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ABSTRACT: Dynamical properties of bulk poly(propylene sulfide) (PPS) were investigated for a range
of molar masses between 600 and 50 000 g/mol. The primary and secondary relaxation (R-relaxation and
â-relaxation) were studied using dielectric spectroscopy. The local segmental relaxation (R-relaxation)
and the chain backbone conformational relaxation were studied using dynamic mechanical measurements.
The dynamical properties of PPS are compared to those of poly(propylene oxide) (PPO) and are shown to
be very similar. However, the glass transition temperature of PPS decreases strongly for low molar masses,
while for PPO it is almost independent of the molar mass down to 400 g/mol.

Introduction

Recently, a novel method was developed to synthesize
well-defined monodisperse poly(propylene sulfide) (PPS).1
Although this polymer was synthesized for the first time
in 1961,2 little is known about its dynamical properties.
PPS has the same structure as the better known poly-
(propylene oxide) (PPO), but with all the oxygen atoms
replaced by sulfur atoms. PPO, also known as poly-
(propylene glycol), is an industrially important polymer,
and its dynamical properties have been extensively
investigated (see e.g. refs 3-19). A striking feature of
PPO is that the glass transition temperature (Tg)
depends very weakly on the molar mass (M), even for
molar masses down to 400 g/mol. The absence of the
effect of free ends on Tg can be attributed to hydrogen
bonding which reduces the mobility of the free ends.
Earlier measurements of the chain backbone conforma-
tional relaxation (Rouse modes) showed an anomalous
molar mass dependence which was also attributed to
the effect of hydrogen bonding.4,15 However, more recent
work16 showed that the anomalous molar mass depen-
dence was due to an underestimation of the higher
molar masses used in the investigation. Using better
defined samples over a wider range of molar mass, it
was established that the long time dynamic mechanical
and dielectric relaxation can be well described by the
Rouse model and that entanglements become important
for M > 4000 g/mol.

In PPS hydrogen bonding is much weaker than in
PPO, and therefore comparison between PPS and PPO
will reveal the influence of hydrogen bonding on dy-
namical properties. In this paper we report a study of
the dynamic mechanical and dielectric properties of PPS
with a range of molar masses between 600 and 50 000
g/mol. We investigate the local segmental relaxation (R-
relaxation) which characterizes the glass transition, the
sub-glass relaxation (â-relaxation), and the overall
conformational relaxation. Comparison with earlier
results on PPO shows that PPS and PPO have very
similar properties. Therefore, we can refer to earlier
work on PPO for discussion of results that are common
and we focus here on the differences between these two
polymers.

Experimental Section
Sample Synthesis and Characterization. We have syn-

thesized a series of PPS samples following a procedure detailed
in ref 1. Using this procedure, PPS with methylnaphthyl end
groups is made. Thiol end-capped PPS was prepared by a
different termination step, i.e., an acid-base reaction between
the thiolate end groups of the living polymer and the strongly
acidic resin Amberlyst15. Details of this procedure will be
published elsewhere.

The samples were characterized using size exclusion chro-
matography (SEC) with on-line light scattering detection. The
SEC equipment has been described in detail elsewhere.20 We
have used two sets of columns: Polymer Laboratories MIX-C
5 µm, 600 × 7.5 mm and E-lin 10 µm and MIX-B 10 µm, each
600 × 7.5 mm. The elution liquid is THF using a flow rate of
1 mL/min. The light scattering detection gives access to the
molar mass of the larger samples (M > 104g/mol). The
scattered light intensity is too weak for the smaller samples
to obtain accurate results. We found that at a given elution
volume the molar mass of PPS is 0.74 times the molar mass
of polystyrene. To obtain the molar mass distribution for all
samples, we used calibration with polystyrene standards
assuming that the proportionality between the molar mass of
polystyrene and PPS is valid over the whole range investi-
gated. The molar mass distribution of the samples used in this
study is shown in Figure 1a. Values of the number-average
molar mass (Mn) and the polydispersity index (Mw/Mn) are
given in Table 1.

Figure 1a shows that coupling occurred during the synthesis
of larger PPS leads to the formation of polymers with twice
the molar mass. The fraction of coupled material increases
with increasing molar mass. To investigate the influence of
the coupling on the experimental results, two samples have
been reduced using LiAlH4. In this way the coupled material
is split, but some low molar mass material is produced; see
Figure 1b.

