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1. INTRODUCTION

The rheological and mechanical properties of polymer melts
and glasses are crucial for processing as well as for final material
performance in many applications of polymeric systems. Subtle
variations in chain tacticitymay lead to a significant impact on the
related properties, such as crystallizability, thermal stability, and
mechanical strength. Until recently, due to the advanced devel-
opment of catalysts, polystyrene samples with different stereo-
regularities, that is, syndiotactic (s-PS), atactic(a-PS), and isotactic
(i-PS), have become available for fair comparison in order to
reveal the tacticity effects on thermal properties. In contrast with
a-PS exhibiting noncrystalline nature, both i-PS and s-PS show
crystallizable behavior; the crystallization rate is about one order
faster for s-PS than that for i-PS at a given supercooling degree.1,2

Moreover, the equilibrium melting temperature of s-PS is about
50 �C higher than that of i-PS.3,4 On the basis of the TGA re-
sults, the thermal stability of i-PS is better than the other two
counterparts.5 Apparently, chain stereoregularity does signifi-
cantly affect the performance of PS, and much attention has been
paid on its thermal properties. On the other hand, tacticity effects
on the rheological properties of PS have received little attention.
One central quantity to characterize the rheological properties is
the entanglement molecular weight Me, which is dependent on
the chemical structure and topological constraints of the specific
polymer system. In spite of the abundant rheological properties
of a-PS available in the literature,6�9 however, there was only one
article reporting the Me value of i-PS.

10 More importantly, the
value of Me for s-PS is still not available.

For the vinyl polymers such as polypropylene (PP) and poly-
(methyl methacrylate) (PMMA), the tacticity effects on chain
conformations as well as Me have been widely investigated by
dynamic-properties measurements11�14 and molecular-dynamic
simulation.15�18 Previous studies demonstrated that s-PP had
the lowest Me compared with i-PP and a-PP in spite of its pos-
session of greater trans conformation in the melt state.13,14 Essen-
tially, the lowerMe value for s-PP leads to a higher melt viscosity
at a givenmolecular weight than i-PP.19 For the PMMA, the value
of Me is lowered for the PMMA chains with more syndiotactic
triads.11,20 For PP and PMMA samples with different tacticities, it
has been concluded that polymer chains with greater trans con-
formation will possess a larger radius of gyration, that is, a higher
characteristic ratio C∞. However, there is no direct proportion-
ality between C∞ andMe, as pointed out by Fetters et al.

21 from a
comparison of 14 polymers. In other words, s-PP has a larger C∞
but a lowerMe than the other two counterparts. For PS, Nakaoki
and Kobayashi22 determined the gauche content for the glassy
state of s-PS, a-PS, and i-PS to be 25.0, 27.9, and 34.3% based on
solid state high resolution 13C NMR results. They suggested that
s-PS is likely to take more trans sequence, which makes the
random coil larger (a larger C∞) and gives rise to a lower density,
compared with the i-PS and a-PS samples. On the basis of small-
angle neutron scattering (SANS) results, themolecularweight (Mw)
dependence of the radius of gyration (Rg) had been investigated
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ABSTRACT: The viscoelastic properties of a series of syndiotactic polystyrene (s-PS) melts
with high stereoregularity and different molecular weights (Mw = 134�1160 kg/mol) are
measured in a wide achievable temperature range (270�310 �C) to determine the en-
tanglement molecular weight (Me) and flow activation energy (Ea). In addition, four actactic
polystyrenes (a-PS, Mw = 215�682 kg/mol) and one isotactic polystyrene (i-PS, Mw = 247
kg/mol) are also studied to elucidate the tacticity effect on the corresponding properties.
Using a reference temperature of 280 �C, the master curves of dynamic storage and loss
modulus are constructed according to the time�temperature superposition principle. On the
basis of the classic integration method, theMe values are determined to be 14 500 and 17 900
g/mol for the s-PS and a-PS, respectively, which are significantly lower than that for the i-PS,
∼27 200 g/mol, derived from theWu’s empirical equation. Owing to the difference inMe, at a
fixedMw, the viscosity of i-PS is about 1 order of magnitude lower than that of s-PS and a-PS. However, when double-logarithmic
plotting of the melt viscosity against the Mw/Me is performed, a self-consistent behavior is seen for all the PS used despite of the
differences in theMw and chain tacticity; the derived exponent is 3.61. According to the Arrhenius plot, the determined Ea for the
s-PS is 53( 5 kJ/mol, which is apparently lower than that for the other two isomers possessing a similar value of 90�107 kJ/mol.



