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ABSTRACT: The segmental relaxation properties of a low molecular weight (4.6 kg/mol), cyclic polystyrene
(PS) were characterized. The sample was obtained by fractionation using HPLC at the chromatographic
critical condition, which yields a ring uncontaminated by its linear precursor. Both the glass temperature
and the temperature dependence of the segmental relaxation times for the ring PS were equivalent to
the high molecular weight limiting values for the linear polymer. These results are interpreted by

considering the configurational mobility of a polymer lacking chain ends.

Introduction

Much effort has been devoted to studying the effect
of molecular architecture on the properties of polymers.
In addition to the practical appeal of better performing
materials, such work can provide new theoretical in-
sights. Ring polymers are of particular interest, for two
reasons: Reptation, the mechanism believed to govern
the low-frequency dynamics of long-chain polymers, is
unavailable to rings.!?2 Rings also lack the excess
mobility conferred by chains ends to polymers having
small molar masses.® This is consistent with the fact
that, due to intermolecular constraints, cyclic polymers
form a very compact, molecular structure.*>

Herein we compare relaxation behavior near the glass
temperature, Ty, of a polystyrene ring to that of linear
PS. The ring sample was obtained by liquid chroma-
tography at the critical condition (LCCC) and is thus
uncontaminated by the precursor linear chains. This
work was motivated by previous results showing that
the temperature dependence of linear PS’s segmental
relaxation became weaker (relaxation times changed
less with changes in normalized temperature) as the
molecular weight decreased.® The effect was ascribed
to chain ends, which, if correct, implies PS rings of low
molar mass will exhibit quite different behavior.

Experimental Section

The polystyrene ring was prepared by anionic polymeriza-
tion initiated with sodium naphthalenide in THF, followed by
cyclization using (CHj3),SiCl,.” LCCC was used to separate the
ring from linear contaminants as well as cyclic dimers.® The
molecular weight, My, was 4.6 kg/mol, as measured by matrix-
assisted laser desorption—ionization time-of-flight mass spec-
trometry.® This can be compared to the value M,, = 4.7, kg/
mol, determined by size exclusion chromatography with light
scattering detection. The polydispersity My/M,, measured by
matrix-assisted laser desorption—ionization time-of-flight mass
spectrometry, was 1.055.
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Test specimens were prepared by molding at 135 °C in a
vacuum. The calorimetric glass temperature was measured by
cooling at 10 deg/min using a Perkin-Elmer DSC-7. Dynamic
mechanical measurements for the flow region and in the
vicinity of the glass transition were obtained with a Bohlin
VOR rheometer using a parallel-plate geometry. Sample radii
and gaps were 6.3 and 1.5 mm, respectively. The dynamic
shear modulus was measured at angular frequencies in the
range from 12 to 6 x 1075 rad/s temperature at temperatures
between 367 and 379 K. Temperature control was +0.1 deg.
Reproducibility was affirmed by replicate measurements after
various time periods. For the lowest temperature, measure-
ments were repeated after 4.5 days to ensure the absence of
physical aging.

Results

Glass Temperature. The glass temperature of low
molecular weight, cyclic polymers is expected to be
higher than for the corresponding linear chains, since
fewer degrees of freedom need to be frozen out. For the
PS ring, we measure Ty = 373.7 £ 0.2 K. This datum is
plotted in Figure 1 along with the values for linear PS.5
The molecular weight dependence of the glass temper-
ature for linear polymers can be described by the
Kanig—Ueberreiter equation®

T, =

1 KJt
— 4+ 1
Ty Mw] @)

For PS, K = 7.8 x 10~ mol/kg and the high molecular
weight limiting value T;’ = 374 K.5 Thus, for M, = 4.6
kg/mol, linear PS has a glass temperature 21 deg lower
than Ty of the ring. In eq 1, T;" corresponds to a chain
length sufficiently long that the chain end contribution
to the configurational freedom becomes negligible.
Interestingly, this quantity for linear PS is equal to the
glass temperature measured herein for the ring. Since
at infinite molecular weight T4 must be the same for
rings and linear polymer, the implication is that the
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Figure 1. Calorimetric glass temperature of the PS ring
measured by cooling at 10 deg/min. (The value obtained by
heating at the same rate is 3.5 deg higher.) Also included are
data for linear PS of the indicated number-average molecular
weight as well as the range of Ty calculated for cyclic PS of
M, = 4.36 kg/mol.

current ring is already at its high polymer limiting
value. We also note that, prior to the fractionation used
herein, the Ty of this ring sample was 3.2 deg lower than
T, reflecting contamination with the linear precur-
Ssor.

