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Abstract

The effect of adding diblock copolymer poly(styrebet-vinylpyridine) (P(Sk-4VPy), to immiscible blends of syndiotactic polystyrene
(sPS)/thermoplastic polyurethane (TPU) on the morphology, thermal transition, crystalline structure, and rheological and mechanical
properties of the blends has been investigated. The diblock copolymer was synthesized by sequential anionic copolymerization and was
melt-blended with sPS and TPU. Scanning electron microscopy (SEM) showed that the added block copolymer reduced the domain size of
the dispersed phase in the blends. Differential scanning calorimetry (DSC) and wide-angle X-ray diffraction (WAXD) revealed that the
extent of compatibility between sPS and TPU affected the crystallization of the sPS in the blends. Tensile strength and elongation at break
increased, while the dynamic modulus and complex viscosity decreased with the amounbef\P8} in the blend. The compatibilizing
effect of the diblock copolymer is the result of its location at the interface between the sPS and the TPU phases and penetration of the blocks
into the corresponding phases, i.e. the polystyrene block enters the noncrystalline regions of the sPS, and the poly(4-vinylpyridine) block
interacts with TPU through intermolecular hydrogen bondi©d.999 Elsevier Science Ltd. All rights reserved.
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1. Introduction the practical application of SPS, our interest is to study the
blending of sPS with other polymers, especially polar
Blending of polymers has been the subject of intensive elastomers.
research in both academic and industrial laboratories [1,2]. Thermoplastic polyurethane (TPU) is an important class
In recent years, the new semicrystalline polymer syndio- of elastomers that has found many novel and specialized
tactic polystyrene (sPS) has attracted much interest due toapplications where high mechanical and chemical perfor-
its unique physical characteristics. As the result of its com- mances are prerequisites. They are known for their good
pletely ordered chain configuration, it is endowed with: (i) a mechanical strengths, wear and tear resistance, and low-
high melting temperature (270); (ii) a rapid crystallization temperature elasticity [15,16]. Therefore, TPU is an excel-
rate; and (iii) a controllable crystallinity. Therefore, sPS lent candidate for polymer blending [17,18]. In this work,
exhibits not only good chemical resistance but enhancedwe made use of TPU to modify sPS. However, the two
mechanical performance at elevated temperatures as welpolymers are immiscible. A block copolymer is the first
[3—10]. However, it has notable shortcomings in properties, choice to serve as a compatibilizer [1]. There are no
such as its high brittleness and poor impact- and tear- copolymers containing an sPS block prepared as yet,
resistance [11]. In order that sPS can be of commercial although block copolymers containing atactic polystyrene
utilization, the practice of blending with an elastomer, just block are easily synthesized via anionic polymerization.
as in the toughening of polypropylene (PP) [12—-14], seems Thus, the diblock copolymer, poly(styrebed-vinyl-
to be the way out. pyridine) (P(Sk-4VPYy)), is a desirable candidate compati-
Many commercial rubbers could be used to improve the bilizer, in which the PS block prepared is compatible with
impact strength at low temperatures and environmental sPS [19], and the P4VPy block is known to be miscible with
stress cracking resistance of sPS. Yet, so far, not manypolar polymers as polyacids [20,21], poly(hydroxy ether of
academic studies have been published. In order to broaderbisphenol-A) [22] and poly(vinyl phenol) [23] due to spe-
cific interaction between them. P{&4VPy) can be pre-
* Corresponding author. pared in a straightforward manner via a two-step anionic
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living polymerization, whereby the copolymer architecture copolymer was characterized by g.p.c drtINMR. Its M,

and composition can be easily controlled. Since information and M,,/M,, were 7.32x 10*and 1.10, respectively, and the

on the potential of controlling the extent of dispersion in content of the PS block was 47 wt%.

sPS/TPU blends by P(84VPy) and the properties and P4VPy and aPS were prepared by anionic polymeriza-

structure of the blends are lacking, the compatibilizing tion. M, and M,/M, were 3.37 X 10* and 1.07 for

effect of P(Sb-4VPy) for sPS/TPU blends and the mechan- P4VPy, and 3.41x 10* and 1.05 for aPS, respectively.