6156 dx.doi.org/10.1021/ma200695c |Macromolecules 2011, 44, 6155–6161

Macromolecules ARTICLE

by Cotton et al. for a-PS23 andGuenet et al. for i-PS,24 and similar
ratios of (Rg

2/Mw)
1/2 were obtained, that is, 0.275 for a-PS and

0.272 Å(mol/g)1/2 for i-PS. St€olken et al.25 have studied the Rg of
a specific s-PS sample (Mw = 264 kg/mol) using SANS as
well, and a (Rg

2/Mw)
1/2 ratio of 0.275 ( 0.02 Å (mol/g)1/2

was obtained. Judging from the experimental results available, it
seems that no significant variations in PS chain dimensions are
seen regardless of the difference in tacticities.

In the current study, synthesis and rheological investigation of
s-PS with different Mws and narrow molecular weight distribu-
tion were carried out to elucidate the dependence of zero shear
viscosity as a function of Mw. In addition, four a-PSs and one
specific i-PS were studied as well. Our attention was focused on
the influence of the tacticity of PS on rheological properties,
especially the plateau shear modulus (GN

o ) andMe, under compar-
able conditions, that is, similar molecular weight and distribution as
well as identical experimental setup.

2. EXPERIMENTAL SECTION

Materials. Various PS with different molecular weights and tacti-
cities were studied and their sample codes are listed in Table 1. Samples
of a-PS68, a-PS32, and a-PS22 were purchased fromAldrich Co., and the
commercial product of a-PS25 was provided by Chi-Mei Co. (Taiwan).
Most of the s-PS samples were synthesized in this laboratory, except
s-PS38 and s-PS25 which were supplied by Dow Chemical Co. i-PS25
powders were purchased from Scientific Polymer Product Co.
Synthesis of s-PS Samples.26. All reactions and manipulations

were conducted under a nitrogen atmosphere using the standard Schlenk
line or drybox techniques. Solvents and common reagents were obtained
commercially and were used either as received or purified by distillation
with sodium/benzophenone. Styrene was purchased from Aldrich Co.,
dried over calcium hydride and distilled under reduced pressure before
use. Pentamethylcyclopentadienyltitanium trimethoxide (Cp*Ti(OMe)3,
97%) was purchased from Strem Chemicals and used as received.
Methylaluminoxane (MAO, 14% in toluene), was purchased from Albe-
marle Co., was dried in a vacuum to remove trimethylaluminum (TMA).26c

The resulting TMA-free MAO was diluted in toluene to the desired
concentration before use. A 100 mL Schlenk tube was sequentially
charged with 30 mL of toluene, 4 mL of styrene (34.9 mmol),

0.3�8 mmol of triisobutylaluminum (TIBA) and 5 mmol of MAO (in
toluene). The resulting solution was stirred at 50 �C for 5 min, and was
then charged with 50 μmol of Cp*Ti(OMe)3 catalyst to initiate the
polymerization. The polymerization was conducted at 25 �C for 24 h.
Afterward, the reaction solution was quenched with excess acidified
methanol (1 NHCl solution in methanol), resulting in the deposition of
the polymerization product as a white precipitate. After isolation by
filtration, the resulting polymer was purified by extracting it with boiling
acetone in a Soxhlet extractor to remove the atactic polystyrene. The
resulting insoluble fraction of the polymer was dried in a vacuum to
provide 2�3 g of s-PS as a white powder.

