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ABSTRACT: A series of 1,4-polybutadienes of varying molecular weight, both monodisperse and having
broad or bidisperse molecular weight distributions, were studied using dielectric relaxation. The glass
transition temperature,Tg, and theTg-normalized temperature dependence of the segmental relaxation times,
τR, varied monotonically with number-average molecular, Mn. Polydispersity significantly affects neither
Tg nor the shape of the loss peak; the segmental relaxation dispersion is determined solely byMn, even when
the distribution of chain lengths spans molecular weights over which Tg varies. However, there is a small but
significant influence of polydispersity on the T-dependence of the relaxation times, manifested as greater
fragility in samples having bimodal molecular weight distributions. Properties of the prominent Johari-
Goldstein (JG) secondary relaxation in 1,4-polybutadiene were measured and found to be qualitatively in
accord with predictions of the coupling model. These results underscore the link between the JG and
segmental processes, consistent with the JG relaxation functioning as the precursor to structural relaxation.

Introduction

The effect of chain length on the dynamics of polymers is an
old problem1-3 that has nevertheless attracted substantial inter-
est of late. While rheological properties obviously can depend
strongly on molecular weight, recent studies have looked for
connections between the global chain dynamics and the local
segmental motions.4-9 Of interest herein is the effect ofmolecular
weight, M, on segmental relaxation, along with any relation to
the secondary dynamics. The most prominent segmental relaxa-
tion property is the glass transition temperature, Tg. The tradi-
tional view is that Tg is governed by the number of chain ends,
based on the idea that they differ structurally from the repeat
units, with the consequent ill-packing conferring excess mobility.
This leads to the expectation that Tg is an increasing function of
the number-average molecular weight, Mn, a quantity inversely
proportional to the concentration of chain ends. Relations for
linear polymers are due to Fox and Flory10

Tg ¼ Tg,¥ - kFF=Mn ð1Þ
and Ueberreiter and Kanig11

Tg ¼ ðTg,¥
-1 þ kUK=MnÞ-1 ð2Þ

In these equations, kFF and kUK are constants that depend on the
nature of the end groups12,13 and Tg,¥ is the glass transition
temperature in the absence of chain ends (i.e., high molecular
weight or cyclic chains). Generally, eq 2 has been found to yield
better agreement with experimental data, for example, for poly-
esters,14 polystyrenes,15,16 polysiloxanes,17 and poly(methyl metha-
crylate)s.18

Both expressions predict a monotonic change in Tg with
chain length, in accord with general expectations, as typified by
a recent analysis of Agapov and Sokolov.19 However, Roessler
and co-workers20-22 have revived an old idea of Cowie23 that

there are distinct regimes ofTg(M) behavior. For polymers inclu-
ding polydimethylsiloxane, polystyrene, and 1,4-polybutadiene,
they concluded that plots ofTg vs logMw exhibit two transitions,
ostensibly demarcating the onset of Rouse and entangled dyna-
mics.20 Similar behavior was reported for the Tg-normalized
temperature dependence of the segmental relaxation times, τR;

that is, the fragility20 m ¼ d log τR
dðTg=TÞ

�
�
�
�
�
T ¼Tg

It is surprising that the

local segmental relaxation underlying Tg should be sensitive to
the global motions associated with chain dynamics, and so we
examine this herein using a broad range of data for 1,4-poly-
butadienes (PB). Since polydispersity is common in polymers, we
also assess the effect of molecular weight distribution on the
segmental relaxation properties, using model PB blends. This is
potentially an issue if over the distribution of chain lengths, Tg is
molecular-weight-dependent. A recent study found that a large
increase inmolecularweight distribution increased the fragility of
polystyrene,24 raising the possibility that regimes in behavior
could reflect competing effects of molecular weight and its dis-
tribution.

