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Segmental mobility and glass transition of poly(ethylene-vinyl acetate)
copolymers : Is there a continuum in the dynamic glass transitions from
PVACc to PE?

J. A.S. Puente “*3* B. Rijal *?, L. Delbreilh %, K. Fatyeyeva “**, A. Saiter *?, E. Dargent **
Abstract

The segmental dynamics of amorphous poly(ethylene-vinyl acetate) copolymers (from PVAc to EVA50) were
studied. In that sample set with similar backbone stiffness and different amount of dipoles, the dynamic glass
transition was investigated by Modulated Temperature Differential Scanning Calorimetry and Broadband
Dielectric Spectroscopy measurements. A decrease of the cooperativity length scale was obtained with the vinyl
acetate (VAc) content decreasing. On the other hand, there was no modification of the temperature dependence
of the relaxation time. Thus, the fragility value is quite constant whatever the VAc content. These results show
that fragility and cooperativity have two different origins. An extrapolation to nonconstrained polyethylene
amorphous phase was proposed and new glass transition temperature and fragility values were determined.
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Highlights
Amorphous phase mobility is studied for poly(ethylene-vinyl acetate) copolymers
Fragility is constant from PVAc to EVA50 while cooperativity length decreases
New extrapolated T, and fragility values are proposed for PE
Fragility and cooperativity are not governed by the same macromolecular properties
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Introduction

The relaxation processes of the polymers associated with
their glass transition, also called o relaxation processes, have
been widely studied but the links between macromolecular
chain chemistry, microstructure and « relaxation dynamics
are not yet fully understood [1-3]. The main experimental
common feature of all the glass-formers is the viscous
slowing down of the structural relaxation dynamic, observed
in a supercooled liquid close to the glass transition
temperature (Tg). On this basis, several authors proposed
models and approaches to classify this temperature
dependence of the dynamic viscosity and/or relaxation times
[1-7]. Angell has proposed a classification of glass-forming
liquids by analyzing the viscosity variations as a function of
Tgnormalized plot, so called “fragility curve” [4].
Therefore, structural relaxation temperature dependences
can be defined as Super-Arrhenius, due to a possible
behavior between two extreme limits: “strong” glass
forming liquids for which the viscosity variations (or
relaxation time) are very slow and follow an Arrhenius law,
and the “fragile” glass forming liquids for which a very
abrupt and steep non-Arrhenian variations can be observed.
The fragility index (m) quantifies the steepness of the
temperature dependence of the relaxation time () close to Ty
(defined at z = 100s) and can be calculated as follows:

m = d |Og(T) (1)
d(T/T,)|

The fragility values for different materials such as polymers,
metallic glasses, organic and inorganic ionic glasses, and for
small organic molecules were summarized [5]. A completely
strong behavior is characterized by m = 16, while a highly
fragile material exhibits m value close to 150-200. For
polymers, values go usually from~50 to~160 [6,7]. As an
example, a “fragile” behavior was reported for polymers
with rigid backbone such as polycarbonate (PC) (m ~ 132)
[8,9] and polyethylene terephthalate (PET) (m ~ 156) [10].
In the case of polymers with flexible backbone and steric
effects related to a pendant group, fragility indexes are
lower: m ~ 103-145 for polymethylmethacrylate (PMMA)
[3,8], m ~ 110 for polyhydroxyalcanoates (PHASs) [11], and
m ~ 115-140 for unsaturated polyester resins [12].
Moreover, for polymers possessing a more complex
structure, the temperature dependence of viscosity is strong
(fragile behavior) [6,13]. For polymers possessing a highly
flexible backbone without side groups, the relaxation
behavior becomes stronger: polydimethylsiloxane (PDMS)
(m ~ 80-100) [6], polyisoprene (PIP) (m ~ 55-77) [1,14]
polyvinyl acetate (PVAc) (m ~ 95) [5] and polyethylene
(PE) (m ~ 46) [15]. Polymers with non-polar and flexible
chain structures and without important steric effects related
to pendant groups show weak temperature dependence of
viscosity (strong behavior). Thus, such approach has
revealed that the polymer chemical structure affects its
relaxation behavior [6].