Samples of a-PS and s-PSwere used as obtained, whereas the purification
of i-PS powder was carried out through the following procedure:27 melt-
quenched amorphous i-PS was first dissolved in boiling toluene, filtered,
poured drop by drop into the large excess volume of methanol, and then
the precipitate was collected. Continuous Soxhlet extraction of the
precipitated polymer was carried out with methylethylketone for 2 days,
and the residues were dried in vacuum.
GPC and DSC Measurements. Gel permeation chromatography

(GPC) was performed with a Waters Alliance (GPVC2000) instrument
equipped with a differential refractive index detector and three columns
(Styragel HMW 6E, HT 4 and HT 3) at 140 �C using 1,2,4-trichloro-
benzene as the mobile fluid and 8 monodisperse a-PS standards
(1.48�1270 kg/mol) for calibration. Themolecular weight distributions
for some selected materials are shown in Figure S1 (Supporting Infor-
mation), from which the weight-average molecular weight (Mw) and
polydispersity (p =Mw/Mn, whereMn is the number-average molecular
weight) are determined and shown in Table 1. Because of limitation of
column resolution and highMW a-PS standards used, it should be noted
that GPC uncertainty was encountered within two samples (s-PS116
and s-PS98) with a determinedMw higher than 10

6 g/mol. For these two
samples, molecular weight was determined from the intrinsic viscosity in
o-dicholorobenzene at 135 �C: [η] = 1.38� 10�4Mw

0.7.28 To compare
the difference between theMw obtained from GPC and intrinsic viscosity,
the a-PS68 sample was used for a test trial. The determinedMw from the
measured [η] was 641 000 g/mol, which was in good agreement with the
GPC measured data of 682 000 g/mol. Thus, to resolve the inefficiency
of our GPC columns the Mw of the high molecular weight species
(s-PS116 and s-PS98) was reported according to their intrinsic viscosity
results. By means of a Perkin-Elmer DSC7, heating scan at a rate of
10 �C/min under nitrogen atmosphere was performed on the amor-
phous melt-quenched samples to determine the corresponding glass
transition temperature (Tg).
Rheological Measurements. The viscoelastic properties of PS

were measured by a strain-controlled rheometer (ARES, TA Instruments)
with a parallel-plate geometry having a disk-diameter of 8 or 25 mm.
Prior to performing frequency sweeps, strain sweeps were carried out to
establish the linear region at each frequency. For the frequency sweeps
the maximum strain still within the linear region for each frequency was
used. Isothermal frequency sweeps covering the range of 0.1�500 rad/s
were performed to obtain the dynamic storage modulus G0(ω) and
dynamic loss modulus G00(ω). Because of the limitation caused by
crystallization and degradation, the temperature range available for the
dynamic measurements was 270�310 �C for s-PS and 190�300 �C for
i-PS to run the experiments. In the case of a-PS, a much wider tem-
perature range was accessible, from 120 to 280 �C. To exclude any pos-
sible oxidative degradation, all the experiments were carried out in
nitrogen atmosphere. In addition, repeated experiments were performed
at all temperatures, especially those above 280 �C, to ensure reprodu-
cibility and to check once again for degradation. In general, at tempera-
tures higher than 290 �C, fresh samples are used only once, and the
measurement is completed within 30 min to minimize thermal degrada-
tion. At the given temperature, several fresh samples aremeasured to test
the data consistency, and agreement within 5% is used as the criterion for