Secondary relaxations, found in small molecules as well as
polymers, fall into two classes: the Johari-Goldstein (JG) rela-
xation and higher frequency motions. The latter are trivial, in the
sense of being specific to a given material and generally having a
limited effect on macroscopic properties. These higher frequency
secondary relaxations are due to reorientation of some atoms in
the molecule or repeat unit and include motion of a pendant
group, the chain ends, particular backbone atoms, or atoms in the
vicinity of crystal defects. More interesting is the JG relaxation,
the lowest frequency secondary relaxation, which is present in all
amorphous, glass-forming materials.25,26 For molecular liquids
the JG process corresponds to reorientation of the entire mole-
cule, although the rotation angle is small compared to the
amplitude of structural relaxation. For polymers the dynamics
of the JG process can be complicated, but is expected to involve
the entire repeat unit; that is, the JG relaxation does not involve
intramolecular degrees of freedom.*To whom correspondence should be addressed.
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There are theoretical predictions that the shape of the seg-
mental relaxation function, as reflected in the magnitude of the
stretch exponent, βKWW, in the Kohlrausch-Williams-Watts
(KWW) correlation function27,28

ΦðtÞ ¼ exp½-ðt=τKWWÞβKWW � ð3Þ
governs both the relaxation time and the activation energy of the
secondary process. (In eq 3 the time constant τKWW is approxi-
mately equal to the relaxation time τR defined as the inverse
frequency of the maximum in the dielectric loss.) Since the
secondary relaxation in 1,4-polybutadiene has a relatively large
dielectric strength, these predictions can be tested with good
accuracy. The results also serve to resolve an outstanding issue
concerning the breadth of the segmental relaxation peak in PB.

Experimental Section

The polybutadienes were prepared by polymerizing 1,3-buta-
diene in anhydrous hexanes using n-butyllithium as the initiator.
Sampleswere coagulated in isopropanol containing butylhydroxyl-
toluene as an antioxidant, followed by drying. The vinyl content
was determined by 1H NMR and equaled 7.5 ( 0.7% (Table 1).
The largest difference in vinyl content among these samples
would change Tg by about 1 deg.29,30 Molecular weights were
determined by gel permeation chromatography with a Waters
WISP system and a model 410 refractometer, using tetrahydro-
furan as the solvent (Mark-Houwink coefficient=0.00145 and
exponent=0.81). Blendswere prepared in cyclohexane solutions,
with the solvent subsequently removed by 10 days in vacuo at
room temperature. Samples are listed in Table 1, where the
number designates Mn in kg/mol, and the suffix “P” or “B” for
the blend samples refers respectively to a poly- or bidispersemole-
cular weight distribution.

The dielectric measurements employed a Novocontrol Alpha-
A analyzer, with samples (typically 100 μm thick) maintained
between parallel capacitor plates in a closed-cycle helium cryostat
under vacuum. Temperature was measured by a platinum resis-
tance thermometer mounted in one of the electrodes. All experi-
ments employed isothermal frequency sweeps, with 90 min soak
time at each temperature prior to the measurements. Tempera-
ture stability of the cryostat is within 0.02 deg. Glass transition
temperatures were defined in two ways: (i) as the temperature at
which τR=100 s, where τR is the inverse of the circular frequency,
ω, of the dielectric loss maximum, and (ii) from the change in the
slope of the capacitance vs temperature measured on tempera-
ture-equilibrated samples (isothermalmeasurementswithout rate
effects). The capacitance is inversely proportional to film thick-
ness, the latter changing due to thermal expansion; thus, this
method yields a dilatometric Tg.