Dynamic Mechanical Measurements. Dynamic shear
measurements were made on a Rheometrics RDA II dynamic
spectrometer using parallel-plate geometry at temperatures
between 200 and 340 K. The so-called hold mode was used
where the gap is corrected for temperature variations of the
sample volume. The plate size (diameters 25, 8, and 4 mm)
and the imposed deformation (0.1-100%) were adjusted to
obtain an accurate torque response while remaining in the
linear regime. The shear modulus could be measured in the
range 10-109 Pa. We were able to measure very large moduli
by using a relatively large sample thickness (2-2.5 mm) in
combination with a small plate size. The range of frequencies,
f, used was 2 × 10-3-20 Hz. Temperatures were measured

7530 Macromolecules 1999, 32, 7530-7536

10.1021/ma990853f CCC: $18.00 © 1999 American Chemical Society
Published on Web 10/07/1999



using a thermocouple close to the lower plate. The temperature
was stable within (0.2 K over the whole range used in this
study (200-350 K).

Dielectric Spectroscopy. Measurements of the complex
dielectric permittivity were made with broad-band dielectric
spectroscopy equipment from Novocontrol GmbH. Measure-
ments were made in the frequency range from 10-1 up to 106

Hz. The samples were kept between two gold-plated stainless
steel plates of 20 or 40 mm in diameter with a gap varying
between 30 and 500 µm. The sample cell was placed in a
cryostat, and the sample temperature was regulated with an
accuracy of (0.1 K and measured with a PT100 sensor in the
lower plate of the sample capacitor.

Results and Discussion
Glass Transition Temperature. Calorimetric glass

transition temperatures were measured using differen-
tial scanning calorimetry (DSC). The samples were
cooled rapidly to 150 K and then heated at a rate of 10
K/min. Values of Tg taken as the midpoint of the
transition are summarized in Table 1 and plotted in
Figure 2 as a function of 1/Mn. The reproducibility is
(2 K. For comparison we also show the results for PPO.
A linear least-squares fit gives for PPS

Contrary to PPO, for PPS the molar mass dependence
of Tg is important at small molar masses as observed
for other non-hydrogen-bonding polymers.21 At high
molar mass Tg of PPS is 30 K higher than that of PPO.

Dielectric Spectroscopy. Dielectric spectroscopy
(DS) shows two relaxation processes. One relatively
broad mode (â-relaxation) is observed at temperatures
below Tg. The other mode (R-relaxation) is narrower and
is observed at temperatures close to and above Tg. In
addition, conductivity due to the presence of charged
impurities results in an upturn of the loss dielectric
permittivity (ε′′) at frequencies below the R-relaxation.
Figure 3a shows the frequency dependence of ε′′ at
different temperatures close to and above Tg for sample
S6. The peaks characterize the R-relaxation which
merges with the much weaker â-relaxation at high
frequencies. The amplitude of the R-relaxation decreases
weakly with increasing temperature except at higher
temperatures when it merges with the â-relaxation.
Figure 3b shows that the data superimpose if ε′′ is
normalized by the maximum value (ε′′max) and the
frequency is normalized by the value of the maximum
loss (fmax). In the temperature range covered in the
experiment the width of the R-relaxation is independent
of the temperature. The solid line represents a fit to a
generalized exponential (GEX) relaxation time distribu-
tion, which was shown to be equivalent to a stretched
exponential decay in the time domain: ε(t) ) ε∞ + ∆ε
exp[-(t/τ0)â], with ε∞ the high-frequency value and ∆ε
the relaxation strength. The best fit was obtained with
â ) 0.47. Figure 4 shows that the shape of the R-relax-
ation is independent of the molar mass. The deviation
at high frequencies is caused by the â-relaxation. In the

Figure 1. (a) Molar mass distributions of the PPS samples.
(b) Effect of reduction of the molar mass distribution of high
molar mass PPS samples.

Table 1. Sample Characteristics

Mn (kg/mol) Mw/Mn Tg (K) Tgv (K) log(τ0/s)

S1 0.63 1.09 206 203
S2 0.90 1.11 219 212 -12.7
S3 1.6 1.19 226 221 -12.2
S4 2.9 1.10 231 226 -11.8
S5 6.1 1.14 233 228 -11.3
S6 16.2 1.27 236 230 -10.7
S6a 11.9 1.34 236 230 -10.7
S7 23.7 1.37 235 231 -9.7
S7a 20.3 1.36 236 231 -9.9
S8 35.8 1.53 231 -9.1

a After reduction.