Table 1. Weight-Average Molecular Weight (Mw), Polydis-
persity (p), Heptads Content (rrrrrr), and Activation Energy
of Flow (Ea) of the Samples Used in This Study

sample Mw (g/mol) p rrrrrr content(%)b Ea (kJ/mol)

a-PS68 682 000 1.05 - 106.9

a-PS32 319 000 1.05 - 95.9

a-PS25 255 000 2.30 - -

a-PS22 215 000 1.06 - 89.4

s-PS116 1 161 000a - 95.9 60.4

s-PS98 981 000a - 94.0 48.3

s-PS40 401 300 2.81 - 50.7

s-PS38 378 600 2.82 90.7 49.6

s-PS36 365 100 2.82 91.3 54.7

s-PS25 249 000 2.37 - 50.6

s-PS18 182 700 1.91 - 52.6

s-PS16 155 700 1.84 - 52.9

s-PS13 134 000 1.70 90 56.5

i-PS25 247 400 2.52 - 98.9
aViscosity average molecular weight. bDetermined according to ref 29.
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acceptance of data. The experimental protocol is displayed in Figure S2
(Supporting Information). On the basis of a selected reference tem-
perature (Tr) of 280 �C, the isotherms were shifted to obtain the master
curves using horizontal shift factors, aT, derived by the ARES data
analysis of the TTS procedure.

13C NMR Measurements. 13C NMR spectra were carried on a
Bruker AV-500 spectrometer at 100 �C in tetrachloroethane-d2 solution.

29

The NMR spectra do not indicate the presence of branching.

3. RESULTS AND DISCUSSION

To reveal the subtle variation of glass transition for PS with
different tacticities, enthalpy relaxation experiment by sub-Tg

annealing was performed on the samples with a similar Mw

(a-PS25, s-PS25 and i-PS25). The melt-quenched amorphous
samples were annealed at 75 �C for various periods, and DSC
heating scans were subsequently conducted. Typical DSC heat-
ing traces on samples annealed for 48 h are shown in Figure S3
(Supporting Information). The temperature of enthalpy recov-
ery peak is denoted by Tmax, and the inset shows the plot of
Tmax versus logarithmic time (ta), from which the slope is
determined. It is noted that a similar value of dTmax/d[log ta]
(3.32�3.88 �C/min) is obtained regardless of the tacticity dif-
ference, and the order of Tmax is consistent with the relative
magnitude of Tg. The derived Tg for the a-PS, s-PS and i-PS is
∼100, ∼95, and ∼90 �C, respectively. Because of the semicrys-
talline nature, s-PS and i-PS are able to be cold-crystallized at
149.2 and 187.0 �C, respectively. The melting temperatures are
268.7 �C for the s-PS and 220 �C for the i-PS, which are the
plausibly lowest bound temperature, to exclude the crystalliza-
tion effect, for the rheological test on the individual melt. On the
other hand, thermal degradation would readily take place pro-
vided that the rheological measurements are carried out at a
too high temperature. In this study, a prolonged measuring time
is prohibited at high temperatures (>300 �C), and a frequent
validation on the obtained data is performed to ensure repro-
ducibility.

Relative to the fixed Tr of 280 �C, we established the time�
temperature superposition by shifting the logarithmic plots of
complex modulus (G*) along the frequency axis in the absence of
vertical shifts along the modulus axis. Figure 1 shows the master
curves of G0 and G00 for s-PS with different Mws obtained in this
manner. Similarly, the master curves for the a-PS with two dif-
ferent Mws are shown in Figure S4 (Supporting Information),
and that for i-PS is provided in Figure S5 (Supporting Infor-
mation). In general, the moduli superimpose well across the
frequency and temperature range probed. Both G0 and G00 are
increased with increasing Mw. The terminal zone shifts progres-
sively to the low frequency side with increasingMw. According to
the classical theory,30 two typical relations in the terminal region
are expected for a homogeneous melt, which is totally relaxed,
that is,G0 ∼ω2.0 andG00 ∼ω1.0. This validation is reached for the
a-PS samples used and the crossover between G0 andG00 shifts to
the high frequency as samples with lowMw is tested. For the s-PS
samples (except the s-PS13 with a lowMw), a deviation from the
expected slopes is observed, indicating that the high Mw species
of the s-PS samples have not fully relaxed, and the terminal region
is not finally reached. Similar observation is obtained for the i-PS,
which exhibited the exponent of 1.44 and 0.92 for the G0 and G00
in the low frequency region. It is also noted that the presence of
tan δ minimum is discernible only for the a-PS samples (Figure
S5, Supporting Information).
3.1. Determination of Me. The average molecular weight