A Tg for ring PS equal to the high polymer value for
linear PS is consistent with the data of Gan et al.1? Liu
et al.’3 also reported glass temperatures for cyclic PS
of various molecular weights. Interpolation of their
results for My, = 4.6 kg/mol gives a T4 18 deg lower than
measured herein. This difference is too large to be
ascribed to contamination of the Liu et al. samples with
linear PS. We note, however, that their reported Tg's
also exhibit a broad minimum at molecular weights in
the range 1—10 kg/mol. There is no physical basis for
such a result, which calls into question their data.

Di Marzio and co-workers®1* have developed a theory
for the T of ring polymers. While qualitative agreement
with experimental results for rings was achieved, their
calculated glass temperatures depend sensitively on the
assumed dependence of the number of configurations
on molar mass. For PS, the authors considered a range
of the parameters, obtaining Tq = 411 + 11 K for cyclic
PS of M, = 4.36 kg/mol.1* As shown in Figure 1, this is
significantly higher than the glass temperature deter-
mined herein. Similar results were obtained for other
ring polymers—the theory overestimates the effect of
cyclization on Tg.

Melt Viscosity. Isothermal dynamic mechanical
measurements on the PS ring were carried out at
several temperatures. Displayed in Figure 2 is a master
curve, which includes only data at the two extremes of
the seven measurement temperatures: 367.2 K and the
reference temperature 379.2 K (which is 5.2 deg above
the calorimetric Tg). The data superpose well in the
region toward high frequency where the two data sets
overlap. At lower frequencies, thermorheological com-
plexity would be expected.'®

These data encompass the viscoelastic response from
the glassy plateau to the terminal zone. Since the ring
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Figure 2. Dynamic mechanical storage (circles) and loss
(squares) moduli for PS ring measured at 379.2 K (data at
o < 13 rad/s) and 367.2 K (data at arw > 4 rad/s). The latter
were shifted to superimpose. (For clarity, not all points are
shown.) The glassy plateau approaches a value ~ 1 GPa, quite
comparable to glassy modulus of linear PS.'> At the lowest
frequencies, the quantity G"/w becomes constant, although
terminal flow (G' O w?) has not been attained.

has a molar mass more than a factor of 3 smaller than
the entanglement molecular weight of linear PS, M, =
15.9 + 2.9 kg mol 1617 there is no rubbery plateau in
the storage modulus. (Moreover, M. may be larger for
rings.#18) At all frequencies below the softening zone
(wherein G' ~ G"), the loss tangent exceeds unity. At
the lowest measured frequencies, proportionality be-
tween G'(w) and w? was not attained (the resolution of
the rheometer is insufficient). However, the dynamic
viscosity, G*(w)/w, did become constant, yielding a value
for the zero shear rate viscosity, 7, equal to 1.62 x 108
Pa s at 379.2 K.

This viscosity can be compared to the results of
McKenna et al.,'® who reported a master equation
describing both the temperature and molecular weight
dependences of the terminal viscosity for cyclic PS

689

log Ny = —11.04 + T——3233

+1.741log M,, (2)

For M,, = 4.6 kg/mol, this gives log 7, (Pas) =7.7 £ 0.7
at 379.2 K, which is within error equal to the value
measured herein, log 7o = 8.21. There is a large
uncertainty in the former, since eq 2 represents data
obtained over a wide range of molecular weights and
temperatures.

According to the Rouse model, the viscosity of an
unentangled, linear polymer should be twice that of its
cyclic counterpart.11° Results for linear PS are avail-
able from Plazek and O’'Rourke,!® although comparison
to the ring viscosity requires interpolating data for
linear PS having molecular weights different from My,
of our sample. The result suggests that the viscosity of
a linear PS of equivalent molecular weight is indeed
larger than measured herein for the ring, although the
difference is substantially more than the expected factor
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Figure 3. Segmental relaxation times from dynamic mechan-
ical spectroscopy for the PS ring (®) and for linear PS with
My equal to 3.7 (Vv), 6.4 (), 90 (<), and 3840 kg/mol (O). The
curves are fits to eq 3.
Table 1. Polystyrene Ring
Mw (kgmol)  Tg(K)  Tret?(K) logzo(s) B To(K) m
4.6 374 £ 0.2 371 —17.15 2119 322.6 148

a Temperature at which segmental relaxation time equals
100 s.

of 2. However, the need to adjust the linear data for the
M, dependence of Ty introduces substantial error into
the estimated 7, for linear PS.