Several approaches have been proposed to explain the
correlation between the fragility and the molecular mobility
near Ty [10,16,17]. According to the theory proposed by
Adam and Gibbs [18], it is well accepted that the «

relaxation process is cooperative in nature: a structural unit
can move only if a certain number of neighboring structural
units move also. Besides, the molecular motions are mainly
governed by the intermolecular interactions having
important effects in the viscous slowing down of molecular
dynamics when the glass-forming liquid is cooled-down
close to Ty Thus, the notion of Cooperative Rearranging
Region (CRR) was introduced, and the CRR size can be
estimated according to different models and theories in
terms of characteristic length scale or in terms of structural
unit number [16,19-22]. According to Donth [22], a CRR
can be estimated by the von Laue approach describing a
system with a fluctuating temperature. Each CRR represents
a fluctuating region of molecular mobility (relaxation time)
and it can be represented as a group of “sub-subsystems”
called structural units, each one having its own glass
transition temperature related to its own relaxation time. The
CRR size evolution has been experimentally studied to
understand how the cooperativity correlates with other
relaxation parameters such as fragility, glass transition
temperature, relaxation time or molecular weight [12,23-25].
Recently, the fragility/cooperativity relation has been
studied in complex systems of semicrystalline polymer
blends (polyvinylidene fluoride (PVDF)/PMMA) containing
multiwall carbon nanotubes [26]. However, the study of the
influence of the dipole amount on CRR by using the same
chemical structure has not deeply investigated.

As explained previously, several works correlate
the fragility with the chemical backbone stiffness. Thus, the
aim of this work is to correlate the relaxation time behavior
close to T, with the cooperative motions during the o
relaxation, by decreasing the dipolar interchain interactions
in materials with a similar backbone flexibility and without
microstructure effect (fully amorphous polymers). PVAc
and its random ethylene copolymers, so-called
poly(ethylene-co-vinyl acetate) (EVA) are good candidates
as shown in Fig. 1. As explained by Kummali et al [27],
EVA are random copolymers composed of VAc polar units
and ethylene apolar units. The interchain dipolar interactions
are expected to decrease as a consequence of the VAc
content decreasing. It is known that EVA could be wholly
amorphous or semicrystalline depending on the ethylene
content. Wholly amorphous EVA polymers are obtained
when VAc content is higher than 40 or 50 wt.% [12,27,28].
For semicrystalline EVA, a part of the amorphous phase
becomes constrained by the polyethylene crystalline regions
(constrained amorphous phase) [27]. It is well-known that
the presence of a crystalline phase can modify the
cooperativity characteristics [29,30] and the fragility [11] of
polymers.  However, few works have reported
fragility/cooperativity studies on wholly amorphous
systems, i.e. without confinement effects related to crystals
that can modify the mobility of the nonconstrained
amorphous phase, and by keeping the same polymer
backbone and dipolar pending group [31,32]. Thus, the aim
of this work is to study the influence of the dipolar
interactions (VAc content) on the fragility and cooperativity
values for a set of samples with similar polymer backbone
stiffness.

Materials



PVAc pellets with a weight-average molecular
weight (M,) close to 500 kg/mol were provided by Aldrich
Chemical Co. EVA copolymers were supplied from two
companies. LEVAPREN® 700, 800 and 900 containing 70,
80 and 90 wt. % of VAc groups, respectively, and M,, =
270 kg/mol  were kindly provided by Lanxess Co.
LEVAPREN® 500 and 600 with 50 and 60 wt. % of VAc
groups, respectively, and M, = 250 kg/mol were obtained
from Bayer Co. Samples are called EVAxx where xx is the
VAc wt %. Dichloromethane (99 %, Alfa Aesar) was used
as received.