Figure 2. 2. Glass transition temperatures as a function of
the inverse number-averaged molar mass. The solid line
represents a linear least-squares fit; see eq 1.

Tg ) 236 - 2.20 × 105

Mn
(K) (1)
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range investigated the relaxation strength of the R-re-
laxation is independent of the molar mass: T∆ε ≈ 800.

An Arrhenius representation of the temperature
dependence of fmax is shown in Figure 5. For clarity, we
show only the results of four samples because the results
of the high molar mass samples are very close. For PPO
we found16 that the temperature dependence of the
characteristic relaxation time defined as τ ) 1/(2πfmax)
was the same for different molar masses if plotted as a
function of T - Tgv where Tgv is the temperature at
which the maximum loss shear modulus is situated at
radial frequency ω ) 1 rad/s; see below. Tgv is propor-
tional to the glass transition temperature measured by
DSC but can be determined with higher accuracy. The
values of Tgv of the PPS samples are given in Table 1
and are systematically about 5 K smaller than Tg.
Figure 6 shows that also for PPS the temperature
dependence of τ is independent of the molar mass if
plotted as a function of T - Tgv. The temperature
dependence can be well described by the Vogel-Fulcher-
Tammann (VFT) equation:

Here log(τ0) is the limiting value at high temperature,
B is the apparent activation energy, and T0 is the “ideal”
glass transition temperature. For the R-relaxation of
PPS we find log(τ0/s) ) -12.0, B ) 390 K, and T0 ) Tgv
- 30.0 K. The shape, the temperature dependence, and
the amplitude of the R-relaxation of PPS are close to
those of PPO.16

Figure 7a shows the frequency dependence of the loss
dielectric permittivity (ε′′) at different temperatures
below Tg for sample S6. The peaks characterize the
â-relaxation which broadens and decreases in amplitude
when the temperature is decreased. The frequency
where ε′′ is maximum has an Arrhenius temperature
dependence that is characteristic of sub-glass relaxation;
see Figure 5. The activation energy varies little with
the molar mass and is 37 ( 1 kJ/mol. Following a
method used by Deegan and Nagel22 to analyze the

Figure 3. (a) Frequency dependence of the loss dielectric
permittivity for sample S6 at different temperatures indicated
in the figure. At these temperatures mainly the R-relaxation
is observed. (b) Plot of the data shown in (a) after normaliza-
tion. The solid line represents a fit to the GEX function which
corresponds to a stretched exponential decay in the time
domain with â ) 0.48.

log(τ) ) log(τ0) + B
T - T0

(2)

Figure 4. Plot of the normalized frequency dependence of the
loss dielectric permittivity for PPS with different molar masses
as indicated in the figure. The solid line represents a fit to
the GEX function which corresponds to a stretched exponential
decay in the time domain with â ) 0.48.

Figure 5. Arrhenius representation of the temperature
dependence of the frequency where ε′′ is maximum for PPS
with different molar masses indicated in the figure. Circles
indicate the peak position of the R-relaxation while squares
indicate the position of â-relaxation. The solid lines through
the circles are fits to the VFT equation.
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â-relaxation in polybutadiene, we have superimposed
the peaks at different temperatures by plotting ε′′/εmax
as a function of log(f/fmax)/∆, where ∆ is the half-width
of the peak. The data superimpose to within the
experimental error, which shows that the functional
form of the â-relaxation is independent of the temper-
ature; see Figure 7b. PPS with other molar masses show
a very similar behavior. In fact, representations as in
Figure 7b of PPS with other molar masses are the same
except for PPS3 and to a lesser extent for PPS5 for
which the peak is slightly steeper at the low-frequency
side. ∆ increases weakly with decreasing temperature
from about 4.5 at 213 K to about 5.5 at 173 K and does
not depend on the molar mass. The variation of ∆ with
temperature is similar to that reported by Deegan and
Nagel22 for polybutadiene. The amplitude of the â-re-
laxation increases linearly with the temperature in the
range 173-213 K by about 20%.