31,32

Results

Regimes of Dynamic Behavior. In Figure 1 are displayed
the glass transition temperatures for the five monodisperse
and three polydisperse PB. The values represent the average
of the temperature at which τR=100 s and temperature at

which the capacitance changes its T-dependence; the two
determinations are equivalent within the experimental error
(Table 1). Also included are the calorimetric glass transitions
for PB reported by Colby et al.,33 the Tg determinations of
Kisliuk et al.34 based on the change in the T-dependence of
the Raman scattering intensity, and one datum each from
mechanical spectroscopy by Zorn et al.30 and dielectric
spectroscopy by Schroeder et al.35 for τR(Tg)=100 s. These
results, encompassing 36 data points in toto spanning more
than 4 decades of molecular weights, are well described by
eq 1 (correlation coefficient = 0.92). The fit parameters,
kUK=12.4( 0.9 kg/mol andTg,¥=174.4( 0.3 K, are quite
close to those reported in ref 33 for calorimetric Tg. There is
no indication of any change in behavior at the entanglement
molecular weight,Me∼ 1.9 kg/mol,3 or at a lower molecular
weight, MR ∼ 0.24 kg/mol,36 corresponding to the onset
ofRouse dynamics. Also shown inFigure 1 are theTg(Mn) of
ref 20. These were used to support the supposition of
dynamic transitions at Me and MR;

20-22 however, it can be
seen that these data deviate from all other results.37 The
lower molecular weight polybutadienes in ref 20 had higher
vinyl content (up to 20%), which may be the origin of their
differing behavior.

Table 1. Polybutadienes

PB4 PB4Ba PB5Bb PB5Pc PB6 PB43 PB231 PB262

vinyl content (%) 8.6 7.7 7.4 7.0 7.0
Mn (kg/mol) 3.80 4.37 4.78 5.26 6.50 43.40 231.4 262.0
Mw/Mn 1.21 2.42 13.1 1.59 1.18 1.06 1.08 1.08
Tg

capacitance 170.3 169.0 171.2 170.1 173.0 174.5 174.8 172.8
τR =100 s 172.1 172.7 173.1 172.9 173.2 175.2 173.9 173.7

m 90.70 93.70 105.1 89.7 88.86 99.26 101.8 99.53
aBimodal molecular weight distribution: 85.7% PB4 and 14.2% PB43 by weight. bBimodal molecular weight distribution: 79.3% PB4 and 20.7%

PB262 by weight. cPolydisperse: 53.4% PB4, 15.4% PB6, 16.2% PB9 (Mn= 9.40 kg/mol;Mw/Mn = 1.16), and 15.0% PB18 (Mn = 17.6 kg/mol;Mw/
Mn = 1.11) by weight.

Figure 1. Glass transition temperatures measured herein (circles), repre-
senting the average of Tg determined as the temperature at which the
capacitance undergoes a change inT-dependence and at which τR=100 s.
The difference between these values does not exceed the symbol size. Also
shown areTg measured by calorimetry (triangles33 and squares30), Raman
scattering (inverted triangles34), and dielectric spectroscopy (star35). The
solid line is the simultaneous fit of eq 1 to these four data sets;Tg,¥=174.4
K and kFF=12.4 kg/mol. The outlying data (diamonds20) were the basis
for an inference that threedistinct regimesofbehaviorwerepresent inPB.20

The inset shows the fragility as a function of molecular weight determined
in this work (circles), ref 30 (squares), ref 35 (star), and ref 20 (diamonds).
Only the fragilities in ref 20, calculated from theVFTHparameters using a
value ofD that was the average over all molecular weights, suggest a break
at the entanglement molecular weight.
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Along with the putative regimes of Tg(M), it has been
suggested that the molecular weight dependence of the fragi-
lity changes atM ∼ Me, becoming constant at higher molec-
ular weights,20 with the data underlying this claim shown in
the inset toFigure 1. Itwould be a provocative finding that the
temperature dependence of structural relaxation was affected
by the onset of topological entanglement constraints.We also
showm vsMn asmeasured herein, along with a single value of
m reported in ref 30. The latter and our results indicate m
continues to increase forM>Me; the high molecular weight
data cannot be fit with a straight line of zero slope. The source
of the discrepancywith ref 20 is unclear, althoughwenote that
in calculating m, Hintermeyer et al.20 used a value of the
parameter D in the Vogel-Fulcher equation

log τR ¼ log τ0 þ D

T -T0
ð4Þ

that was the average over each D obtained by fitting each
molecular weight to eq 4. Since the fragility depends strongly
on this parameter

m ¼ Tg
D

ðTg -T0Þ2
ð5Þ

(D is knownas the “strengthparameter”), this preaveraging of
D over allM prior to calculation ofm influences the obtained
molecular weight dependence of these quantities. This may be
the reason the change of m in ref 20 is less for large M than
found herein.