A solution containing 10 wt.% of polymer in
dichloromethane was prepared by mechanical stirring at
room temperature (20 £ 2 °C). Then, this solution was cast
on a glass plate and dried during 16h at room temperature.
The residual solvent was eliminated in an oven during 7h at
80°C. Films were stored in a desiccator over P,Os (Acros) to
avoid sorption of moisture. The average thickness of
polymer films was ~130 pm.

ey
T

Figure 1. Chemical structure of: a) PVAc and b) EVA
copolymers.
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Characterization techniques

Modulated Temperature Differential Scanning
Calorimetry (MT-DSC) experiments were performed on a
Thermal Analysis instrument (TA DSC Q100). To prevent
the oxidative degradation, a nitrogen atmosphere was used
for all the measurements (50 mL/min). The temperature
calibration was performed with benzophenone and indium
standards and energy calibration with indium standard. The
specific heat capacity was measured by applying the
calibration carried out with a sapphire as a reference. The
sample of about 5 mg was encapsulated in aluminum pan.
The optimal conditions to perform specific heat capacity
measurements can be obtained by using different modes
[33,34]. In our case the measurements were performed by
using the heat-cool modulation parameters (oscillation
amplitude A = £ 1 K, cooling rate ¢ = 0.5 K/min and
oscillation period p = 60 s), the temperature range scanned
being adapted to the glass transition temperature of each

material. The complex heat capacity modulus ‘C;‘ is
defined from MT-DSC measurements as follows:

A1 )

A, m

*

p

C
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where A, is the amplitude of the modulated heat flow, Ay is
the amplitude of the modulated heating rate and Mgampe is the
sample mass. A phase lag (p) exists between the calorimeter
response (total heat flow) and the heating modulation during
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the temperature modulation [35]. The two apparent heat
capacity components, C’ (in-phase component) and C” (out-
of-phase component), can be obtained by the deconvolution
procedure proposed by Lacey et al. [36] (Eq. 3 and 4):

C'=|C;|-cosp (3)
C"=[C;|-sing O]

Broadband  dielectric  spectroscopy  (BDS)
measurements were carried out with an Alpha Analyzer
from Novocontrol (frequency range: 10 Hz - 10° Hz). A
circle film with a diameter of 30 mm of the studied material
was placed between parallel gold electrodes. The
temperature was controlled with a Quatro Cryosystem
through a heated flow of nitrogen gas from -130°C to 80°C
and the protocol was defined by using WinDeta® (version
5.8) from Novocontrol Technologies. The dielectric
relaxation curves were analyzed with the Havriliak-Negami
(HN) complex function [37] by using WinFit® software
(version 3.3) and the Eq. 5:

N Agyy, (5)
[1+ (iwr,,, )™ ]HH“

where & is the complex permittivity, o is the angular
pulsation (@ = 24f where f is the frequency), &, is the
permittivity value when o — oo, dgyy is the dielectric
strength, 7y is the relaxation time and ayy and Byy are the
symmetric and the asymmetric broadening factors,
respectively.

e*(w)=¢,

Results and discussion

Thermal analysis

From MT-DSC measurements, the C’ signal as a
function of temperature at the glass transition appears
usually as an endothermic step and the C” signal reveals a
peak with a maximum at the dynamic glass transition
temperature T,. Figure 2 shows the temperature shift of the
C’ step and C’ peak to lower temperatures when the
ethylene content increases. T, values are reported in Table
1.
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Figure 2. a) In-phase (C") and b) out-of-phase (C”)

components of the complex heat capacity for PVAc and
EVA copolymers.

The molecular mobility of EVA and PVAc is
investigated with MT-DSC using the CRR concept.
According to Donth’s approach mentioned in the
introduction, the CRR average volume (V, = &°) and the
characteristic length of cooperativity at the glass transition
&, can be estimated according to the following equation
[22]:

Ac,) j%
Y e wiid V3 o 4 (6)
é (p(é-l—)Z B«

where 4(1/Cp) = 1/Cpgiass — 1/Cpiiquia taken at T, [22], p is the
density of the glass-former, kg the Boltzmann constant, T, is
the characteristic peak temperature, and ST is the average
temperature fluctuation related to the dynamic glass
transition of an average CRR. The number of structural units
per CRR noted N, can be estimated by:

a

_pNYV, _ NAA(]'/Cp)
‘ MO Mo(é‘r)z

N k,T? )

where N, is the Avogadro number and My is the molar mass
of the relevant structural unit. In the case of PVAc, My is
equal to the molar mass of the VAc group (Mya. = 86
g/mol). The M, values for each EVA copolymer were
calculated by using the molar mass and the molar content (x)
of the VAc group and the molar mass of the ethylene group
(Mgy, = 28 g/mol) as follows: My evax = Myac (X) + Mgy, (2-
X). As an example, EVA50 contains 23 mol % of VAc
groups (x = 0.23), then Mg gvaso = 42.2 g/mol.

