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ABSTRACT: The study of poly(n-hexyl methacrylate) has been performed by both thermo-stimulated
currents (TSC) and dynamic dielectric spectroscopy (DDS) in order to better define the nature of molecular
mobility in the glass transition temperature range. TSC results reveal the existence of three dipolar
relaxation modes: R, ascribed to the glass relaxation; â, assigned to a secondary relaxation mode; and R′,
associated with the dielectric manifestation of the liquid-liquid transition. DDS allowed us to follow the
merging of the R and â modes as frequency increases from 10-2 to 106 Hz. Then the fractional polarizations
protocol permitted us to define at low frequency (10-3-10-2 Hz) the fine structure of these complex
relaxations: relaxation times isolated for the â and R modes are widely distributed and obey an Arrhenius
law while those isolated for the R′ mode are narrowly distributed and are better defined by a Vogel-
Tamman-Fulcher law. Finally, the evolution of the activation enthalpy helps us to precise the nature of
involved molecular movements.

Introduction
Although a lot of research has been performed on the

glass transition of polymers, the nature of molecular
mobility in this temperature range is still unclear. The
thermo-stimulated currents technique (TSC)1 appears
as a powerful tool to study this temperature range on
account of its low equivalent frequency (∼10-3 Hz).
Previously published results obtained on an amorphous
polymer, the poly(n-butyl methacrylate) (PnBMA),2
show that the high resolution of this technique allowed
us to reveal the existence around the glass transition
of two dipolar relaxations: the glass relaxation and, at
higher temperature, another one that we assigned to
the dielectric manifestation of the liquid-liquid transi-
tion. We also reported an evolution of the behavior law
of relaxation times and a hierarchy of molecular move-
ments.

On the other hand, dynamic dielectric spectroscopy
(DDS) allows us to follow the evolution of complex
relaxations on a large frequency scale (10-2-106 Hz).

We have thus realized the study, in the glass transi-
tion temperature range, of an amorphous model poly-
mer, by both TSC and DDS. First, the TSC technique
allowed us to determine, at low frequencies (10-3-10-2

Hz), the relaxation modes around the glass transition,
and the fractional polarizations protocol permitted us
to describe the fine structure of these complex relax-
ations by structural parameters (activation enthalpy ∆H
and activation entropy ∆S). Then, DDS experiments
allowed us to follow the evolution of these relaxations
on a large frequency scale (10-2-106 Hz). The compari-
son of obtained results will help us to improve the
understanding of low-frequency chain dynamics.

The chosen model polymer is the poly(n-hexyl meth-
acrylate) (PnHMA). Since it belongs to the same series
as PnBMA but with a longer alkyl side group, results
could be compared with our previous findings. Moreover,
this material has been the subject of recent studies by
Beiner et al. by dynamic shear modulus3 between 10-1

and 101 Hz and by heat capacity spectroscopy (HCS)4,5

between 10-1 and 103 Hz. By the latter technique, it
exhibited a particular behavior in this frequency range
that we could link to our DDS results.

Experimental Section
1. Materials. PnHMA used in this study was furnished by

PolymerExpert. It was synthesized by anionic polymerization
in order to control the tacticity (85% syndiotactic). The
molecular weight was chosen high enough to provide samples
with good thermomechanical stability: Mn ) 93 000 g mol-1

estimated by size exclusion chromatography with polystyrene
standard. The polydispersity index is 2.22. Samples were then
prepared in the form of films. The glass transition temperature
was estimated by differential scanning calorimetry. Experi-
ments were carried out at 10 °C/min, and the glass transition
was determined by the inflection point method. We found Tg

close to -5 °C.
2. Methods. (i) TSC Spectra. Complex Spectra. In the TSC

technique,1 the sample is polarized by an electrical field E at
a temperature Tp for a time tp (tp ) 2 min), which allows all
dipolar units having relaxation time τ(Tp) lower than tp to
orient. The sample is then quenched to a temperature T0 ,
Tp with liquid nitrogen, which freezes the orientation of
dipoles. At this temperature, the electrical field is cut off and
the sample is short-circuited for t0 (t0 ) 2 min) in order to
eliminate surface charges. Upon heating at 7 °C min-1, dipolar
units return to equilibrium, and a depolarization current is
recorded with a Keithley 642 electrometer with a precision of
10-16 A.