Deegan and Nagel22 suggested that the â-relaxation
of polybutadiene is due to a random hopping process
over a Gaussian distribution of energy barriers which
leads to a log-normal frequency dependence of ε′′. The
solid line in Figures 7b represents a fit to the log-normal
distribution. Clearly, the log-normal distribution only
describes part of the frequency dependence. At low
frequencies there is a transition to the R-relaxation, but
the deviation at high frequencies could indicate that the
distribution of energy barriers is not Gaussian. For a
glass of small molecules Wu21 found that the â-relax-
ation was well described by a log-normal distribution
even at high frequencies. The width of the â-relaxation
was found to increase linearly with 1/T, but the ampli-
tude was constant. The results on polybutadiene re-
ported by Deegan and Nagel do not cover a sufficiently
broad frequency range to establish whether they deviate
from a log-normal distribution at high frequencies.

Whatever the origin of the â-relaxation, it is clearly
correlated with the R-relaxation. By extrapolating the
temperature dependence of the two modes shown in
Figure 5 to higher temperatures, we estimate that the
two modes merge at about 107 Hz and T - Tgv ≈ 70 K.

The crossing frequency appears slightly higher for the
smallest molar mass, but it is difficult to conclude in
view of the rather long extrapolation. In any case it is
obvious that end effects influence both the R- and the
â-relaxation.

In PPO the â-relaxation is weaker and broader and
therefore more difficult to characterize.16 Nevertheless,
we observed that in PPO the width and the amplitude
of â-relaxation have a similar weak temperature de-
pendence as observed for PPS. Also for PPO the activa-
tion energy is almost independent of the molar mass,
and its value is only about 15% smaller than that of
PPS. For PPO the two modes merge at about the same
frequency and value of T - Tgv as for PPS. We noted in
ref 16 that for PPO the activation energy is independent
of the molar mass even for molar masses down to 400
g/mol for which the contribution of the hydroxyl end
group to the dielectric permittivity is important. In
addition, the hydroxyl groups contribute to the ampli-
tude of both the R- and the â-relaxation. This makes it
unlikely that a specific local motion of the chain
backbone is responsible for the â-relaxation.

Figure 6. Plot of the characteristic relaxation time τ )
1/(2πfmax) of the R-relaxation as a function of T - Tgv for PPS
with different molar masses between 600 and 40 000 g/mol.
Circles indicate the results from DS while squares indicate
the results from mechanical shear measurements. The solid
lines are fits to the VFT equation with the same values for B
and T0, but values of log(τ0) that differ by a factor of 9.

Figure 7. (a) Frequency dependence of the loss dielectric
permittivity for sample S6 at different temperatures indicated
in the figure. At these temperatures mainly the â-relaxation
is observed. (b) Plot of the same data shown in (a) after
normalization. The solid line represents a fit to a log-normal
relaxation time distribution.

Macromolecules, Vol. 32, No. 22, 1999 Dynamics of Poly(propylene sulfide) 7533



In the case of PPO two additional relaxation modes
were observed with DS.16 One mode is situated between
the R- and the â-relaxation. It has an Arrhenius tem-
perature dependence and an amplitude that increased
strongly after exposure of the sample to a water-rich
atmosphere. This mode is most likely induced by the
presence of traces of water which are absent in PPS.
The second additional mode is slower than the R-relax-
ation and is molar mass dependent. This mode is due
to relaxation of dipoles parallel to the chain backbone
and is determined by end-to-end vector fluctuations. In
Figure 8 we compare the frequency dependence of ε′′
for PPO and PPS with about the same degree of
polymerization. It seems surprising that simply replac-
ing an oxygen atom by a sulfur atom reduces the
strength of the parallel dipole moment to such an extent
that it is no longer detectable, while the strength of the
total dipole moment is hardly modified. The difference
at high frequencies is due to the stronger influence of
the merging â-relaxation for PPS.