Table 1: MT-DSC results: the temperature of the maximum of the C’’ peak (T,), the heat capacity step at T, (4Cyr,), the density
(p), the mean temperature fluctuation (oT); the molecular weight of the relaxation unit (Mg) and the Donth’s model values: the
cooperativity length (£,) and the number of equivalent relaxation units in a CRR (N,) for PVAc and EVA copolymers.

Sample Te ACpry Ta p 8T (°C) Mg & (NM) Ne
°C) (J/(g°C)) (°C) (g/em’) (g/mol)
PVACc 41.5 0.51 415 1.19 3.1 86.0 3.0 225
EVA90 19.0 0.50 19.0 1.15 3.3 71.2 2.8 221
EVAS80 3.0 0.49 3.0 111 3.5 60.8 2.6 194
EVAT0 -14.5 0.45 -14.5 1.07 3.7 53.1 25 183
EVA60 -25.5 0.53 -25.5 1.04 3.8 47.0 24 181
EVA50 -27.5 0.62 -27.5 1.00 3.8 42.2 21 130

The impact of the different parameters on the &,
values (Eq. 6) was verified. The density value varies with

the VAc content, from 1.00 g/cm® for EVA50 up to 1.19
glcm® for PVAc (Table 1). It has been noted that the

4



influence on the &, values is not significant even without the
effect of the density variations (Fig. 3). On the other hand,
the mean fluctuation temperature (ST) at the glass transition
has an important effect on the cooperativity (Eq. 6). The
Gaussian peak in C”” becomes wider when the VAc content
decreases, from 3.1 °C for PVAc up to 3.8°C for EVAS0
(Table 1). Such behavior can be explained by a broader
relaxation time distribution, i.e. an increasing heterogeneity
of the molecular dynamics related in the glass transition
process due to spatial composition heterogeneities
[22,25,29].

O with each density
301 ® withp=1 gem®

20] ¥

T e T e T = T = T

50 60 70 80 90 100
VAc (wt.%)
Figure 3. Cooperativity length (¢&,) evolution with the VAc
content.

The cooperativity processes for PVAc have been
widely studied [38-40]. The &, value obtained from MT-

DSC measurements is in good agreement with the literature
(29 £ 2 nm [39]) and could be compared with the
cooperativity lengths in the amorphous EVA copolymers
(VAc content > 40 wt.%). Therefore, a decrease of &, values
(Table 1) was related to the decrease of the dipole amount
in the chain structure, i.e. to lower intermolecular
interactions.

Dielectric analysis

The main relaxation processes were studied by
means of BDS measurements. The temperature dependence
of the relaxation time allows investigating the nature of the
cooperative motions of the structural relaxation.

The o relaxation behavior of PVAc has been
reported in several studies and for different geometries, such
as the bulk [38,41-43], with a confinement effect in
nanolayers [44], or a deposited layer onto a silica surface
[45]. Regarding the o relaxation of EVA copolymers, the
semicrystalline materials were mainly studied [27,46-48].

In Fig. 4, a 3-D plot of the imaginary part of the
permittivity, or dielectric loss (&), shows the variations of
the « relaxation as a function of frequency (f) and
temperature (T) for the EVA70, as an example. The «
relaxation in the &” signal is observed as a dissipation peak
associated to the structural relaxation. Moreover, ionic
conductivity (¢) phenomenon appears at temperatures higher
than T, and lower frequencies. In the case of the &’ signal,
the « relaxation is detected as a permittivity step (not shown
here).