between entanglements,Me, is inversely proportional to the plateau
shear modulus,GN

o , that is,Me = FRT/GN
o , where F is the density,

R is the gas constant, and T is the absolute temperature. For the
present study, the sample density is assumed to be independent
of tacticity, and a value of 0.9259 g/cm3 at 280 �C is estimated
from the a-PS results.31�33

Several approaches have been proposed to derive theGN
o from

the dynamic properties of polymeric melt.10,14,21,30,34 Among
them, the most accepted one is based on the integration method
by which polymers with high Mw and narrow molecular weight
distribution are generally required. Accordingly, the plot of G00
versus the natural logarithm of the angular frequency shows a
pronounced maximum, and the area under the curve is related to
GN
o by the following expression:

Go
N ¼ 2=π

Z +∞

�∞
G}ðωÞ d½ln ω� ð1Þ

As shown in Figure 2, two samples of s-PS with Mw near a
106 g/mol demonstrate the discernible G00 maximum (G00

max) at
a reduced frequency ofωmax. Also included are the results for the

Figure 1. Master curves of the s-PS samples with different molecular
weights at a reference temperature Tr of 280 �C. (a) G0 and (b) G00
versus reduced angular frequency ωaT.

Figure 2. Loss modulus G00 in a linear scale plotted as a function of
reduced frequency in natural logarithmic scale at a reference tempera-
ture of Tr = 280 �C for the samples of s-PS and a-PS.
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two selected a-PS for a comparison. For the present i-PS used,
however, no well-defined G00

max was seen in the accessible
frequencies. As the Mw is increased, the G00 curve shifts to the
low frequency regime and theωmax becomes small. For the a-PS,
transition relaxation should be resolved and subtracted from the
terminal behavior prior to the application of eq 1.35 On the other
hand, limited data are available for the s-PS at ωaT > ωmax. To
perform the integration, a linear extrapolation ofG00 to zero in the
high frequency regime is constructed based on the theoretical
consideration that proposed the relation of G00 ∼ ω�R with the
exponent R being 0.25 in the high frequency regime.36,37 Ac-
cording to our linear extrapolating lines, the derived R value is
about 0.17 and 0.23 for the a-PS68 and s-PS116 samples,
respectively, suggesting the consistency for the data extrapola-
tion. TheGN

o derived by eq 1 is tabulated in Table 2. Since theMw

of a-PS32 is too low to yield a reasonable R value,35 the per-
formance of integration by eq 1 becomes meaningless. For the
s-PS, the average value of GN

o is 0.294 MPa, which is larger than
that for the a-PS, about 0.237 MPa.38 Also included in Table 2 is
the that derived from the Marvin-Oser relation of GN

0 = 4.83
G00

max,
14,39 which finds its general application in providing an

estimated value. Apparently, consistent results are obtained by
both methods to support the conclusion that s-PS possess a
larger GN

o than a-PS.
To derive a reliable GN

o for the i-PS sample, difficulties are
encountered since there is no apparent G00

max in the correspond-
ing plots. For tentatively estimating the GN

o of i-PS, however, the
empirical equation suggested by Wu is used.10 It should be
reminded that in contrast with the integration approach with a
solid theoretical foundation, Wu’s equation is based on a curve-
fitting result from a collection of different polymers, which only
provides an “estimated” GN

