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This work clarifies the notion of correlated and cooperative motions appearing during the «-relaxation process
through the role of the molecular weight of the constitutive units and of the interchain dipolar interactions. By
studying amorphous copolymers of poly(ethylene-co-vinyl acetate) with different vinyl acetate contents, we show
that the correlated motions are not sensitive to the interchain dipolar interactions, in contrast to the cooperative
motions, which increase with a strengthening of the intermolecular interactions for this sample family. Concerning
the influence of the molecular weight m, the notion of “correlated motions” seems to be equivalent to the notion

of “cooperative motions” only for low m systems.

DOLI: 10.1103/PhysRevE.94.062502

I. INTRODUCTION

The dynamic nature of the glass transition is related to
dynamic heterogeneities, reflected in spatial and temporal
correlations of molecular motions, as well as to a distribution
of the relaxation times [1,2]. Recent studies have extended the
knowledge of the rich phenomenology of glassy systems but
no unified theory is available for the moment [3-7]. Classical
theories of the glass transition such as the entropic model of
Adam and Gibbs (AG) [8], or the free volume approach [9],
invoke the growth of the dynamic correlation size as the cause
of the slowed dynamics near the glass transition temperature
T: Increasingly upon cooling, the constitutive units cannot
reorient or diffuse independently, so that the motion of each
constitutive unit depends on the neighboring motions. Thus
quantifying the correlations of the molecular motions along
the glass transition is essential to characterizing the motions
in complex systems. This dynamic correlation size can be
quantified according to the approach proposed by Berthier
et al. [10] and based on the four-point dynamic susceptibility
Xx4(t). According to Capaccioli et al. [11] the number of
dynamically correlated molecules N¢ can be approximated
by the following equation:

R Bxww *(dn To :
Vo= sam() () o
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where m, is the molecular weight of the constitutive unit, 7,
the o-relaxation time, R the gas constant, Sgxww the stretch
exponent, and e the Euler’s number.

Another way to quantify the correlations of the molecular
motions is the approach proposed by Donth [12]. Based
on calorimetric investigations and using the temperature
fluctuation of the amorphous medium, it allows estimating
the size of the cooperative rearranging region (CRR). Thus
the number of constitutive units per CRR, noted N, (and
also called the cooperativity degree), is calculated using the
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following relation [13-16]:
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where N, is the Avogadro’s number, C,, the heat capacity at
constant pressure, T, the dynamic glass transition temperature,
and 6T the temperature fluctuation in a CRR. Recently
Saiter et al. [17] proposed an extended form of the Donth’s
model by combining two experimental techniques, modulated
temperature differential scanning calorimetry (MTDSC) and
broadband dielectric spectroscopy (BDS), enabling the calcu-
lation of the temperature dependence of the CRR size in a wide
temperature range, starting from the onset of the cooperativity
in the crossover region down to the 7.

According to the recent literature [18—22], one can say that
the difference between N¢ and N, i.e., the difference between
correlated motions and cooperative motions, is not clearly
established. In a previous work concerning different fully
amorphous polymers with different backbones, we observed a
huge impact of the molecular weight of the constitutive units
by comparing N¢ and N, [7]. But the chemical structure of the
studied systems was very different and we only put in evidence
two tendencies related to low and high molecular weights. The
goal of this work is to contribute to a better understanding of
correlated and cooperative motions. For this goal, the N¢ and
N, with time and temperature variations have been studied
in amorphous copolymers of poly(ethylene-co-vinyl acetate)
(EVA) with different vinyl acetate content (VAc): from PVAc
(100 wt % VAc) to EVAS50 (50 wt % VAc). This sample family
presents the main advantage to have the same backbone but
a different number of dipolar pending groups, i.e., different
interchain dipolar interactions having a clear influence on the
CRR size [23].

II. MATERIALS AND METHODS

EVA pellets with 70, 80, and 90 wt% of VAc groups
(Levapren 700, 800, and 900, respectively) were provided by
Lanxess Company. Levapren 500 and 600 with 50 and 60
wt % of VAc groups, respectively, were obtained from Bayer

©2016 American Physical Society
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FIG. 1. EVA80 sample: (a) The real (C') and the imaginary (C”) parts of the complex heat capacity vs temperature; (b) dielectric loss &” vs

frequency on the whole temperature range investigated.

Company. Samples are called “EVAxx,” where xx is the VAc
wt %. PVAc pellets were provided by Sigma-Aldrich Chemical
Company. The detailed procedure of the film preparation by
the solution casting method from dichloromethane is givenin a
previous work [24]. The m values of an equivalent constitutive
unit for each copolymer were calculated by using the molecular
weight of the VAc and the ethylene group, and the molar
content (x) of the VAc group.