Shear Modulus. We measured the loss (G′′) and
storage (G′) shear moduli over a wide range of temper-
atures. Unfortunately, mechanical shear measurements
cannot be made over the broad frequency range acces-
sible to DS. In addition, with the setup used in the
experiment, it was not possible to measure the â-relax-
ation. In the frequency range accessible to mechanical
measurements the R-relaxation has a strong tempera-
ture dependence and can only be measured over a
narrow temperature range. In this narrow range the
shape of the R-relaxation is independent of the temper-
ature. Figure 9 shows that the shape of the R-relaxation
is also independent of the molar mass except perhaps
for S1, which appears slightly broader. The solid line
represents again a stretched exponential decay in the
time domain with â ) 0.47. The value of the maximum
loss shear modulus of PPS is within the experimental
error independent of the molar mass and the same as
for PPO:15,16 G′′max ) 2 × 108 Pa.

In Figure 6 we have plotted the temperature depen-
dence of τ ) 1/(2πfm) as a function of T - Tgv. The
temperature dependence of τ is independent of the molar
mass if plotted as a function of T - Tgv. τ obtained from

G′′ is systematically larger than that obtained from ε′′
by a factor of 9 ( 1. The solid lines in Figure 6 represent
nonlinear least-squares fits to eq 1 with the same values
of B and T0 as for ε′′ (see above) but values of τ0 that
differ by a factor of 9. As mentioned above, the temper-
ature dependence of the R-relaxation in PPS is almost
the same as in PPO, and the same systematic difference
between the results from DS and mechanical measure-
ments is observed for both polymers. For a discussion
of this systematic difference see ref 16.

At lower frequencies the R-relaxation crosses over to
the overall conformational relaxation. These two relax-
ation processes do not have the same temperature
dependence. The same effect was observed for PPO and
is discussed in detail in refs 15 and 16. It is thus not
possible to use time-temperature superposition to
obtain a master curve of the whole frequency depen-
dence. However, we can make master curves at a given
reference temperature (Tref) by superimposing data at
lower temperatures in the high-frequency domain and
at higher temperatures in the low-frequency domain.
Different samples can be compared if we choose Tref at
the same distance from Tgv. This procedure leads to the
master curves shown in Figure 9. As expected, the
conformational relaxation is strongly molar mass de-
pendent. The effect of entanglements is visible for the
larger samples but not strong enough to observe a clear
plateau in G′ or a maximum in G′′.

As mentioned in the Experimental Section, high
molar mass PPS contains a significant amount of
coupled material with twice the molar mass. Figure 11
shows the effect of reduction of PPS on the shear
modulus. As expected, only the terminal relaxation is
influenced. For these large molar masses DS shows no
effect.

The solid lines in Figures 10 and 11 represent
nonlinear least-squares fits to a combination of (1) the
GEX function (equivalent to a stretched exponential) to
describe the R-relaxation, (2) a sum of Rouse normal
modes, and (3) a log-normal relaxation time distribution
to describe the effect of disentanglement for Mn > 4000
g/mol. Earlier we have used this fit procedure success-

Figure 8. Comparison of the frequency dependence of the loss
dielectric permittivity for PPS (circles) and PPO (triangles)
with about the same degree of polymerization (70 for PPO and
73 for PPS). The reference temperature is Tgv + 23 K. The
inset shows the same data in a double-logarithmic representa-
tion.

Figure 9. Plot of the normalized frequency dependence of the
loss shear modulus for PPS with different molar masses as
indicated in the figure. In a semilogarithmic representation
only the R-relaxation is visible. The solid line represents a fit
to the GEX function which corresponds to a stretched expo-
nential decay in the time domain with â ) 0.48.
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fully for PPO; see for details refs 15 and 16. Figures 10
and 11 show that the model describes the data well also
for PPS. Of course, the use of a log-normal distribution
to describe the process of disentanglement is arbitrary.
But, on one hand, a single-exponential decay is not
sufficient to obtain a good fit, and on the other hand, a
more complicated distribution is not justified because
it is relatively narrow even for the largest molar mass
studied here.

We have taken the terminal relaxation time (τc) of the
conformational relaxation as the slowest Rouse mode
for the samples with Mn < 4000 g/mol and as the
maximum of the log-normal distribution characterizing
the disentanglement process for the larger samples. The
temperature dependence of τc is shown in Figure 12
together with that of the R-relaxation. To show the latter
over a wider temperature range, we include the results
from DS shifted by a factor of 9. Within the experimen-
tal error the temperature dependence of τc can be

described by the VFT equation with the same values
for B ) 525 K and T0 ) Tgv - 43 K for all molar masses,
but different values of log(τ0) shown in Table 1.