ism of compatibilization by the diblock copolymer are now

investigated by means of scanning electron microscopy 2.2. Blend preparation

(SEM), differential scanning calorimetry (DSC), tensile

property measurements, dynamic rheological analysis, TPU/P4VPy binary blends and blends with different com-

wide-angle X-ray diffraction (WAXD) and FTIR. positions of sPS/TPU/P(B-4VPy) were prepared by a solu-
tion/precipitation method. THF solutions of the polymers
were mixed at room temperature until a homogeneous solu-

2. Experimental tion formed. This was added to a large amount of hexane
and the precipitate was dried under vacuum &Coior two
2.1. Materials days. The preparation of sPS/aPS and sP3R{8Py)

binary blends was similar to that for TPU/P4VPy blends;

sPS was synthesized in our laboratory with a cyclopenta- the solvent used for preparing the blends, however, was
dienyltitanium trichloride (CpTiGj)/methyl aluminoxane  dichlorobenzene, and the blending temperature wasCl35
(MAO) polymer-supported catalytic system at°60[24]. and the drying temperature was 1€0
The resulting polymer was stirred in a 5wt% methanol  All blend samples containing sPS for mechanical prop-
solution of HCI for 2 h to remove the residual metal catalyst, erty measurements were prepared by pressing in a mould on
and then extracted with boiling methylethylketone (MEK) a hot press at 296 2°C for 7 min and 10 MPa, and then
overnight to remove the atactic component. The unextract- cooled to ambient temperature in air. Thickness of the
able fraction was characterized to have a very high steric samples was 1.5 mm for mechanical property and WAXD
purity ( > 99% in syndio units, calculated vigC NMR measurements and 2.5mm for dynamic rheological
spectroscopy), and its number-average molecular weightanalysis.
(M) and the polydispersity index (MM ,) were 6.29X
10* and 2.1, respectively, as determined by gel-permeation 2.3. Testing and characterization
chromatography (GPC), against standard polystyrene.

TPU was obtained from the Tianjin Polyurethane Prod-  The fracture surface of sSPS/TPU blends with and without
ucts Factory: hardness Shore A 80; intrinsic viscosity addition of P(Sb-4VPy) for SEM observation was prepared
1.02dlg* (N,N-dimethylacetamide, 3C), the hard seg- by dipping the sample in liquid nitrogen and then fracturing.
ment being 4,4diphenylmethane diisocyanate (MDI), the The fracture surface was etched with THF at room tempera-
soft segment poly(tetramethylene oxide) (PTMO), and the ture to remove the TPU phase. The morphology of the sur-
chain extender 1,4-butanediol. face of cryogenically fractured samples was observed with a

P(Sb-4VPy), was synthesized via sequential anionic JEOL JAX-840 scanning electron microscope after coating
copolymerization [24,25]. All reagents had been strictly with gold.
purified before use. Dry tetrahydrofuran (THF) (300 ml) Thermal analysis was made using a Perkin-Elmer DSC-
and styrene (20 g) were added to a 800 ml capped bottle.2C under a nitrogen atmosphere. For samples containing
The bottle was purged with argon and degassed for 30 min.sPS, the following procedure was used: samples were heated
n-Butyllithium (0.63 mmol) in hexane was then added. The at 290C for 5 min in order to eliminate the influence of
fresh red-colored solution was agitated and maintained atthermal history and the effect of thermal treatment on the
25°C. After the reaction had proceeded for 1 h, a 2 ml sam- crystalline structure of sPS, then cooled dowr-0°C and
ple was withdrawn and terminated with a small amount of reheated to 29, all at a rate of 44C min~'. The normal-
methanol for GPC determination of molecular weight. The ized crystallinity of sPS,x. is given by the following
reaction mixture was cooled to-78C, after which equation:

0.75 mmol of 1,1-diphenyl ethylene in THF was added. .