The MTDSC experiments have been performed with a
Q100 calorimeter (TA Instruments). The instrument was
calibrated for heat flow, temperature, and baseline using
standard T, technology. The nitrogen flow was 50 ml/min
for all the experiments. The calibration in temperature was
carried out using standards such as indium and benzophenone,
and the calibration in energy was carried out using indium.
The calibration in specific heat capacity was carried out
using sapphire as a reference. The sample masses were
approximately 5 mg. The experiments were performed with
a modulation amplitude of =1 K, an oscillation period of 60 s
and a heating rate of 0.5 Kmin~'. The BDS measurements
were carried out with a Novocontrol Alpha analyzer. The
samples were placed between two circular gold electrodes
with a diameter of 30 mm. The broadband dielectric converter
(alpha analyzer interface) allows the measurement of the
complex dielectric permittivity values (real and imaginary
parts) in the frequency range from 10~!' Hz up to 10° Hz.
The temperature was controlled by a Quatro Novocontrol
Cryosystem with stability better than 0.2 K.

III. RESULTS AND DISCUSSION

Figure 1(a) shows as an example the real (C') and the
imaginary (C”) parts of the complex heat capacity for the
EVAR80 as a function of temperature obtained from MTDSC
measurements. As expected, the C’ signal shows a step at T,
and the C” signal displays a peak. Similar curves have been
obtained for all the studied samples. The T, values range from
41.5 °C for the PVAc, down to —27.5 °C for the EVA50. The
details of the calorimetric investigations are given in a previous
work [23].

Figure 1(b) presents as an example the dielectric loss as a
function of frequency at different temperatures for the EVA80.
It can be observed that the «-relaxation peak shifts towards
high frequency with the increasing temperature. At low
frequencies, a strong increase of ¢” is observed corresponding
to the dc-conductivity contribution. Similar variations have
been obtained for all the studied samples.

The dielectric relaxation strength, Ae, can be extracted
from experimental relaxation data using the Havriliak-Negami
fitting function [25]. Figure 2 presents the variations of the
dielectric relaxation strength Ag¢ as a function of the VAc
content at T = 0.01s. A Ae decrease can be related to two
main influences, a decrease of the number of dipoles and
intermolecular interactions [25]. This result justifies the choice
of this sample series, composed by the same polymer backbone
with a progressive reduction of the number of dipoles, and
thus a progressive reduction of the intermolecular interactions.
Indeed, this sample series will allow discussing the evolutions
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FIG. 2. Dielectric relaxation strength (Ag) at T =0.0ls as a
function of VAc content (wt %). The estimated uncertainty in the
amount of Aeg is £10%.
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FIG. 3. Number of dynamically correlated segments N¢ for EVA
copolymers as a function of log;o(z/7) (where 7y = 10~'%s). The
red dashed line corresponds to the fit of all the experimental points
plotted using Eq. (3) with A =4.62, Ny =4.0,z=1.0,¢% = 0.51.
Gray squares correspond to the data in Refs. [7,11,26]. The estimated
uncertainty in the amount of N, is £10%.

of the correlated and the cooperative motions as a function of
the degree of intermolecular interactions.

As detailed in Ref. [7], by combining MTDSC and BDS
measurements, it is then possible to estimate N¢ and N,.
Figure 3 shows the number of dynamically correlated segments
Nc¢ [estimated from Eq. (1)] as a function of logio(t /o) for
each sample (1 is fixed to 1013 s). As shown in Fig. 3, similar
N¢ variations are obtained on the whole range of the relaxation
times independently from the VAc content. As classically
observed in the literature for different glass formers including
low molecular glass formers, polymers, and inorganic glasses
[11,26], the number of dynamically correlated segments N¢
increases when approaching 7,. By comparing the variations
of N¢ presented in Fig. 3 to the variations obtained for more
than 40 different glass formers [7,11,26] (see gray squares in
Fig. 3), one can note the impossibility to correlate the N¢
evolution to the number of dipolar pending groups, i.e., to the
interchain dipolar interactions. Only a general tendency can
be discussed for this sample family. Thus a fitting procedure
allowing to follow the evolution of N¢ as a function of the
relaxation time, as proposed in the literature [26,27], can
be performed by considering all the data plotted in Fig. 3.
The red dashed curve in Fig. 3 corresponds to this fit using the
empirical equation proposed in the literature [26,27]:

T N\ N,
log| — )= — In{ — InA. 3
g<T0> (NO) i <N0>+ ®
It is noticed that the fitting parameter values, i.e., A, Ny, 2,
and v, obtained here are quite similar to those presented in the
literature for other glass formers [7,26,27]. This result confirms
the idea of a common behavior for a large family of glass

formers regarding the evolution of N¢ with the temperature
and/or relaxation times.
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FIG. 4. N, as a function of log;o(t/7) (Where 7y = 107" s) for
EVA copolymers. Hollow symbols are from combined BDS and
MTDSC experiments, and filled symbols are from only MTDSC
experiments corresponding to the calorimetric T,(t ~ 10's). The red
dashed line corresponds to the fit shown in Fig. 3. The solid red
line corresponds to the fit of all the experimental points plotted
using Eq. (3), with A =5.62,Ny =3.75,z = 1.1, ¥ = 0.45. The
inset shows the N, variations as a function of the VAc content (wt %)
at four different relaxation times. The estimated uncertainty in the
amount of N, is £10%.