Local Segmental Relaxation. As seen in Figure 2,
there is a dispersion in the loss modulus, associated with
local segmental relaxation. The breadth of this peak was
invariant to temperature over the measured range and
equivalent to that found® for high molecular weight
linear PS. From the frequency of the maximum in the
loss modulus, wmax, We obtain a relaxation time for local
segmental motion, 7 = 1/wmax. These segmental relax-
ation times are plotted in Arrhenius fashion in Figure
3 along with the fit to the Vogel—Fulcher equation?

T=71, exp(_l%_ro) 3)

The best-fit parameters are listed in Table 1. Also
displayed in Figure 3 are the segmental relaxation times
for linear PS of molecular weights encompassing that
of the ring. Consistent with the high Ty of the latter, 7
for cyclic PS are essentially equal to those of high
molecular weight (>10% kg/mol) linear PS.

More interesting is the effect of temperature on these
relaxation times. As seen in the figure, the curves for
the ring and the high molecular weight linear PS appear
to be parallel. To quantify the temperature dependences,
we divide the temperatures by the respective value, Ty,
at which 7 = 100 s for each sample. This defines an
effective glass temperature, more appropriate for dy-
namic data than a calorimetric Tgy. Arrhenius plots using
a Tres-normalized temperature variable have been shown
to be a self-consistent means to classify and distinguish
segmental relaxation behavior of polymers.?1=2* From
the slope at Tef, a Steepness index, m (often referred to
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Figure 4. Steepness index at T determined (eq 4) for linear
PS and the PS ring. The dashed line is only a visual aide.

as the “fragility”® or “cooperativity index"?6), is ob-
tained. In terms of the Vogel—Fulcher parameters, this
parameter is given by?’

d log (1) _ BIT s
AT/ Mlr=r,, (I 10)(1 — To/T o)’

m=

(4)

This steepness index is plotted for the PS ring in Figure
4 along with results for linear PS (some taken from ref
6 and some measured herein).

As seen in the figure, linear PS exhibits a systematic
decrease in normalized temperature dependence with
decreasing molecular weight. This is quite different from
the behavior of more flexible polymers, such as poly-
(propylene oxide),?® poly(phenylmethylsiloxane),?® and
poly(dimethylsiloxane),?° for which the normalized tem-
perature dependences of segmental relaxation times are
independent of chain length. The stiffer PS chain, with
its bulky pendant groups, is more constrained in its local
motion, and it is this enhanced intermolecular cooper-
ativity that gives rise to a larger value of m.30-36

Drawing on the general correlation between the
temperature dependence of segmental relaxation and
the degree to which the chemical structure engenders
steric constraints on the local motion, we previously
suggested® that the smaller m of low molecular weight
PS reflects the presence of a high concentration of chain
ends. The greater degree of configurational freedom
conferred by the chain ends alleviates constraints on
the local dynamics, thus reducing the temperature
dependence.

Accordingly, if this explanation is correct, the PS ring,
lacking this excess mobility, will exhibit a steepness
index much closer to that of high molecular weight,
linear PS. This is exactly what is observed in Figure 4;
the PS ring exhibits a value quite close to the asymptotic
m for high molecular weight linear PS. Thus, the
previously reported dependence of m on molar mass for
linear polymers® is indeed a chain end effect. Note that
similar considerations appear to govern the molecular
weight dependence of the glass temperature itself; to
wit, polymers with high Tg's (reflecting more constrained
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local motion) tend to have more molecular weight-
dependent glass temperatures (reflecting constraint
mitigation from chain ends).3’

Summary

We find that for a low molar mass ring PS the glass
temperature and the steepness index describing the
temperature dependence of segmental relaxation are
equivalent to the high molecular weight limiting values
for linear PS. This behavior can be ascribed to the
absence of chain ends and the associated configurational
freedom, which give rise to a molecular weight depend-
ence of these properties in linear polymers. Thus, chain
stiffness and (the related) intermolecular constraints
govern the temperature dependence of local segmental
relaxation.
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