Elementary Spectra. The recorded global spectrum is gener-
ally complex because it results from the distribution of species
with different relaxation times. To resolve this wide distribu-
tion of relaxation times, different approaches exist: an ana-
lytical one with the use of function fits with continuous
parameters (for example, a Kohlrausch-Williams-Watts
function6) and an experimental one, namely, the fractional
polarization protocol, which permits to resolve experimentally
the fine structure of the complex spectra.1 For this work, we
chose the last one. In this procedure, after polarization at Tp

for tp (tp ) 2 min), the sample is short-circuited for td (td ) 2
min) at Td some degrees below the polarization temperature.
Thus, dipolar units characterized by relaxation times τ such
that τ(Tp) is lower than tp and τ(Td) is higher than td are
oriented and experimentally isolated. The sample is then
quenched, and as for the TSC experiment, the depolarization
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current is recorded upon a linear increase of temperature. By
shifting the polarization window (∆T ) Tp - Td) along the
temperature axis, a series of elementary spectra are obtained.

In such a heterogeneous approach, a Debye type process
characterized by a single relaxation time τ(T) is associated with
each elementary spectrum. These τ(T) can be calculated from
the recorded depolarization current I(T):

where q ) dT/dt is the heating rate.
(ii) DDS Spectra. A broadband dielectric spectrometer

Novocontrol BDS 4000 was used to measure the complex
dielectric function ε*(ω), in the temperature range from -60
to 60 °C and in the frequency range from ω ) 2π × 10-2 to ω
) 2π × 106 rad s-1.

To extract the Havriliak-Negami relaxation times τHN, a
mean relaxation time that takes into account the width and
the asymmetry of the mode, the results were fitted by a sum
of one or two Havriliak-Negami functions:7

where ε′(ω) and ε′′(ω) are respectively the real and the
imaginary parts of the complex permittivity, ε∞ is the real
permittivity for high frequencies, ∆ε is the relaxation strength,
and RHN and âHN are the Havriliak-Negami parameters.

Results
TSC Complex Spectrum. The complex TSC spec-

trum of PnHMA is reported in Figure 1: a sample of
125 µm was polarized at 70 °C by an applied electrical
field of 9.6 × 105 V m-1. Two peaks can be observed:
the first one, labeled R, appears at -5 °C; the second
one, R′, is located at 60 °C. The effect on this spectrum
of the variation of the polarization temperature can be
seen in Figure 2 where Tp varies between -50 and 70
°C. In this figure, the existence of another peak, â,
appearing approximately at -30 °C is established. It is
progressively hidden by the R peak when Tp is increased
and appears then as a shoulder of this peak.

To define the origin of these modes, we checked their
reproducibility, and we verified that they were not due
to conduction effects, surface charges, or ions resulting
from the polymerization. We also checked that PTFE
blocking electrodes do not modify the TSC R′ peak.
Finally, the linear variation of the polarization of each
peak with the applied electrical field allowed us to

establish that all these relaxation modes are dipolar and
not due to the interfacial polarization process.

Moreover, since the maximum temperature of the R
peak agrees with the glass transition temperature
determined by the differential scanning calorimetry
experiment, we ascribed this mode with the dielectric
manifestation of the glass transition. The â mode is a
secondary relaxation mode assigned in the bibliography
to the motion of the alkyl group8 and, more precisely,
to π flip motion of this group around the C-C bond that
links it to the main chain, coupled to a small rotation
of the chain backbone around its local chain axis, as
reported by Schmidt-Rohr and co-workers on PMMA,9
PEMA,10 or PnBMA.11

As for the R′ mode, we ascribed this relaxation, in
agreement with previous work on PnBMA,2 to the
dielectric manifestation of the liquid-liquid transition.12

Fine Structure of TSC Spectra. The fine structure
of this complex spectrum was obtained by the fractional
polarizations protocol. The sample (85 µm thickness)
was polarized by an applied electrical field of 2.8 × 106

V m-1. The polarization window of 5 deg was shifted by
5 deg between -90 and 80 °C. The series of obtained
elementary spectra is reported in Figure 3.

