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Introduction
Comparing the temperature dependences of the vis-

coelastic mechanisms in polymers is useful, both to
assess theoretical models and for applications. Re-
cently, much attention has been given to the relation-
ship between the shape of a relaxation function (e.g.,
the spectral breadth of a dispersion) and its temperature
dependence (i.e., the magnitude of change in relaxation
times with temperature). In particular, many investi-
gations have revealed a correlation between the time
and temperature dependences of the glass transition
relaxation in polymers and in small-molecule glass
formers.1-10 Such a correlation is predicted by the
coupling model of relaxation. In this model, at times
longer than a time tc, the relaxation function is given
by

where τ is the observed relaxation time and the coupling
parameter ()1 - â) is a measure of the strength of the
intermolecular constraints on molecular motions. The
quantity tc defines a characteristic time for the onset of
the slowing down of the relaxation due to this intermo-
lecular cooperativity. For polymers, tc is typically of the
order 10-12 s.11-13 Prior to this characteristic time,
intermolecular torques and unbalanced forces have not
built up to a degree sufficient to impede the relaxation.
The short-time, intermolecularly noncooperative relax-
ation is governed by local friction and, at least for
polymers, the rate of conformational transitions of the
polymer backbone. The latter, of course, may be subject
to intramolecular constraints, even for t < tc.14-16

The most important result of the coupling model is
obtained by setting the two relaxation functions (non-
cooperative relaxation for t < tc and intermolecularly
cooperative relaxation when t > tc) equal to one another
at tc. With the former taken to be simple Debye
relaxation13,16

The relaxation time in the absence of intermolecular
coupling, τ0, can rarely be determined directly; however,
its magnitude can be deduced from eq 2, with â and τ
determined by fitting the observed relaxation to eq 1.
From eq 2 it is seen that any temperature dependence

of τ0 will be amplified by the 1/â power. This means
that the temperature dependence of segmental relax-
ation observed for a neat polymer will parallel the
magnitude of its coupling parameter. The main as-
sumption underlying eq 2sthat tc is invariant to

temperatureshas been borne out by experiment.10-13

Thus, the coupling model predicts the often observed
correlation between time and temperature dependences.
The foregoing discussion begs the question of how the

dependence of a relaxation mechanism on temperature
might be assessed. In the case of Arrhenius behavior,
one can simply compare activation energies. Unfortu-
nately, with the exception of secondary relaxation
phenomena and sometimes the terminal relaxation of
polymers at high temperature, semilogarithmic plots of
relaxation times (or their shift factors) versus reciprocal
temperature are rarely linear; thus, no temperature-
invariant activation energy is available. For terminal
relaxations, free-volume-based arguments are some-
times used to justify making comparisons of relaxation
times at constant temperature minus Tg. This approach
assumes that free volume governs molecular motions.
Problematic for terminal relaxations, this assumption
is clearly untenable for segmental relaxation. Evaluat-
ing the effect of temperature on the latter requires some
other approach.
The Adam and Gibbs theory of relaxation17 provides

a basis for a scheme to classify temperature depend-
ences of segmental (for polymers) and reorientational
(for small-molecule glass formers) times. Non-Arrhe-
nius temperature dependency data from glass-forming
liquids near Tg can be represented well using semiloga-
rithmic plots of the relaxation time versus Tg/T. These
Tg-normalized Arrhenius plots were termed “fragility
curves” by Angell,4-6 who developed a classification
scheme for network and small-molecule liquids. Relax-
ation behavior is considered as strong or fragile, de-
pending on the rapidity with which the liquid’s “struc-
ture”, or actually the properties associated with the
glassy state, is modified or degraded as the temperature
is increased through the glass transition region.4-6,10

These alterations give rise to the large reduction in
relaxation times over this temperature range. More
fragile liquids have a larger apparent activation energy
near Tg, and hence their relaxation times exhibit in the
vicinity of Tg a more marked dependence on tempera-
ture. The relaxation behavior of strong liquids, on the
other hand, exhibits less sensitivity to temperature.
According to Angel,4-6 the strength and fragility of

liquids reflect the topology of the potential energy
hypersurface governing diffusions, reorientations, and,
for the case of polymers, segmental reconfigurations.
Fragile liquids are associated with potential surfaces
have a high density of minima, and hence such liquids
are expected to exhibit high configurational heat capac-
ity changes, ∆Cp.6 Surfaces with few minima and high
energy barriers between minima, corresponding to low
∆Cp, would then give rise to strong liquids. Whether
the nature of this putative energy surface is actually
the cause of the temperature dependence of the behavior
of glass formers near Tg remains to be seen. When
applied to segmental relaxation in polymers, the ter-
minology “strong” and “fragility” is certainly inappropri-
ate, since for macromolecules there is no degradation
of structure with temperature variation. For this
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â
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reason, we use the term “cooperativity plots”,1 as
implied by the coupling model approach, in which
stronger temperature sensitivity reflects more intermo-
lecularly cooperative dynamics.
We have previously pointed out18 that the validity of