Figure 4. 3-D plot from BDS analysis for EVA70: dielectric loss (") versus frequency (f) and temperature (T).



The isothermal BDS curves can be normalized to
obtain master curves where the maximum of the a relaxation
isat /e " max = 1 and /. =1.
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Figure 5: a) Master plot frequency for the higher and the
lower VAc content samples, PVAc and EVA50,
respectively; b) Variations of the dielectric relaxation
strength (depy) (at T, +10°C) and the broadening parameters

(ann and Bun) from the a relaxation; ¢) Coupling parameter
(n) calculated from the stretching parameter (Bcww) as a
function of the VAc content.

As plotted in Fig. 5a, the peak becomes wider and
more asymmetrical with the VAc content decreasing. The
parameters that characterize the symmetric (apn) and the
assymetric (S4y) broadening of the « relaxation are plotted
in Fig. 5b. The values obtained for PVAc (ayy = 0.79 and
Sun = 0.57) are similar to the shape parameters reported in
the literature (eyy = 0.80 and puy = 0.50 [42]). A slow and
significant decrease of the values of the symmetrical and
asymmetrical parameters was noted for the EVA
copolymers when the VAc content decreases. As reported in
the literature, the non-Debye relaxation behavior in the time
domain (t) is empirically described by the Kohlrausch-
Williams-Watts (KWW) function as follows [49]:

D(r)= e[’K;”” ] - ®)

where @(7) is the correlation function, Sxww (0 < Bcww < 1)
is the stretching parameter and zxww is the relaxation time
for fxww = 1. The stretching parameter Sxww allows to
compare an asymmetrical broadening behavior of the
relaxation at short times (high frequencies) with the
exponential decay (Debye relaxation with Sxww = 1). The
HN parameters are correlated with Bqww as follows [50]:

log 2 ~2.6(L— fB,,, ) e ) ©

z-KWW

A good approximation of Eq. 9 is given by the following
equation:

B (@ B )™ (10)

In our case, the Sxww value decreases from 0.52 for PVAc to
0.36 for EVAS50. Such decrease can be explained by a higher
heterogeneity of the relaxation time. According to Ngai et
al. [51], the stretching parameter is correlated to the
strengthening of the coupling (n) as follows: fxww =1 —n
(Fig. 5¢). Then, the Sxww decrease (increasing n value) with
the VAc content decreasing can be associated with a broader
relaxation time distribution of the o relaxation.

The dielectric relaxation strength (deyy) is related
to the dipolar density in the material. The dependence of
Aegyy With temperature T was established by Kirkwood-
Frohlich as follows [52]:

1 N
AgHN =—90 £ = (11)
3g, " K,T V

where g, is the permittivity of the vacuum, g is the
Kirkwood-Frohlich factor describing the static correlation
between the dipoles, u is the mean dipole moment of the
process under consideration, and N/V is the density of
dipoles involved in the relaxation processes. In our case, the
highest value of 4eyy was obtained for PVAc (~ 6.2) and is
in good agreement with values reported in the literature (~
6.5 [53]). As to the EVA copolymers, the Aeyy value
decreases linearly with the VAc mol % content decreasing
(Fig. 5b), and this behavior is related to the decrease of the
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dipole density (N/V) (Eqg. 11). At a given temperature (in our
case T, + 10°C) and considering that for the VAc group only
one dipole is presented in the backbone structure (i.e. the
dipolar moment of the ethylene is negligible compared to
the VAc one), the dielectric strength may be correlated to
the VAc content (Fig. 5b). The decrease of Aeyy can be
related to a decrease of cooperativity [54] confirming the
concomitant decrease of Ay and &, with the VAc content
increase.

From the literature data, it is known that the
cooperativity reduction in a system is generally caused by
two mains parameters: chemical/physical modifications of
the intermolecular interactions [23,39] and/or confinement
effects [9,11]. The confinement effect does not seem to be a
possible cause for our set of samples, as the materials are
fully amorphous (no crystalline phase, nor interface). The
decrease of the VAc group amount seems to be directly
correlated with the reduction of the intermolecular
interactions. Several studies confirm the correlation between
the strength of intermolecular interactions (Van der Waals)
and the decrease of cooperativity [7,9,55].