In this figure, we remark that the envelope of the
series follows the shape of the complex spectrum. We
also note a clear behavior difference between, on one

Figure 1. Complex TSC spectrum of PnHMA polarized at 70
°C (indicated by the arrow) by an applied electrical field of
9.6 × 105 V m-1.

τ(T) ) 1
qI(T)∫T

∞
I(T) dT

ε*(ω) ) ε′(ω) - iε′′(ω) ) ε∞ + ∆ε

[1 + (iωτHN)RHN]âHN

Figure 2. Influence of polarization temperature on TSC
complex spectrum of PnHMA. The applied electrical field is
9.6 × 105 V m-1. The polarization temperature is varying from
-50 to 70 °C as indicated by the arrows.

Figure 3. Fine structure of PnHMA obtained by fractional
polarizations method. The applied electrical field is 2.8 × 106

V m-1, and the polarization window of 5 deg is shifted along
the temperature axis by 5 deg between -90 and 80 °C.
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hand, the â and the R modes and, on the other hand,
the R′ mode. Indeed, the elementary spectra isolated for
the â and the R modes are progressively shifted toward
higher temperatures with the polarization window,
which indicates a wide distribution of relaxation times.
On the contrary, the elementary spectra isolated until
the R′ mode maximum are almost independent of the
polarization conditions since the temperature of the
peaks maximum is constant. This reveals a narrow
distribution of relaxation times. Such a behavior dif-
ference has already been reported in the case of
PnBMA.2 It should be noted that, from the mode
maximum, peaks are shifted to higher temperatures
because of the appearance of conductivity.

Assuming a single relaxation time, we can calculate
for each elementary peak, by using the Debye’s model,
the variation of the associated relaxation time τ. The
variations of these τ are reported in the upper part of
an Arrhenius diagram in Figure 4 (lines between 10-2

and 10-3 Hz). The variations of relaxation times associ-
ated with elementary spectra isolated for the â and the
R modes are linear in this diagram, and they obey an
Arrhenius equation:

where τ0a is a preexponential factor that can be related
to the activation entropy, ∆H is the activation enthalpy,
and R is the perfect gas constant.

This behavior is typical of secondary and glass
relaxations studied by the fractional polarization pro-
tocol and analyzed in a heterogeneous approach.1

As for the elementary spectra isolated for the R′ mode,
variations of τ are not linear in the Arrhenius diagram,
and they are better fitted by a Vogel-Tamman-Fulcher
law:

where τ0v is a preexponential factor, Rf is the thermal
expansion coefficient of the free volume, and T∞ is the
critical temperature at which any mobility is frozen.

Such a behavior has already been observed in the case
of PnBMA,2 contrary to the PMMA or PEMA, which will
be the subject of forthcoming publication.

We found for the most intense elementary spectrum
T∞ ) -61 ( 2 °C, τ0v ) (2 ( 7) × 10-3 s, and Rf ) 8.2 ×
10-3 ( 9 × 10-4 K-1.

DDS Relaxation Map. The recording of the varia-
tion of ε′′ between 10-2 and 106 Hz and -60 °C and 60
°C by dynamic dielectric spectroscopy measurement is
reported in Figure 5.

In this three-dimensional representation, we make
out the â and the R relaxation modes that merge when
frequency increases and lead to a new mode, called (Râ)
or a in the bibliography. This merging phenomenon is
indeed observed in the series of poly(n-alkyl methacry-
lates).13 Furthermore, we have reported in Figure 6 the
relaxation strength variations, ∆ε, of the R, â, and (Râ)
modes. As can be seen, as frequency increases and the
R mode converges to the â mode, its amplitude de-
creases, and it disappears before it reaches the â mode.
Meanwhile, the amplitude of the â mode keeps on
increasing until it reaches the (Râ) mode. These results
are in agreement with those previously established for
PEMA and PnBMA by Garwe and co-workers13 and
especially for PnHMA by Beiner and co-workers.4,5

Indeed, they reported the same evolution of ∆ε for DDS
experiments (although amplitudes we found are a bit
lower), and their study by HCS revealed a saddle
between the R and (Râ) modes. It should be noted that
we did not increased the temperature high enough to

Figure 4. Comparison on an Arrhenius diagram of relaxation
times extracted on one hand by fractional polarizations (s)
(elementary relaxation times) and on the other hand by DDS
(b) (mean relaxation times).