The red solution was shaken for 10 min and then 4-vinyl- xc= ?/W X 100% 1)
pyridine (20 g) was added. The deep-red solution was f

agitated to maintain the temperature -a78°C for 2 h. where, AH; is the melting enthalpy of the blendH; the
The reaction was quenched with 5 ml methanol, and the melting enthalpy of 100% crystalline SP8H; = 53jg~*
solution was poured into a large amount of hexane. The [7]) andw is the weight fraction of sPS in the blend.
precipitate was filtered, washed and then dried in vacuo. Mechanical properties of the blends were measured at
The product was extracted successively with boiling cyclo- 25°C on an Instron 1121 electronic testing machine, the
hexane and methanol/water (90/10 v/v) mixture. The final drawing rate being 25 mm min.
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The linear viscoelastic properties of the melts were that interfacial adhesion between the two phases improves
performed with a cone-and-plate type rheometer (CP8, further. When the amount of P{&4VPy) is up to 9.1 wt%,
Contraves Rheomat 120) at 280under a nitrogen atmos- the interface between the blend phases becomes
phere. The samples for measurements were cut into discs olindistinguishable [Fig. 1(d)]. The SEM results indicate

25 mm in diameter. that the P(S3-4VPy) block copolymer acts as an effective
Wide angle X-ray diffraction [26] was carried out on a compatibilizer; it reduces the interfacial tension between the
Philips PW-1700 X-ray diffraction spectrometer. two incompatible polymers, sPS and TPU, and enhances the

Infrared spectra were obtained on a BIO RAD FTS-7 interfacial adhesion between the two phases.
Fourier transform infrared. Sample films were cast on an
NACI plate from a 1.0 wt% THF solution of TPU/P4VPy 3.2.2. Thermal analysis
blend and dried under vacuum. DSC is an useful tool for studying compatibilization of
blends, especially blends containing crystalline polymers,
used not only to estimate the compatibilizing effect but

3. Results and discussion also to investigate the location of the compatibilizer in a
blend. The thermal properties of the sPS/TPU blends with
3.1. Compatibility of sPS and P(S4Y/Py) and without P($-4VPy) measured by DSC are summar-
ized in Table 2.
Before the compatibilizing effect of P(84VPy) for sPS/ The glass transition temperaturégg) of pure sPS and

TPU blends was studied, it was desirable to investigate thepure TPU are 99 € and—55.3C, respectively. Two dis-
compatibility of the diblock copolymer P(B-4VPy) with tinct Tgs at 99.2C and—54.7C for a pure sPS/TPU blend
sPS. It can be seen from the DSC data of the binary blends ofindicate the immiscibility of the two components. The block
different compositions (Table 1) that all the thermal proper- copolymer has two glass transitions, at 106.and 141.7C,
ties of sPS do not change much, indicating that the addedimplying that it has a two-phase structure, the loWgcor-
P(Sb-4VPy) has no effect on crystallization and the crystal- responding to the PS block and the uppgrto the P4VPy
line structure of sPS, as also proved by the constant WAXD block. When P($-4VPy) is added to an SPS/TPU (70/30)

pattern (not shown). blend, the twoTgs corresponding to the blend components
move toward each other with increasing R{8VPy), indi-

3.2. Compatibilizing effects of P(S4Y/Py) cating that the compatibility of sPS and TPU is enhanced
through interpenetration of sPS and TPU at the interface.

3.2.1. Morphology Since all polymer components except TPU have highgr

SEM observation was made on the etched, cryogenically than sPS, the decreaseTipof sPS in the blends results from
fractured surface of the sPS/TPU 70/30 (wt/wt) blends with the penetration of the TPU into the sSPS domains promoted by
various levels of P(®-4VPy) (Fig. 1) to examine the the block copolymer. The depth of such penetration is con-
morphology of the compatibilized blends, especially the trolled by interfacial tension of the blend components [27—
compatibilizing effect of the block copolymer on the blends. 29]. Thus, the addition of P(B-4VPy) causes a decrease in
The noncompatibilized sPS/TPU blend shows the typical interfacial tension of SPS/TPU, an increase in thickness of the
characteristics of an immiscible blend [Fig. 1(a)]. The interface and a deeper penetration of TPU into sPS.
spherical domains of the dispersed TPU phase are large The decrease in normalized crystallinity of sPS in the
and the interface between the sPS matrix and the TPU isblends,x., is probably due to the penetration of TPU into
smooth and clear, indicating a poor interfacial adhesion sPS domains enhanced by the block copolymer. The fact
between the two phases. When 2.9 wt% of the block that x., which is 40.4% for the pure sPS, is still 40.2% in
copolymer is added, the domains of the dispersed phasethe binary sPS/TPU blend with 30 wt% TPU, shows that the
interconnect, and the interface between the sPS and thedecrease i is not a simple impediment by TPU.