It is known that the temperature dependence of the
« relaxation process in polymers is well fitted by the Vogel-
Fulcher-Tammann (VFT) [56] equation when plotted against
UT (Fig. 6):

T=1, exp(TD_T_‘I’_ j (12)

where D is a dimensionless steepness parameter and Ty is
the reference Vogel temperature.

24

25 30 35 40
1000/T (K™

Figure 6. Temperature dependence of the « relaxation time
for PVAc and EVA copolymers. T, from MT-DSC
measurements are reported in filled symbols.

The extrapolated Ty, values from BDS
measurements are comparable to the values obtained from
MT-DSC measurements (T,) (Fig. 6). By normalizing the
temperature scale with the extrapolated T, from BDS
measurements, the Angell’s plot is obtained (Fig. 7).

Log10 (Tmax)

o R

0.90 ' 0.95 ' 1,
/T

Figure 7. Angell’s plot (10g10(7max) Versus Ty/T) for PVAC
and EVA copolymers.

As observed from the Angell’s plot, the
temperature dependence of the relaxation time is similar for
PVAc and EVA copolymer samples. The fragility index can
be estimated from the VFT fit parameters (Eq. 1 and 12) for
a reference relaxation time equal to 100 s [57,58]. The
calculated fragility index (m) (Eg. 1) shows a practically
constant value for the studied EVA copolymers (~ 85 - 90).
It can be observed from the Arrhenius plot (Fig. 6) that the
structural relaxations for all the samples are quite similar
with a slight shift in the 1/T scale. This result is quite
surprising because, as usually reported in the literature, a
significant change in the glass transition temperature is
associated with a modification in the steepness of the
structural relaxation [5,6]. Some authors even tried to
quantify a correlation between T, and the fragility index [5].
In our case the main feature of studied EVA polymers is that
the ethylene backbone remains unchanged with only a
reduction of the dipole amount (VAc content). For PVAC,
the dipoles are localized on the pending VAc group along
the ethylene backbone. For EVAS0, the dipole content, i. e.
VAc group, is less than 25% compared to PVAc. The
reference material is PE, i.e. the polymer with only ethylene
groups and no VAc dipole. It could be expected that
extrapolating the fragility variations of the EVA copolymers
would lead to a value close to the PE fragility index. In the
literature the reported fragility index for PE is ~ 45 [15]
(mpe~ in Fig. 8). However, this value is estimated for a
semicrystalline PE with a relaxation time equal to 1 s. By
using the relaxation map reported for PE [10] and by
applying Eq. 12, the slope calculated at 100 s corresponds to
a fragility close to 80 (Mg pe in Fig. 8). This value confirms
well the fragility tendency for the amorphous and the
nonconstrained phases in the EVA copolymers.

The  dielectric  relaxation  behavior  of
semicrystalline materials with the VAc content < 40 wt.%
was studied by Kummali et al. [27]. It was reported that the
VAc segmental mobility is strongly affected by the high
crystallinity of the samples. Furthermore, an extremely
broad relaxation process is observed extending over more
than four decades and two contributions were considered to
explain the dielectric relaxation behavior (a constrained and
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a nonconstrained components). Actually, as reported in the
literature for other polymers, a restriction of the motion of
amorphous chain segments near crystalline phase causes an
heterogeneous dispersion of the segmental « relaxation
processes [10,29,59,60].

It is possible to extract the fragility values for
semicrystalline EVA from Kummali’s works [27]. Indeed,
BDS analysis of semicrystalline EVA shows that the
microstructure must be described as crystalline PE phase,
interfacial constrained EVA regions and nonconstrained
amorphous regions with coexisting VAc and non-
crystallized ethylene units. Using data for nonconstrained
EVA amorphous phase, the T, and fragility index values are
plotted in Fig. 8. It can be noticed that even in the
nonconstrained amorphous regions of EVA, the m values
remain constant whatever the VAc content. For the lowest
(PE) and highest (PVAc) VAc contents, quite similar
fragility values were obtained. In this context, the following
hypothesis could be made: for ethylene backbone polymers,
the steric hindrance and the polarity of the side group play
an important role on the glass transition temperature but not
on the fragility. This hypothesis will be checked in the near
future for others polymers. So one can conclude that the
relaxation time vs. temperature in the glass transition region
has the same tendency. This important result is clearly
supported by several studies which point out a strong
correlation between fragility index and backbone stiffness

[6].