Effect of Polydispersity. Notwithstanding the strong M-
dependence of the rheological properties of polymers, dyna-
mics that are more local, such as segmental relaxation, are
not expected to be greatly affected by chain length beyond
the influence of chain ends noted above. Thus, a secondary
effect like molecular weight distribution is generally ignored
in studies of the glass transition and related phenomenon in
polymers. However, this is not obviously the case if the
molecular weight distribution extends to values of M suffi-
ciently low for Tg and τR to become molecular-weight-
dependent. For example, although thermodynamically mis-
cible polymer blends whose neat components have different
Tg exhibit only one glass transition, some broadening is
usually observed of both the calorimetric and relaxation
peaks.38 This is ascribed to dynamic heterogeneity,39-41

whereby the components of a miscible blend have different
rates and T-dependences for their segmental dynamics,
notwithstanding the homogeneity of the phase morphology.

To examine the effect of molecular weight distribution,
blends were prepared from the monodisperse PB samples,
with polydispersities as high as 6 obtained with a bimodal
distribution of chain lengths (Table 1). The R-dispersions in
the dielectric loss spectra for mono- and polydisperse sam-
ples are compared in Figure 2. (Note thatTg of the precursor
polymers used to prepare the bimodal PB differ by as much
as 3.6 deg, leading to differences at the measurement tem-
peratures in their respective τR. This necessitated small
horizontal shifting of the curves.) We find that, similar to
the glass transition temperature behavior, the breadth of the
segmental relaxation peak is mainly a function of Mn, with
no broadening due to polydispersity. The βKWW obtained
fromanalyzing the spectra is not be affected by themolecular
weight distribution. In this respect the effect of molecular
weight distribution differs from that of polymer blending
(although the Tg differences for the latter are usually greater
than herein); polydispersity only affects the concentration
of chain ends, whereas the repeat units of the components

comprising a miscible blend have different chemical struc-
tures.

Recently, it was reported that a blend of high molecular
weight polystyrene and oligomeric PS had larger fragility
than amonodisperse sample having the sameMn andTg.

24 In
Table 1 are listed the fragilities for all PB samples herein.
There is a consistent trend of increasing m with increasing
Mw/Mn. The change is barely significant for the polydisperse
PB6P but substantial for the samples having a bimodal
molecular weight distribution.

Relationship of r- and β-Relaxations. In Figure 3 are
representative dielectric loss spectra for PB267 at three
temperatures, along with fits to the sum of the transform
of eq 3 to describe the segmental peak and the imaginary part
of the Cole-Cole function42

ε}ccðωÞ ¼ ΔεccðωτccÞRcc sinðRccπ=2Þ
1 þ 2ðωτccÞRcc cosðRccπ=2Þ þ ðωτccÞ2Rcc

ð6Þ

to describe the JG peak. Equation 6 describes a symmetric
peak (vs log ω), with Δεcc, τcc, and Rcc as fitting parameters.
With the assumption that the R- and JG-peaks contribute in
additive fashion to the frequency-dependent loss, the spectra

Figure 2. Segmental dispersion in the dielectric loss for three PB with
narrow, broad, and bimodal molecular weight distributions. The fre-
quencies were shifted by a factor of 2 or less to account for small
difference in temperature dependence.

Figure 3. Representative dielectric loss for PB (Mn = 262.0 kg/mol) at
the indicated temperatures. The solid lines are the fits obtained by
addition of a KWW and Cole-Cole function; these are shown for T=
182.9 K as the respective dashed and dotted-dashed lines.
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could be described accurately at different temperatures,
associated with varying degrees of peak overlap; this is
illustrated in Figure 3.