TPU phases becomes rough [Fig. 1(b)], depicting an

enhanced interfacial adhesion. When the amount of the Table 2

block copolymer is up to 7.4 wt%, the domain size of the Effects of P(Ss-4VPy) on thermal properties of 70/30 sPS/TPU blends

dispersed phase becomes even smaller [Fig. 1(c)], implying amount of 0 29 4.8 7.4 9.1
P(Sb-4VPy) (wi%)

Table 1 Tosps(°C) 991 957 931 922 923
Thermal properties of sPS in sPS/R{&VPy) blends Tg1eu (°C) —54.7 —-50.1 —48.2 —465 452
SPS/P(B-4VPy) (wifwt)  100/0 90/10 70/30 I:;PSS(E,;C)Z 202 28l 279 28D 278
Tos(°C) 99.4 1002 102.1 Tesps(®C) 2239 2202 275 2160 2161
Tmsps("C) 258.4 258.3 258.5 Wip, (°C)° 297 334 357 382 388
Xc.sps(%0) 40.4 39.9 40.0

2 x ¢ normalized crystallinity of sPS.

Tesps(°C) 223.8 223.9 224.2 P W,,;: width of crystallization peak.
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Fig. 1. SEM micrographs of fractured surfaces for the sPS/TPU 70/30 blends with: (a) 0; (b) 2.9 wt%; (c) 7.4 wt%; and (d) 9.1 %/ IPYB-

T, of sPS does not change after its blending with TPU; explaining such changes in modulus of multiphase materials
apparently the contents of the interface area between the sP$32-34]. In light of the interconnected interface model of
and the TPU phases in an sPS/TPU blend is too small toHashin [34], it is suggested that the block copolymer is
affect the crystal lamellar thickness in the melts of the distributed at the interface between the matrix and the dis-
blend. With the addition of P(8-4VPy), enhancement in  persed phase, and the blocks selectively penetrate into the
the compatibility causes a lower crystallization temperature two phases to provide good adhesion without forming a
(To) of sPS in the blend and a broader crystallization peak. separated phase at a low concentration of the compatibilizer.

Since TPU has a much lower modulus than sPS, hence a
3.2.3. Mechanical properties better interconnection between the TPU phase and the sPS

The non-compatibilized sPS/TPU (70/30) blend has a matrix, addition of P($-4VPy) provides stress and strain
macrophase-separated structure. It is too brittle to be cuttransfer, mainly to the dispersed phase through the interface.
into desired specimens for tensile measurements, and thus'hus, the properties of the TPU phase play a more signifi-
corresponding tensile properties were not obtained. Whencant role in the properties of the blends.
the block copolymer P(8-4VPy) was added, the properties
of the blend were enhanced and its tensile properties are3.2.4. Rheological properties
shown in Fig. 2. It can be seen that both tensile strength The variation of dynamic rheological properties, the com-
and elongation at break are much improved, but the tensileplex viscosity ¢*) and the storage modulu&() of the sPS/
modulus decreases with the block copolymer. At higher TPU blends, with shear frequency)( with and without
than 7.4 wt% of the compatibilizer, the tensile properties addition of P(Sk-4VPy), was studied using a rheometer
do not show much change, probably due to saturation of (Fig. 3). It was observed that addition of PStVPy)
the block copolymer at the interface. gave rise to a decreaseqfi and G'. In terms of emulsion