the cooperativity plot method of assessing temperature
dependencies can be assessed by comparing two liquids
having the same chemical structure but differing in
their relaxation times. The obvious way to realize this
is to compare relaxation data on polymers differing only
in molecular weight. Below some high-polymer limit,
the glass transition temperature becomes a function of
chain length, whereby isothermal segmental relaxation
times will be strongly dependent on molecular weight.
The fact that the shape of the relaxation function should
be independent of molecular weight (since intermolecu-
lar cooperativity is governed by chemical structure1,2,19,20)
leads to the prediction of an invariance of the cooper-
ativity curves for different molecular weight samples.
This has been verified from mechanical data on poly-
styrene and poly(phenylmethylsiloxane),18 dielectric
relaxation data for poly(propylene oxide),18 and both
mechanical and dielectric data on poly(vinylethylene).21
Unfortunately, for all these cases, data for only two or
three molecular weight samples were available.
Recently, dielectric relaxation measurements were

reported22 for 13 different poly(dimethylsiloxanes), rang-
ing in degree of polymerization from 8 to 139 (310 e
MW e 10 370). The chains were trimethyl terminated,
so that the end groups are nonpolar and do not contrib-
ute to the measured dielectric response. Such data
afford an opportunity to stringently test the Tg-
normalization approach. The glass transition temper-
atures of these PDMS samples varied from 129 to 150K,
producing an enormous variation in relaxation times at
any given temperature. However, since the functional
form of the relaxation process describing the local
segmental motion was independent of molecular weight,22
the Tg-scaled Arrhenius plots for the various siloxanes
should be equivalent if the correlation between the time
and temperature dependences continues to hold. We
can also take advantage of the availability23 of heat
capacity data at Tg for PDMS of molecular weights
varying in the range of those studied dielectrically to
assess the implied correlation6 between fragility and the
heat capacity change at Tg.
In addition to the data on PDMS, dielectric results

are available for poly(methylphenylsiloxane).24 The
backbone of PMPS chains is identical in chemical
structure to PDMS, leading to the expectation that the
noncooperative relaxation times, τ0, for PDMS and
PMPS will have similar temperature dependences.
However, the replacement of a pendant methyl group
with the bulkier phenyl ring should enhance the inter-
molecular cooperativity of PMPS segmental dynamics.
This will be reflected in both a larger coupling param-
eter and a steeper cooperativity curve.

Results
Poly(dimethylsiloxane). In Figure 1 are repro-

duced representative segmental relaxation times as
reported for the various molecular weight PDMS.22 The
lines correspond to the WLF equation25 fits to the
dielectric data. Reflecting their lower Tg, the lower MW
chains have much shorter relaxation times at any given
temperature. Since the concentration of chain ends, and
hence their effect, is reduced as molecular weight
increases, the data merge for the higher molecular
weight PDMS.

Consistent with previous work,26,27 we define a glass
transition temperature as the temperature at which the
relaxation time equals 1 s. The temperature values of
Figure 1 are divided by the respective glass transition
temperatures of each sample, and Tg-scaled Arrhenius
plots are constructed. As seen in Figure 2, this causes
the relaxation times, which differed by as much as 9
orders of magnitude in Figure 1, to collapse into a single
curve. As expected from eq 2, materials whose segmen-
tal relaxation functions have the same shape (i.e., same
â) have the same Tg-normalized temperature depen-
dence. This verifies the cooperativity plot as a self-
consistent method for classifying the segmental relax-
ation behavior of polymers.
One of the prime uses of the cooperativity plot has

been to infer the magnitude of the intermolecular
cooperativity when â cannot be determined directly.
This situation occurs whenever the segmental relaxation
function is broadened inhomogeneously; examples in-
clude miscible blends,26-29 semicrystalline polymers,30
and networks.21 Analyses of cooperativity plots have
yielded many insights concerning the effect of chemical
structure on intermolecular cooperativity in polymers
and small-molecule liquids.1,2,19,20
For the siloxanes studied herein, there are no inter-

fering contributions to the measured dielectric relax-
ation functions, and thus the shape parameters for
segmental relaxation are obtained via fitting to eq 1.
The dielectric data of PDMS reported in ref 22 were fit
to the Havriliak-Negami equation.31 We obtain the
stretch exponents, â, from the Havriliak-Negami fit
parameters R and γ by the empirical relationship32

The values of â for the 13 linear PDMS samples are
almost the same, deviating only slightly from a mean
value of 0.485. The invariance of the relaxation function

Figure 1. Segmental relaxation times for PDMS varying in
molecular weight from 310 to 10 370. The numbers in the
figure are the degree of polymerization for representative
samples. The glass transition temperatures ranged from 129
to 150 K.