In Figure 13 we have plotted the conformational
relaxation time at T ) Tgv + 100 K as a function of the
number of PPS segments (ns). The straight line through
the data shows that the molar mass dependence is close
to that expected for the slowest Rouse normal mode (τc
∝ ns

2). At high molar mass the increase is stronger due
the influence of entanglements. For many linear poly-
mers τc ∝ ns

3.4 if the molar mass is much larger than
that between entanglements. The transition to this
power law dependence is not yet obvious for the range
of masses studied here. This is partly due to the choice
of the τc because the width of the log-normal distribution
increases with increasing molar mass. This means that
the maximum of the log-normal relaxation time distri-
bution becomes a poorer estimate of the terminal
relaxation time. In ref 16 we showed for PPO a plot
similar to Figure 13 also at T ) Tgv + 100 K and not at
T ) Tgv + 130 K as was erroneously written in the text.
Note also that in ref 16 we showed the slowest confor-

Figure 10. Master curves of the normalized frequency
dependence of the storage modulus for PPS with different
molar masses as indicated in the figure. The reference tem-
perature is Tgv + 5 K. The solid lines represent fits to the model
discussed in the text.

Figure 11. Comparison of the master curves of the storage
modulus for S6 and S7 before and after reduction. The
reference temperature is Tgv + 5 K. The solid lines represent
fits to the model discussed in the text.

Figure 12. Plot of the terminal relaxation time as a function
of T - Tgv for PPS with different molar masses between 600
and 50 000 g/mol. For comparison, we also show the charac-
teristic relaxation time of the R-relaxation from mechanical
measurements and from DS divided by a factor of 9. The solid
lines are fits to the VFT equation.

Figure 13. Double-logarithmic representation of the terminal
relaxation time as a function of the degree of polymerization.
The solid line has slope 2.

Macromolecules, Vol. 32, No. 22, 1999 Dynamics of Poly(propylene sulfide) 7535



mational relaxation as observed in DS, which is 2 times
smaller than that observed in mechanical shear mea-
surements for reasons explained in ref 16.

The dynamic mechanical properties of PPS are very
close to that of PPO with the same number of segments.
This is illustrated in Figure 14 where we compare
master curves for PPS and PPO with about the same
degree of polymerization. The curves almost superim-
pose which might be expected since the density24 and
the persistence length25 of both polymers are close. Like
for the R-relaxation the temperature dependence of the
conformational relaxation in both systems is close.
Clearly, hydrogen bonding does not influence the overall
conformational relaxation. Earlier it was concluded on
the basis of Raman and Brillouin scattering measure-
ments17,18 that hydrogen bonding stiffens the polymer
backbone of PPO. The present results show that even
if this stiffening effect exists, it does not have a
significant influence on the conformational relaxation.

Summary
DS reveals two relaxation modes for PPS. The tem-

perature dependence of the characteristic relaxation
time of the R-relaxation is well described by the Vogel-
Fulcher-Tammann equation (eq 2) and is independent
of the molar mass after correction for differences in the
glass transition temperature. Its shape is independent
of the temperature and the molar mass. The character-
istic relaxation time of the â-relaxation has an Arrhe-
nius temperature dependence. Its width decreases with
increasing temperature while its amplitude increases.
Its frequency dependence can be approximated by a log-
normal distribution except at high frequencies. The

activation energy, width, and amplitude of the â-relax-
ation do not depend on the molar mass. The two modes
merge at a frequency of about 107 Hz.

The R-relaxation observed in shear measurements has
the same shape and temperature dependence but is
systematically slower by a factor of 9. The overall chain
backbone relaxation is well described by a series of
Rouse normal modes for molar masses up to 4000 g/mol.
At higher molar masses relaxation of chain entangle-
ment is observed.

The dynamic properties of PPS as probed by DS and
dynamic mechanical measurements are very similar to
those of PPO. The most important difference is that the
glass transition temperature of PPO is almost indepen-
dent of the molar mass even at very low molar mass,
while PPS shows a decrease of Tg for low molar masses
as observed for most polymers.
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Figure 14. Comparison of the frequency dependence of the
storage modulus for PPS and PPO with about the same degree
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temperature is Tgv + 5 K.

7536 Nicol et al. Macromolecules, Vol. 32, No. 22, 1999