o value. It contains two controlling
parameters; the polydisperisty of polymers (p) and crossover
modulus (Gc). For our i-PS25, the values of Gc and p are de-
termined to be 19.06 kPa and 2.52, respectively, yielding a GN

o of
0.156 MPa. This derived GN

o is significantly lower than those of
the s-PS and a-PS (Table 3). To validate this variation and trend,
Wu’s equation is also used to estimate the GN

o of the s-PS25 and
a-PS25 samples, which possess a similar Mw with i-PS25. The
derived GN

o for the s-PS25 and a-PS25 are 0.286 and 0.240 MPa,
respectively. It is of interest to note that theωc of i-PS25 sample is
more than one order-of-magnitude larger than that of the other
two isomers (Figure S5, Supporting Information). The apparent
variation of ωc suggests that i-PS25 exhibits a significant differ-
ence in relaxation behavior from the other two in spite of a similar
Mw used for these three PS samples.
On the basis of above analyses, the derived GN

o is the highest
for the s-PS, whereas that for i-PS is the lowest. Provided that the
density at 280 �C is assumed to be independent of tacticity, the
correspondingMe is readily calculated from the averageGN

o and is
displayed inTable 3. Also included are the chaindimensions (Rg,C∞)

in the melt obtained from other sources. Our derivedMe for the
a-PS is in fair agreement with reported values (18 825 g/mol
measured at 170 �C,8 18 700 g/mol at 190 �C,10 18 100 g/mol
measured at 217 �C,21c 18 000 g/mol at 160 �C,6 and 16 600 g/mol
at 140 �C21b). The data, nevertheless, suggest that Me is not
strongly affected by the temperature provided that the vertical
shift factor is not considered in these studies. Moreover, a similar
Me for the i-PS has been also reported by Wu10 to be 28 800 g/mol
at 250 �C. The relation of (Rg

2/Mw)
1/2 shows that all forms of

polystyrene share, within experimental uncertainty, similar chain
dimensions in the melt. It is intriguing to note that s-PS possesses
the lowest value ofMe although its chain segments prefer greater
trans conformation.22 It seems that there is no intimate relation
between topological constraints and the conformation of the
localized segments. The number of monomers between entan-
glements is estimated by theMe/Mo ratio, withMo being theMW
of monomer. The calculatedMe/Mo ratio is 130 for the s-PS and
262 for the i-PS. Thus, entanglement involves a length scale
much larger than the size of the monomer unit, so it is not
unexpected thatMe is independent of local segmental conforma-
tion. As a matter of fact, a similar conclusion is also obtained for
PP samples with different tacticities.12�14,40,41 The relevant
properties of PP obtained from the literature are also tabulated
in Table 3, which attempt a comparison with the present results.
In contrast with PS having a bulky phenyl ring, a lower Me is
found for flexible PP chains with a small methyl side-group.
Regarding tacticity effects, a-PP and i-PP have a similar chain
dimension (C∞) and Me, whereas s-PP possesses the lowest Me

in spite of its preferential trans conformation. With respect to the
PMMAs of different tacticities, a similar conclusionwas reached,11,20

that is, more syndiotactic PMMAs have a higher plateau modulus
and a smallerMe. This is despite the fact that a very different Tg is
observed between i-PMMA (∼40 �C) and s-PMMA (∼130 �C).11
On the basis of our results for PS and available data for PP and
PMMA in the literature, we conclude that difference in chain
tacticity results in the significant variation in GN

o and Me;
syndiotactic chains with more trans conformation in the melt
possesses a lower Me to entangle one another.
3.2. Activation Energy for Flow. Figure 3 shows the typical

temperature dependence of shift factors for the a-PS22 sample
(filled symbols), together with the fitting curve based on the
Williams�Landel�Ferry (WLF) equation.30 The WLF para-
meters c1 and c2 at 280 �C are determined to be 3.70 and 263.2 K,
respectively, from the regression analysis. When 180 �C is selected