The correctness of the assumption that the R- and second-
ary peaks are additive in the frequency domain has been
affirmed by some reports,43,44 while other investigators
argue that while the two processes are statistically indepen-
dent, the dipoles participating in the secondary relaxa-
tion are immersed in a local environment relaxing via the
R-process, so that when the two time scales are close the
frequency response is not simply the addition of the two.45,46

A popular example of the latter approach is due toWilliams,47

who considered the relaxation of the dipoles to involve both
the R- and secondary processes simultaneously, leading to
the relaxation function having the form

ΦðtÞ ¼ fRΦRðtÞ þ ð1- fRÞΦRðtÞΦJGðtÞ ð7Þ
in which ΦR and ΦJG represent the respective relaxation
functions for the R- and JG process, with fR the relative
strength of the former. Fitting the spectra in Figure 3 using
eq 7 changes the value ofβKWW for theR-peak less than 0.002
from the result of assuming additivity in the frequency
domain. Over the range of measurements herein, the differ-
ence between the two analysis methods is less than the un-
certainty.

Figure 4 shows the segmental and JG relaxation times for
two monodisperse PB that differ in molecular weight. Their
relaxation behavior is similar, other than the differentTg and
τR(T), with the magnitude of the latter difference increasing
as T is lowered. At higher temperatures (>170 K) the
T-dependence of τJG changes, as the JG relaxation begins
to encroach upon the segmental process, eventually mer-
ging into a single relaxation peak. This change in behavior
near Tg has been reported previously48-51 and underlies
the idea that the JG process is the precursor of struc-
tural relaxation. Drawing on this idea, the coupling
model makes a specific prediction about the JG relaxation
times and their temperature dependence. According to the
model52

log τβ ¼ βKWW log τR þð1-βKWWÞ log tc ð8Þ

where tc = 2 � 10-12 s is a universal constant for organic
materials. This gives for the secondary relaxation time

log τβ ¼ ð11:7 þ log τRÞβKWW - 11:7 ð9Þ
Or rearranging, the separation between the primary and
secondary processes is expressed as

log τR - log τβ ¼ ð1-βKWWÞ½log τR þ 11:7� ð10Þ
In the inset to Figure 4 the time scale separating the R- and
β-processes is plotted as a function of log τR for the five
monodisperse PB. Only at the highest temperatures, where
overlap with the JG peak introduces uncertainty into the
determination of βKWW, is there any apparent deviation
from the linear relationship predicted by eq 10. The slope
of the fit is 0.81 ( 0.02, so that eq 10 gives a value of the
stretch exponent equal to 0.19. (This assumes βKWW is
constant, and we find herein that βKWW varies by less than
0.1 over the temperature range of the measurements. A near
invariance of βKWW is consistent with the conformance of
polybutadiene to time-temperature superpositioning when
there is no interference from a secondary relaxation.53)
However, the experimental value of βKWW = 0.43 ( 0.02
at Tg, which is more than a factor of 2 larger than the
prediction. Thus, although the expected proportionality of
log(τR/τβ) and log τR is observed, an incorrect βKWW is
necessary to satisfy eq 10 of the coupling model. Using the
experimental βKWW in eq 10 gives τβ that are 2 orders of
magnitude smaller than measured. This discrepancy is be-
yond any uncertainty associated with the method used to
deconvolute the R- and JG peaks.

Previous studies have found eqs 8-10 to be in general
accord with experimental data.52,54 For example, in Figure 5
are results for various polymers (filled circles),52 showing
secondary relaxation times varying in proportion to the
magnitude of βKWW (all data for T = Tg, defined as τR =
104 s in ref 52). The straight line is not a fit to the data but
represents eq 9. The experimental log(τβ) are close to the
values expected from the measured βKWW, although there is
substantial scatter.