It seems unusual that the tensile modulus decreases withmodel linking the macroscopic behavior of a heterogeneous
increasing P($-4vpy), a phenomenon also appearing in system and the microscopic interaction between the system
other compatibilized blends [30,31]. There are many models components [35-37], it is qualitatively indicated that
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addition of P(Sh-4VPy) lowers the interfacial tension
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Fig. 3. (@) Complex viscosity; and (b) storage modulus of pure sP&ifd
the sPS/TPU 70/30 blends with: (a) @l; 2.9 wt% (-@); 4.8 wt% (-A);
7.4wt% (-¥); and 9.1 wt% (4) P(Sb-4VPy).

blend, a three-dimensional network is formed through inter-
acting droplets of the dispersed phase. Yielding is observed
when the association structure has a long relaxation time
[38—41]. It is more likely that the deformed particles will
have a long relaxation time as the interfacial tension
between the dispersed phase and the matrix becomes
smaller. Therefore, the yield behavior for the two compati-
bilized blends with P($-4VPy) may cause a lower inter-
facial tension induced by the block copolymer. On the
other hand, with the blends containing 7.4 wt% and
9.1 wt% P(Skb-4VPy), because of the more stable structure
and smaller particle sizes, the yielding behavior at low shear
frequency is not observed. This means that a larger amount
of the block copolymer is beneficial in assimilating stresses
and strains without disruption of the established structure,

between the sPS and the TPU phases in the melt of thei.e. the domains of the dispersed phase do not become coa-

sPS/TPU blends. This is undoubtedly the result of the com- lescent even in a shear field.

patibilizing effect of P(S3-4VPy).
For compatibilized blends of 70/30 sPS/TPU containing 3.2.5. WAXD analysis

2.9 wt% or 4.8 wt% P($-4VPy), a yielding behavior at the

The sPS shows a complex polymorphism, and different

lower shear frequency is observed. In a two-phase polymercrystalline forms can be obtained, depending on thermal
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Table 3
WAXD data of sPS and its blends
(300)
sPS sPS/TPYU sPS/TPU/
P(Sb-4VPy)°
(400)
1 300/1 400 1.58 1.55 1.31
a(mn) 2.626 2.633 2.630
> ¢ (nm) 0.504 0.508 0.512
= Dgo (NM) 18.33 17.86 15.12
£ a D 400 (NM) 12.23 12.32 14.05
=
= #The composition is 70/30 (wt/wt).
® The composition is 70/30/5 (wt/wt/wt), i.e. the amount of B8VPy)
b in the blend is 4.8 wt%.
3.3.1. Compatibility of PS with noncrystalline regions of
L A A A A c SPS
5 10 15 20 25 We have shown earlier [19] that aPS was compatible with
26 (degree) the noncrystalline regions of sPS. The unchanging unit cell

parameters of sPS after mixing with aPS indicated the barr-

Fig. 4. WAXD patterns of: (a) sPS; (b) 70/30 (wtiwt) sPS/TPU blend; and ing of aPS from entering the unit cells of SPS crystallites.

(c) SPSITPUIP($-4VPy) 70/30/5 (wt/wt/wt) blend.

3.3.2. Partial compatibility of TPU and P4VPy through
specific interaction

and/or solvent treatments. Two forms,and§, character- TPU consists of alternating soft- and hard-segments, and
ized by a zigzag conformation, can be obtained by thermal is thys a microscopically multicomponent system. The hard
crystallization [42—44], and the other two formsands, segments are distributed in three locations [51,52]: some in

characterized by a helix conformation, can be obtained in forming hydrogen bonds among themselves; some distrib-
solvent-induced crystallization [45-49]. Fig. 4 shows the e in the soft segment regions; and some in the disordered
WAXD patterns of samples of pure sPS and sPS/TPU (70/ jnterface. The added P4VPy affects the locations and states
30) blends, non-compatibilized and compatibilized, pre- of the hard segments.