Rγ ) â1.23 (3)
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for local segmental motion to molecular weight, over a
range from oligomers to high polymers, indicates that
the origin of the deviation of the relaxation function
from the Debye exponential form cannot easily be
attributed to any distribution of environments or free
volumes.33 Since intermolecular interactions remain
the same with molecular weight, the result in Figure 2
is consistent with theory that is based on intermolecular
interactions.
The heat capacity change at Tg has been measured

for PDMS over a range of molecular weights encom-
passing those in Figures 1 and 2.23 At sufficiently high
molecular weight, the heat capacity change becomes a
constant. However, when the number of repeat units
per chain is less than about 100, the heat capacity jump
at Tg increases inversely with chain length.23 In Figure
3 the values for ∆Cp of PDMS are plotted against the
slope of the Tg-normalized Arrhenius curves (evaluated
at Tg). Each point in Figure 3 represents a particular
molecular weight. The ordinate scale spans the range
of slopes found for various polymers.8,9 While there is
some scatter in the values for the PDMS, no correlation
between the heat capacity change at Tg and the fragility
is in evidence. According to Angel,4-6 greater Tg-
normalized temperature sensitivity should arise in
liquids having more minima in their potential energy
hypersurface. Since the latter would contribute to a
higher ∆Cp, the absence of such a correlation in Figure
3 is inconsistent with this interpretation.
Poly(methylphenylsiloxane). PMPS has the same

backbone as PDMS, but with a bulkier pendant group.
The enhancement of intermolecular cooperativity, via
steric interactions, leads to a broader segmental relax-

ation function for PMPS (for which â ) 0.4424). From
the correlation of time and temperature dependences,
we expect that PMPS will exhibit relaxation times that
change more with temperature than do those for PDMS.
Indeed, it is seen in Figure 2 that the data for PMPS
have a steeper slope than for PDMS. The difference in
steepness of the curves for the two polymers is not large,
but the difference between their coupling parameters
is not large either. The PMPS data do lie beyond the
range of the scatter in the PDMS data.
Equation 2 makes a quantitative prediction for the

difference in Tg-normalized temperature dependences,
which will be valid if the noncooperative relaxation
times for the two species have a similar temperature
dependence. This should be true for PMPS and PDMS,
since they have the same chemical backbone and since
τ0 reflects backbone conformation transitions.16 To test
the prediction of eq 2, we multiple the log τ values by
the value of the stretch exponent, using the respective
â for PDMS and for PMPS. This scaling brings the
curves for the two siloxanes into coincidence (Figure 2).
Hence, the time-temperature correlation is borne out
quantitatively. Although the differences in Tg-normal-
ized temperature dependence are not large, the mag-
nitude of their difference is consistent with the differ-
ence in the respective breadths of the relaxation
functions.

Summary

The results herein confirm the log τ vs Tg/T plot as a
valid method of comparing segmental relaxation behav-
ior of polymers and other glass-forming liquids. Dif-
ferences in relaxation times and temperature depend-
ences for PDMS of varying molecular weight are removed

Figure 2. Tg-normalized Arrhenius plots (lower curves) for
the PDMS data in Figure 1. The Tg scaling brings the curves
into near coincidence. The outlying curves correspond to the
lowest (dotted line) and highest (dashed line) molecular weight
samples. Relaxation times for PMPS (open circles), whose
segmental relaxation function is slightly broader (larger n in
eq 1), change more with change in Tg-scaled temperature.
When the relaxation times are raised to the power of â, the
data for PDMS (upper curves) and PMPS (solid circles) come
together, as expected from eq 2.

Figure 3. Slope of the Tg-normalized Arrhenius curves of
Figure 2 (evaluated at Tg) versus the heat capacity change at
Tg (as obtained from ref 23). The ordinate scale corresponds
to the range of values (fragilities) reported in the literatue for
different polymers.9,10 The molecular weight of the PDMS is
increasing from right to left. Note the absence of any correla-
tion between these two properties.
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when the temperature is normalized by the glass
transition temperature. Together with the results for
PMPS, this corroborates the previously established
correlation between the shape of the segmental relax-
ation function and the temperature dependence of the
segmental relaxation times. However, an interpretation
of the cooperativity curves in terms of the topology of
the potential energy hypersurfaces is at odds with the
constancy of the Tg-normalized temperature dependence
for PDMS of varying ∆Cp.
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