A more stringent test than assessing different materials is
to make systematic changes in a given material; this mini-
mizes contributions to the experimental data from extra-
neous factors not accounted for by the model. Included in
Figure 5 are results for the eight PB samples studied herein

Figure 4. Relaxation times for the local segmental (open symbols) and
JG secondary relaxation (filled symbols) for twomonodisperse PB. For
the lowest temperatures τR were obtained by extrapolation using time-
-temperature superpositioning. The solid lines are fits to eq 4 or eq 12.
The inset plots the separation of the two processes for themonodisperse
PB versus the segmental relaxation time; the variation is much stronger
than predicted by eq 9.

Figure 5. JG relaxation times at Tg (defined in this figure only as τR =
104 s) as a function of the Kohlrausch stretch exponent: PB (this work,
open squares); various polymers (ref 52, filled circles). The dashed line
through the data is eq 9.
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(open squares), with βKWW and τβ for τR=104 s, as used in
ref 52. The PB data do not fall far from the calculated line;
however, taken alone there is almost no variation of τβ with
βKWW, whereas the model predicts these τβ should vary by
about a factor of 0.7 decade for these samples. In this respect
the results are similar to an earlier study55 in which addition
of plasticizer to PB reduced Tg and thereby substantially
reducing τR; however, there was no significant change in
either βKWW or τβ.

Another prediction of the coupling model concerns the
relationship of the activation energy for the JG process, Eβ,
to properties of the R-relaxation56

Eβ ¼ 2:303RT ½ðβKWWÞ log τR þ ð1-βKWWÞ log tc

- log τβ¥� ð11Þ
in which τβ¥ is the prefactor in the Arrhenius equation

τβðTÞ ¼ τβ¥ expðEβ=RTÞ ð12Þ
Rearranging eq 11 gives

Eβ=RTg ¼ 2:303½-11:7 þ 13:7βKWW - log τβ¥� ð13Þ
Averaging the activation energies measured for the PB in the
glassy state, we obtainEβ=36.2( 0.7 kJ/mol; this is close to
an earlier value of 37.6 kJ/mol reported for a low-Mw PB
with higher vinyl content.57 Using our average Eβ gives Eβ/
RTg=25.1 ( 0.4. From the measured βKWW and τβ¥, eq 13
yields Eβ/RTg = 22.7 ( 1.1. Thus, the coupling model
prediction is somewhat less but very close to the experimen-
tal result. Note our result for PB is consistent with the
empirical value Eβ/RTg= 24 ( 3 obtained by analysis of a
range of different materials.58

Finally, we note there is a reputed controversy in the
literature regarding the value of βKWW for PB.59 In Table 2
are collected the published results,29,30,60-63 plus our own for
the eight PB samples herein. Our value, βKWW=0.43( 0.02,
is in goodagreementwith other dielectricmeasurements. The
stretch exponent determined frommechanical spectroscopy,
βKWW ∼ 0.5, is larger than from dielectric relaxation. This is
the only apparent discrepancy among the various determi-
nations.

Summary

From dielectric relaxation measurements on a series of poly-
butadienes having primarily 1,4-repeat units, the following con-
clusions are drawn:

1. The glass transition temperature of PB is determined by the
concentration of chain ends and thus depends only on the
number-average molecular weight. Putative regimes of dynamic
behavior, defined by the presence of entanglement constraints or
Gaussian chain behavior, are not evident in either the Tg or
fragility results herein.

2. Polydispersity has a negligible effect on Tg, the shape of the
segmental relaxation dispersion, and the secondary dynamics,

even when the molecular weight distribution is bimodal and
extends to a range wherein Tg and τR become molecular-weight-
dependent. The only significant effect of polydispersity was an
increase of ∼5% in the fragility for PB having a bimodal
distribution.

3. The change with temperature in the time scale separating the
segmental and JG relaxations is in qualitative agreement with
the coupling model; however, the magnitude of this separation
and thus the value of τβ at Tg are much larger than the values
predicted by themodel.On the other hand, themodel’s prediction
for the activation energy of the JG process is close to the
experimentally determined Eβ.
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