Table 2. Values of G00
max and GN

0 of s-PS, and a-PS Samples
(Tr = 280 �C)

GN
0 (MPa)

sample G00
max (kPa) eq 1 Marvin�Oser

s-PS116 68.2 0.311 0.329

s-PS98 65.2 0.276 0.315

a-PS68 42.7 0.237 0.206

Table 3. Comparison of Chain Conformation and Rheolo-
gical Properties of PS and PP Derived in This Work and
Obtained from Open Literature12�14,21,23�25,40

sample

(Rg
2/Mw)

1/2

Å�/(g/mol)1/2 C∞ GN
0 (MPa) Me (g/mol) Ea (kJ/mol)

s-PS 0.275a 10.6a 0.294 14 500 53( 5

a-PS 0.275b 9.6h 0.237 17 900 97( 9

i-PS 0.272c - 0.156 27 200 99

s-PP 0.415d 8.7d 0.870f 3370f 50.6g

a-PP 0.325e 6.1e 0.418g 7050g -

i-PP 0.340e 6.2e 0.427g 6900g 38.7g

aReference 25. bReference 23. cReference 24. dReference 12. eRefer-
ence 40. fReference 14. gReference 13. hReference 21b. To obtain the
GN

0, Me, and Ea, the reference temperature used for the PS and PP
samples are 280 and 190 �C, respectively.
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as the reference, the derived values of c1 and c2 are 6.96 and 120.4 K,
which are in good agreement with previous reported values.9,42

It is remarkable to note that temperature range applicable for
the a-PS to use theWLF equation can be extended from Tg up to
Tg + 200 �C, which is consistent with previous findings.42 For the
s-PS and i-PS, only limited temperature range is available due to
the crystallization constraint. To elucidate the tacticity effect on
the flow activation energy (Ea), the Arrhenius equation is used to
describe the temperature-dependence of shift factor.13,30 As shown
in the inset of Figure 3 is the plots of log aT versus 1/T for the
a-PS22 with some selected s-PS, from which the slope leads to
the Ea. The calculated Ea for each PS sample in the corresponding
temperature range is shown in Table 1. The derived Ea for a-PS is
in the range of 90�107 kJ/mol, which is close to the previously
reported value of 98 kJ/mol.43 Among the three PS isomers, both
a-PS and i-PS have a similar Ea, whereas s-PS possesses the lowest
Ea. The average value is about 53 ( 5 kJ/mol, which is nearly
one-half of that of i-PS. This is in contrast with PP samples
exhibiting that s-PP possesses a higher Ea but a smaller Me than
i-PP as shown in Table 3. Our results imply that more segments
are involved for the i-PS flow since viscosity is governed by suc-
cessive jumps of segments of the chains.
Ea is related with the energy barrier to the internal rotation of

chain units. By using the coupling model, Nagi and Plazek44

suggested that the temperature-independent activation energy Ea
for ηo is related with the activation energy of the primitive
monomeric friction, E0a, by Ea = E0a/(1 � n), where n is the
coupling parameter whose values lie between 0.40 and 0.45.
Recently, Br€uckner et al.18 carried out conformational analysis on
joint mobility for separating d helical sequences from l ones for
s-PS and i-PS. Their results showed that a coordinate torsional
motion of four bonds is involved in i-PS to overcome a rather high
energy barrier of∼62.7 kJ/mol comparedwith that (∼27.2 kJ/mol)
in s-PS, where only one bond is driven at a time. In other words,
the mobility of joints connecting helices of opposite chirality
appears to be very low for i-PS due to the possession of a higher
E0

a. On the basis of these E0a values, the determined Ea is
∼114 kJ/mol for the i-PS and∼50 kJ/mol for the s-PS, provided
that an entanglement coupling parameter of 0.45 is applied.
These Ea values derived from molecular dynamics are consistent
with the present ones obtained from the rheological measurements.
3.3.Mw Dependence of Zero Shear Viscosity. The complex