pared under the same conditions. The compression-molded The DSC data of the TPU/P4VPy blends of different
pure sPS sample shows theform crystallinity and its unit  plend compositions are summarized in Table 4. The two
cell has hexagonal axes= —2.626 nman@ = 0.504nm  separatedT,s indicate a two-phase structure: the TPU-
[43]. The sPS/TPU blend has a similar WAXD pattern. ang the P4VPy-rich phases. The moving of the s
Addition of P(Sb-4VPy) leads to a decrease ligi/ls0 @ toward each other with respect to those of the pure compo-
parameter sensitive to the crystalline structure of sPS [43]. nents signifies the partial miscibility of TPU with P4VPy.
This implies that the influence of compatibility between  FT|R was used to investigate the driving force of partial
TPU and sPS on the crystallization of sPSis different on miscipility between TPU and P4VPy. The representative
the (300) and the (400) planes. The fraction of TPU that rqom temperature infrared spectra in the@ stretching
penetrates into the sPS domains impedes the growth ofregion (1640-1780 ci) and the N—H stretching region
crystallization on the (300) plane of sPS but promotes the (3100-3500 ci') of TPU and the TPU/P4VPy 50/50
growth of crystallization on the (400) plane. This can be (wwt) blend are shown in Fig. 5. It is known that the N—

proved from the change of crystallite siZBs Of SPS in 1 and G=0 groups in a polyurethane can interact and form
the compatibilized sPS/TPU blend is smaller than that of jntermolecular hydrogen bonding [52,53].

pure sPS and of the pure sPS/TPU blend; o, the The assignments of the infrared spectrum of pure TPU in

opposite is true (Table 3). the region of 3100—3500 ci have been reported by many
authors [54—56]. The band at 3120 chwas considered to

3.3. Mechanism of compatibilization be an overtone of the band representing the NH bending

mode mixed with the C—N stretching mode at 1530¢m
For P(Sb-4VPy) as an Ab-B type compatibilizer for a  The other four bands at 3440, 3324, 3266 and 3187'are

C/D blend, the PS and P4VPy blocks should be miscible
with the corresponding polymers, sPS and TPU [50]. So Table 4

far, compatibility between TPU and P4VPy has not been Tgof TPU/P4VPy blends with different compositions

reported. To simplify the investigation of the compatibi- tpypavey wtwt)y 1000 70/30 50/50 0/100
lization mechanism, we discuss below, separately, the
compatibility of the sPS and PS homopolymers, and of
the TPU and P4VPy homopolymers.

T, (°C) -553  -347 -152
109.2 127.7 142.6
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Fig. 5. The NH (left) and carbonyl (right) stretching vibration absorption
for: (a) TPU; and (b) 50/50 (wt/wt) TPU/P4VPy blend.

all related to the NH stretching vibration, the first one being
assigned to the ‘free’ N—H, and the latter three to hydrogen-
bonded N—H and thansandcis NH groups in the amide

groups [54]. It is clear that most of the NH groups are

hydrogen-bonded. There are two attractive bands: one is

the band centered at3324 cn!, which is assigned to

urethane N—H groups that are hydrogen bonded to urethane

C=0 groups; the other one is at3440 cn?, which is
assigned to the ‘free’ (nonhydrogen-bonded) N—H stretch-
ing band. When TPU is mixed with P4VPy, the ‘free’ N—H
band increases in intensity with a bathochromic shift of the
hydrogen bonded N—H. This shift is the result of the two
hydrogen bonds: —N-+HO=C (self-association of TPU)
and N—H--N (association of TPU to P4VPy [56].

3405

crystallization of sPS is impeded. An increase in tensile
strength and elongation at break and a decrease in tensile
modulus on addition of P(8-4vpy) are due to enhanced
interfacial adhesion. Dynamic rheological measurements
support the view that the addition of PEES4VPY) leads to

a decrease in interfacial tension between sPS and TPU.
WAXD experiments show that the P{&4VPy) added
does not change the sPS unit cells, but affects the crystalline
structure of sPS in the blends.

The compatibilization mechanism of PE4AVPyY) in
compatibilized sPS/TPU blends has been investigated by
various techniques. Besides miscibility of the PS blocks in
P(Sbh-4VPy) with noncrystalline regions of sPS, the P4VPy
blocks of P(Sk-4VPy) is partially miscible with TPU
through intermolecular hydrogen-bonding, as shown by
DSC and FTIR.
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and promotes the penetration of TPU into sPS, whereby
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