ws and Wp are the mass fraction of St and Bd in the copolymer and Tys
and T are the Tys of PS and PB, respectively. In contrast, the T,s of the PS block and PB block in SBR2 is as
high as those of each homopolymers*>* (at about —68 °Cand 120 °C in Fig. 6), as shown in Fig. 5 and Fig. 6,
which means that in SBR2, there hardly exist monomer units of another kind in any homopolymer blocks.

RIUANA 0

According to the thermodynamics, the phase separation depends on the disparity between the solubility
parameters of the two kinds of polymers, PS and PB, being 8.7-9.1 and 8.1-8.6. Though the disparity between
the solubility parameters of PS and PB is not great, the phase separation of SBR2 appears so sharp, as shown in
Fig. 6. However, the phase separation of SBR2 is still controlled to a certain extent, so as to form the micro-
phase separation with nanometer scale, as shown in Fig. 4(b), because the two blocks are linked through
chemical bond. This kind of micro-phase separation cannot form in the blend of two polymers for lack of links
between two polymers. In contrast, the bond of St-Bd is so many that the interface between two polymers is too
wider in the SBR1. Therefore, if the polymer is an entirely random polymer, the width will be infinite and there
will be only one phase in the polymer'®”),

Conversion
The sample collected after the extruding process were stable and the conversion « of St and Bd was calculated
using the formula:

P =%x100% )

where a is the weight of the St/Bd in the sample obtained in 10 min and b is the weight of the St/Bd pumped in
the extruder. In SBR1 the conversion of St and Bd was 98.9% and 94.8%, respectively. While in SBR2, the
conversion was 99.2% and 87.5%. The boiling point of Bd is —4.5 °C and part of Bd would gasify when
pumped into the extruder. The conversion of Bd was lower than St because the reaction between liquid and gas
was slow.

CONCLUSIONS

Styrene-butadiene rubbers with different molecular weight, molecular weight distribution, structure of link and
completely different aggregation structure can be polymerized by anionic polymerization using reactive
extrusion through the controlling of feeding method and parameters. The new production mode has paved the
way for the industrialization path of energy conservation and environmental protection.

Using once feeding method with THF as the polarity regulator, the copolymer had short St and Bd blocks
embedding in the opposite matrix and formed a two-phase elastomer. Using twice feeding method, the polymer
similar to the solution polymerization product with clear phase separation was obtained. The nanoscale
microphase separation was formed because of the chemical bonds between the two phases.
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