shear viscosity (η*) of PS samples as a function of ω at Tr was

calculated from the dynamic properties.45 Typical results are
shown in Figure 4, in which a comparison is given using PS
samples with a similarMw (a-PS25, s-PS25, and i-PS25). It is seen
that, at high ω, all three samples have the same viscosity. It sug-
gests that the dominant relaxation mechanism of the convective
constraint release, which is a local process, is equally effective
regardless of chain tacticity. The exponent for the shear-thinning
region is about�0.758. Moreover, it is of importance to note the
significant difference in the zero shear viscosity (ηo) for these
three samples; the deduced values are 790, 490, and 60 Pa*s for
the s-PS, a-PS, and i-PS, respectively. At a givenMw, i-PS has the
least entanglement density due to the possession of a highestMe,
giving rise to a ηo with a magnitude nearly one order lower than
that of a-PS and s-PS.
Similarly, the ηo of s-PS with different Mw is also determined

from the flow curve (Figure S6, Supporting Information) and the
results are shown in Figure 5, where themeasuredηo is proportional
to Mw

3.64. The exponent is slightly higher than the generally ac-
cepted value of 3.4.30,45 Also shown in Figure 5 are the results of
three a-PS and one i-PS species used in this study. For a-PS
species, the zero shear viscosity varies with about the 3.3th power
of the molecular weight, in good agreement with the theoretical
value. Thus, the exponent of this scaling relation does not depend
on the tacticity as the difference between both values is not
significant. As shown in the inset, it is remarkable to notice the
good superposition of all the measured data provided that ηo is
plotted against the number of entanglement points per chains,
Mw/Me. Regardless of the chain tacticity, a simple scaling law can
be applied to the PS species: ηo = 2.92� 10�2(Mw/Me)

3.61 with

Figure 4. Complex viscosity η* versus angular frequency ω at 280 �C
for the s-PS25, a-PS25, and i-PS25 samples.

Figure 5. Zero viscosity ηo versus weight-average molecular weightMw

at a reference temperature of Tr = 280 �C for the samples of s-PS, a-PS,
and i-PS. The inset shows the zero viscosity ηo versus entanglement
number Ne (=Mw/Me).

Figure 3. Temperature dependence of the shift factor aT for the a-PS22
sample at a reference temperature of Tr = 280 �C. Solid curve is fitting
results by WLF equation with the parameters c1 and c2 of 3.70 and
263.2 K, respectively. The inset shows the 1/T dependence of aT for the
a-PS22 and some selected s-PS samples; from the linear slope, the
activation energy for flow is determined.



6160 dx.doi.org/10.1021/ma200695c |Macromolecules 2011, 44, 6155–6161

Macromolecules ARTICLE

R2 regression of 0.995. This self-consistency also verifies the
determined Me of s-PS on the basis of the integration method.
Note that the prefactor is closely related with the temperature.

4. CONCLUSIONS

Several s-PS samples with differentMws are synthesized using
the metallocene technology. Together with some commercial
available a-PS and i-PS samples, the rheological properties of PS
chains with different stereoregularities and narrowmolecular weight
distribution are explored and discussed. The exponent for theMw

dependence of zero shear viscosity is derived to be 3.64 for the
s-PS, which is close to that for the a-PS sample (3.33). The
plateau shear moduli are determined from the classical integra-
tion approach and the influence of chain stereoregularity on the
Me is also discussed. Our results show that the measuredMe is the
lowest for s-PS, and the highest for i-PS. Because of the pos-
session of a largest Me, i-PS has the least entanglement density
among them for a givenMw, which in turn gives rise to the lowest
zero shear viscosity. In addition, i-PS possesses a significantly
higher Ea than the s-PS. This is consistent with the molecular
dynamics by rotational isomer calculation, which predicts that
the energy barrier i-PS is much higher than s-PS.
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