Figure 4 shows the cooperativity degree N, plotted as
a function of t/7y with 7o =10"Ps. As expected, the
cooperativity degree N, increases with increasing of the
relaxation time. Furthermore, the N, values estimated from
combined BDS and MTDSC investigations over a wide range
of relaxation time are consistent with the values determined by
only MTDSC investigations at the calorimetric T,(z ~ 105s).
Similarly to the variations of N¢, the cooperativity degree
variations are quite close for all the samples. But, as illustrated
in the inset of Fig. 4 presenting the N, variations as a
function of the VAc content (wt%) at different relaxation
times, despite an uncertainty in the N, amount of £10%,
the N, values increase by increasing the VAc content (wt %).
Thus the N, increase is related to the increase of the dipole
number in the chain structure, i.e., to the strengthening of
the intermolecular interactions. Earlier studies on different
amorphous polymers confirm the correlation between the
strength of intermolecular interactions (van der Waals) and
the increase of the cooperativity degree [28,29].

In order to compare the N,, and N¢ evolutions as a function
of the relaxation time, the same fitting procedure has been
performed with the experimental data plotted in Fig. 4 by
using Eq. (3) (see the solid red line in Fig. 4). The fit for
N¢ values has been also reported (see the red dashed line in
Fig. 3). Close to the calorimetric T,(z ~ 105s), similar values
are obtained, but this tendency is less and less true as the
relaxation time decreases. According to the two theoretical
approaches used here, the temperature or the relaxation time
associated with the value of N¢ or N, = 1 corresponds to the
limit of the cooperativity, and defines a “crossover” point in the
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FIG. 5. N¢/N, ratio as a function of the relaxation time t for
EVA copolymers. The gray symbols correspond to the data taken
from Ref. [7]. The numbers indicate the molecular weight of the
constitutive unit for each sample in g mol~"'.

Arrhenius diagram. In this work, N¢ = 1 at the relaxation time
7~ 10"""'s and N, = 1 in the range of T ~ 10710 — 10~
according to the fitting curve presented in Fig. 4 for all the
systems, suggesting a quite similar starting time in terms of
cooperative and correlated movements when the temperature
decreases.

In order to better understand the starting time in terms of
cooperative and correlated movements and its relation with
the molecular weight of relaxing units, the ratio N¢/N, is
plotted as a function of the relaxation time (Fig. 5). Indeed, as
shown in a previous work [7], the starting time for cooperative
and correlated movements (i.e., N, and N¢, respectively)
seems to be directly correlated to the molecular weight of the
constitutive unit. Data taken from Ref. [7] for polyetherimide
(PEI), poly(bisphenol A carbonate) (PBAC), poly(vinyl chlo-
ride) (PVC), copolymer poly(ethylene terephthalate glycol)
(PETg), and poly(lactide acid) (PLA), are also reported in
Fig. 5 in order to give an overview on the N¢/N, ratio as a
function of the relaxation time.

As depicted in Fig. 5, for low mg values, i.e., my <
86 gmol~!, the Nc/N, ratio is close to 1, while for mg >
218 gmol~! the N¢/N, ratio is close to 7. These original
results seem to confirm the tendency evidenced in the previous

PHYSICAL REVIEW E 94, 062502 (2016)

work [7], i.e., that for low m( polymers both N and N,
are quasisimilar. Furthermore, this work is consistent with the
results recently obtained by Casalini et al. [20] on poly(methyl
methacrylate) (PMMA). Indeed, by taking into account the
uncertainty related to the different relaxation times they used
to estimate N¢ and N, (t = 10s and T = 250 s, respectively),
they found a N¢ /N, ratio close to 7 for bulk PMMA with
mo ~ 110 gmol~". The combination of the results presented
in this work with results of the literature gives a large
overview of these parameter determinations representing the
amplitude of the dynamic heterogeneities in the liquidlike
state. At low values of m( these two approaches seem to
estimate dynamic heterogeneities with similar amplitude,
while diverging estimations are observed for high values. The
my threshold seems, for the moment, quite difficult to estimate
but could possibly be linked with the diverging point between
monomeric unit and Kuhn length.

IV. CONCLUSION

The structural relaxation along the glass transition has been
characterized for PVAc and EVA copolymers according to two
different theoretical approaches, by quantifying the number
of correlated (N¢) and cooperative (N,) motions. This work
shows for this sample family that the correlated motions
are not sensitive to the interchain dipolar interactions, but a
tendency appears concerning the cooperative motions: The N,
increase is related to the increase of the dipole number in the
chain structure, i.e., to the strengthening of the intermolecular
interactions in agreement with the literature.

Concerning the role of the molecular weight of the
constitutive units, this work seems to confirm that for low
mg systems, i.e., my < 86gm01’1, the notion of “correlated
motions” seems to be equivalent to the notion of “cooperat-
ive motions” not only in terms of time scale at which these
motions appear, but also in terms of number of constitutive
units implied during the o process. However, this equivalence
seems not to be valid for the systems with high m values
(mo > 218 gmol™!) as is well illustrated in the graphical
abstract.
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