Transition zone

100 semicrystalline amorphous 80
' ' o
----- e-e-9- - ”dla--o'-‘——é“gf“#'
80 T et PE Z d
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(m]
hem e, .
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Figure 8. The variation of fragility index (m) and glass
transition temperature (Tg) with the VAc content. Values for
EVA copolymers: empty symbols for the amorphous and
transition domains and filled symbols for the semicrystalline
domain [27]. The T4 value calculated with the Fox law’s is
presented with a red continuous line.

Thus, the cooperativity/fragility relationship
depends on the studied system. Several studies have
reported the correlation or the anticorrelation between both
parameters in complex systems (constrained amorphous
phase, different backbone stiffness, dipole changing in the
polymer chain or in a composite system) [9,17,23,26,29,39].
The interest of the present work comparing to the literature
is to study simple systems, i.e. fully amorphous with a

similar stiffness of the backbone. In the literature, the Kuhn
length could be viewed in a first approximation as a measure
of the polymer chain stiffness [61]. For the studied
polymers, its value is almost constant with 13.6 A (PVAc)
[61, 62] and 15.4 A (PE) [63]. These values support the idea
of similar backbone stiffness for all the samples. In addition,
only the quantity of the same dipolar group is varied. So, the
constant value of fragility (m ~ 85 - 90) and the decrease of
cooperativity length scale (from 3.0 to 2.1 nm) with the VAc
content decreasing allow us to conclude that a
cooperativity/fragility correlation is not always present.

The presence of ethylene groups can cause the polymer
plasticization. So a decrease of the glass transition
temperature is expected with the increasing of ethylene
content, i.e decreasing VAc content, in the nonconstrained
amorphous fraction (see in Fig. 8). On the other hand, as the
reactivity ratio of ethylene and VAc is close to one, one can
conclude that EVA is a random copolymer [64]. Therefore,
the T, values for EVA copolymers can be estimated from the
Fox’s law. The glass transition temperature for PVAC
determined in this work is in agreement with the values
reported in the literature (from 30°C [65] to 40°C [5,23]). In
the case of PE, the determination of the glass transition
remains complicated due to the high degree of crystallinity
(X¢ ~ 50 — 90% [66]). Davis et al compared 50 studies
performed for T, determination of PE, and showed that the
T, value may be either between -133°C and -111°C or
between -88°C and -73°C depending on the sensitivity of the
measurement method [67]. From the relaxation map of PE
reported by Ngai et al [10], the Ty gps pe at T = 1s is obtained
at -73°C. By applying the Fox’s law to our data (Fig. 8) the
best fit (adjusted R-square = 0.98) is obtained for a value of
Tee equal to -77°C. This value is obtained from
nonconstrained fraction of EVA and, thus, should be seen as
the T, value of a fully amorphous PE.

Conclusions

A constant value of the fragility for polymers with
different VAc contents, from PVAc (100% VAc) to a
nonconstrained EVA copolymer (50 wt.% VAc), was
obtained from BDS measurements. Moreover, a decrease of
the cooperativity length with the VAc content decreasing
was observed. By comparing the evolutions of the fragility
and the cooperativity length, no direct correlation between
these two parameters is put in evidence. The correlation
between fragility and backbone stiffness reported in the
literature is in agreement with the invariances of the Kuhn
length and fragility index values for the sample set studied
here. These new results seem to confirm a qualitative
understanding of the fragility and should be supported with
other polymeric systems. Furthermore, the cooperative
motions are governed by the intermolecular interactions. In
this study, the decreasing size of the cooperative length in
fully amorphous polymers, from PVAc to EVAS0, is
correlated to the decrease of the dipole amount, i.e. the VAc
content.
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