τ(T) ) τ0a exp[∆H
RT]

τ(T) ) τ0v exp[ 1
Rf(T - T∞)]

Figure 5. Evolution of ε′′ between -60 and 60 °C and 10-2

and 106 Hz for PnHMA.

Figure 6. Evolution with temperature of the relaxation
strength, ∆ε, of the R, â, and (Râ) modes. Dashed lines are
guides for the eye.
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observe a decrease of the (Râ) intensity at high temper-
ature.

At high temperature and low frequency, a conductiv-
ity phenomenon is also observed in Figure 5.

By using the Havriliak-Negami model, the Havril-
iak-Negami relaxation time τHN associated with each
complex relaxation mode can be extracted. Their varia-
tions are reported in an Arrhenius diagram in Figure
7. As can be seen, τHN associated with the â and (Râ)
modes are well fitted by an Arrhenius law, which is in
agreement with previous results found by Garwe et al.
on other poly(n-alkyl methacrylates), especially PEMA
and PnBMA13 (b zone for the (Râ) mode and c zone for
the â mode). We found an activation energy of 96 ( 1
and 113 ( 4 kJ mol-1 respectively for the (Râ) and the
â modes. These fitting parameters are of the same order
as those reported for the first samples of the series
although they are either a bit lower for the (Râ) process
or a bit higher for the â process, which is due to the
influence of the alkyl side group length. As for the
preexponential factors, they are lower than the value
expected for a localized motion (10-13 s), which suggests
cooperative motions on a very small scale. As far as the
R mode is concerned, the relaxation time seems better
described by a Vogel-Tamman-Fulcher law, as gener-
ally observed for the glass relaxation by dynamic
dielectric or mechanical8 experiments, even if we could
not define significant fitting parameters due to the lack
of experimental data.

Discussion
Comparison of TSC and DDS results allows us to

compare results concerning complex relaxations on a
large frequency scale (10-2-106 Hz) with results con-
cerning the fine structure of these relaxations at lower
frequencies (10-3-10-2 Hz).

Evolution of Relaxations between 10-3 and 106

Hz. In Figure 4, mean relaxation times extracted with
Havriliak-Negami’s model from DDS spectra (lower
part) and elementary relaxation times calculated with
Debye’s model from the elementary spectra isolated by
the fractional polarizations method (upper part) are
reported in the same Arrhenius diagram.

From the comparison of results obtained by both
techniques, we saw that, as the â mode is concerned,
the τHN obtained by DDS and associated with the
complex relaxation corresponds to an elementary re-
laxation time isolated by the fractional polarizations

method close to the maximum of the â mode (in the
temperature range of the shoulder, due to the â mode,
observed in the complex TSC spectrum). This empha-
sizes the agreement in temperature between our results.
Moreover, in both cases, relaxation times obey an
Arrhenius equation, which confirms the localized nature
of involved motions.

As the R mode is concerned, we also note a good
agreement in temperature between the τHN extracted
from DDS results and the TSC relaxation time that is
associated with the elementary spectrum isolated at the
mode maximum. However, we found by both techniques
different behavior laws: the τ extracted from TSC
results (10-3-10-2 Hz) obeys an Arrhenius equation
whereas the τHN (10-2-106 Hz) seems better described
by a Vogel-Tamman-Fulcher law. This crossover has
previously been reported by Colmenero14 and Mene-
gotto.15 This phenomenon is assigned to the change of
thermodynamic state of the sample at the glass transi-
tion: in DDS experiments, sample is in an equilibrium
thermodynamic state whereas it is in a vitreous meta-
stable state in TSC experiments.

As for the R′ mode, the appearance of conductivity by
DDS prevented us from observing a relaxation mode in
this temperature and frequency range.

Activation Enthalpy Evolution at Low Frequen-
cies. From fractional polarizations results, we can
determine stuctural parameters as ∆H and ∆S. We then
studied the activation enthalpy evolution toward the â
and the R modes.

In Figure 8, the variation of activation enthalpies of
elementary processes isolated in the â and R modes
temperature range is reported as a function of peak
maximum temperature. We added Starkweather’s “line”16

corresponding to the theoretical activation enthalpy ∆H0
(for a null activation entropy). It can be written as

where h is Planck’s constant and feq is the equivalent
frequency (≈1 × 10-2 Hz).

In that figure, we observe that the activation enthalpy
in the temperature range of the â mode follows Stark-
weather’s “line”, which indicates, according to Stark-

Figure 7. Arrhenius diagram of Havriliak-Negami relax-
ation times associated with R, â, and (Râ) modes (b). The lines
represent Arrhenius fits.

Figure 8. Evolution of activation enthalpy as a function of
peak maximum temperature (accuracy of 5%). The dashed line
is Starkweather’s “line” of ∆S ) 0 (calculated with an
equivalent frequency of 10-2 Hz).

∆H0 ) RT[1 + ln( kT
2πhfeq

)]
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weather’s cooperativity criterion,17 that motions are
localized and noncooperative (∆S ) 0).

As the R mode is concerned, the behavior is quite
different. Indeed, as observed in PnBMA,2 it can be
divided in two parts.

Until the mode maximum, the activation enthalpy
increases and departs from the null activation entropy
“line”. This rough increase, first, permits us to distin-
guish clearly this mode from the â mode. Second, it
indicates a simultaneous increase of activation entropy.
The movement is more delocalized and more coopera-
tive.

Above the R mode maximum, activation enthalpy and
entropy decrease: the interactions between mobile units
and their environment are getting lower.

It should be noted that the maximum activation
enthalpy is lower than in PnBMA and in the first
polymethacrylates of the series as will be published
elsewhere. That reveals that cooperativity decreases.
This conclusion can be compared with previous DDS
results: it agrees with Donth’s conclusion. Indeed,
dynamic dielectric studies showed that, as the alkyl
group increases, the merging zone of the R and â modes
is progressively shifted to lower temperatures and
frequencies.13 Thus, at fixed frequency, as in TSC
studies, the longer the alkyl group, the nearer the
merging zone is approached. According to Donth et al.,
as the merging point is approached, the cooperativity
of the R mode decreases.18 This could explain the
absence, contrary to the case of PMMA, PEMA,19 or
PnBMA,2 of a compensation phenomenon2 that, gener-
ally, emphasizes the existence of cooperativity. The
molecular mobility could be sufficiently cooperative to
provoke the shift of the activation enthalpy from Stark-
weather’s “line” but not enough cooperative to generate
a compensation phenomenon, which would reinforce
Dargent’s conclusions on the compensation law.20

Conclusion
This study of PnHMA by thermo-stimulated currents

and dynamic dielectric spectroscopy emphasizes the
complementarity between these two techniques.

On one hand, the use of the thermo-stimulated
currents allowed us to show the existence at low
frequencies (10-3-10-2 Hz) of three dipolar relaxation
modes: a glass relaxation, R, at -5 °C, a secondary
relaxation mode, â, at -30 °C associated with a π flip
motion of the alkyl group around the bond that links it
to the main chain, coupled to a small rotation of the
chain backbone around its local chain axis, and an other
relaxation mode, R′, at 60 °C which we assigned to the
dielectric manifestation of the liquid-liquid transition.

On the other hand, dynamic dielectric spectroscopy
experiments permitted us to follow the evolution of these
complex relaxations on a large frequency scale (10-2-
106 Hz). We observed the merging, when frequency
increases, of the R and â modes as previously reported

for other poly(n-alkyl methacrylates): the R mode
disappears before it reaches the â mode.

Furthermore, the use of the fractional polarizations
protocol allowed us to determine, at low frequencies
(10-3-10-2 Hz), the fine structure of these complex
relaxations. A close similarity appears between these
results and those previously found for PnBMA: at low
frequencies, relaxation times associated with the â and
R modes are largely distributed and obey an Arrhenius
law while those associated with the R′ mode are nar-
rowly distributed and are better fitted by a Vogel-
Tamman-Fulcher law. At higher frequencies, we note
a crossover from an Arrhenius behavior to a Vogel-
Tamman-Fulcher one for the R mode. Moreover, the
evolution of structural parameters confirms the estab-
lishment of hierarchically correlated molecular mobility,
found for PnBMA: as temperature increases across the
glass transition, movements are more and more de-
localized.
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