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Abstract

A series of UV photocrosslinked and post-sulfonated membranes based on blends of
styrene-ethylene-butylene-styrene triblock copolymer (SEBS) and divinylbenzene
(DVB) were considered for the preparation of electrolytes for proton exchange
membrane fuel cell (PEMFC) applications. Macromolecular dynamics of SEBS and
SEBS-DVB membranes below and above the Tq, were analysed using dielectric thermal
analysis (DETA). A sub-Tg intramolecular non-cooperative dielectric relaxation and
two main relaxations, corresponding to the glass transitions of ethylene-butylene (EB)
and styrene (S) blocks, were identified in the dielectric relaxation spectrum. The
photocrosslinking and post-sulfonation processes affect to the entire dielectric
relaxation spectrum, the apparent activation energy and the fragilities of both styrene
(S) and ethylene-butylene (EB) blocks. Understanding the restrictions on the segmental
mobility at low and high scale caused by both photocrosslinking and subsequent
sulfonation is basic to provide an approach to ionic diffusivities.

A correlation between relaxations processes and the performance of these membranes in
H2/O2 - PEM single cells allows to estimate the behaviour of these membranes and to

reengineer them, depending on the modification of the desired cell performance.
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Highlights

e Detailed information about the molecular dynamics of these membranes is

offered.

e The photocrosslinking straitens the chain mobility hindering the ionic diffusion.

e Low degrees of sulfonation improve the ionic mobility of the membranes.

e DETA is found to be a valid experimental technique for fine-tuning membranes.
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1. Introduction
Proton exchange membrane fuel cells (PEMFC) are eco-friendly devices for the
production of an environmental sustainable energy [1-3]. The overall performance and
efficiency of these fuel cells are closely related to the proton conductivity and
dimensional stability of the membranes used as electrolytes. These membranes are
typically a phase separated material, which acts as a selective barrier, where the
hydrophobic phase gives mechanical stability and the hydrophilic domain regulates

proton exchange.

Many studies have been devoted to developing new membrane materials presenting a
suitable dimensional stability, high ionic conductivity and low cost for a significant
volume production, among them, block copolymer ionomers based on styrenic
thermoplastic elastomers bearing sulfonic acid groups. The introduction of ionic groups
into the polystyrene blocks causes significant changes in many physical properties, not
only the emergence of ionic conductivity but also changes in hydrophilicity, mechanical
strength and glass transition temperature which are not detected in their non-ionic

counterparts [4-8].

The interest in polystyrene multiblock copolymers as polymer electrolytes for fuel cell
applications is mainly due to their ability to form ion conducting channels as a
consequence of their phase-separated morphology [9-11]. Additionally, its sulfonation
might offer more useful features such a low methanol permeability or a higher
mechanical stability. SEBS (styrene-ethylene-butylene-styrene) triblock copolymer is a
commercial and economical material widely studied, which is obtained by
hydrogenation of the thermoplastic elastomer of styrene and butadiene, eliminating the
unsaturation of the butylene chain. In this work, SEBS has been chosen as the base
material because it has properties such as resistance to the environment, temperature,
UV (ultraviolet) radiation, etc. After sulfonation, via electrophilic substitution, a
nanometre scale phase separated morphology of hydrophilic and hydrophobic domains
is generated providing proton mobility paths in wet state which makes sulfonated SEBS
(SSEBS) very attractive for its use in fuel cells [12-16].
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Unfortunately, a high degree of sulfonation is often required to achieve suitable proton
conductivity, which causes excessive swelling in water with the consequent loss of
mechanical resistance and poor cell performance. In a previous work, photocrosslinking
and post-sulfonation of membranes based on mixtures of SEBS and divinylbenzene
(DVB) were successfully used to overcome these stability limitations. It was found that
both the degree of photoirradiation and post-sulfonation modified the sizes and
geometries of the separated nanostructure, and subsequently, the mobility of the
molecular chains, which affected the proton conductivity and the behaviour of these

membranes as electrolytes in the PEMFC [17].

Dielectric thermal analysis (DETA) is a powerful and sensitive tool for analysing
macromolecular dynamics. These studies are especially interesting in these
heterogeneous polymers with separated phases due to the interfaces. Thus, when
analysing the spectrum of dielectric relaxations, it is possible to provide some data on
the distribution of the blocks and their effect on the molecular movements of the
polymer chains that constitute them [18-24]. In particular, the dielectric spectra of
SEBS is found to display a very low response, being almost frequently independent due
to its nonpolar nature [25-27]. Chen et al. studied the dielectric spectrum of neat and
sulfonated SEBS with different degrees of sulfonation. The dielectric spectra was found
to display three molecular relaxations corresponding to local chain motions, the glass
transition of the ethylene-butylene block and the glass transition of the styrene block,
respectively. Sulfonation was found to shift the glass transition temperature of both
blocks [20]. From these studies it can be inferred that polymers with phase separation
form gradients of dielectric permittivity, that modify the overall behaviour as selective

transport media when these materials work as an electrolyte.

Dielectric thermal analysis has been performed to understand the molecular mobility as
a function of photocrosslinking and the degree of sulfonation. Thus, the dielectric
relaxation spectrum was studied as a function of the temperature and frequency below
and near the polymer glass transition temperature Tg, to know the molecular mobility
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and reach with the ionic diffusion. The Havriliak—Negami model was used to model the
relaxation processes, to obtain the relaxation parameters. The correlation between
DETA results and H2/O2 performance are relevant for the reengineering of the
electrolytes. The obtained results allow the establishment of the operating relationships,
which underlie the new design strategies of anisotropic electrolytes applicable for

proton exchange membrane fuel cells (PEMFC).

2. Experimental procedure
2.1. Materials

The starting material SEBS (styrene-ethylene-butylene-styrene block copolymer) used
in this study was Calprene CH-6120 (Repsol) with 32wt.% by weight of styrene units.

Other chemicals products were divinylbenzene (DVB, Sigma-Aldrich) as
photocrosslinkable monomer; Irgacure 651 (IRG 651-2,2-dimethoxy-1,2-diphenylethan-
1-one) (Ciba) as a photoinitiator; trimethylsilyl chlorosulfonate (99%, Sigma - Aldrich)
as a sulfonation reagent; Chloroform (CHCIs-, Scharlau); 1,2-dichloroethane (DCE,
Scharlau) as solvents; all of them were employed as received without any further

treatment of purification.

2.2 Membrane preparation: photocrosslinking and post-sulfonation

The membranes were prepared using doctor Blade from chloroform solutions by mixing
SEBS with 25% by weight of photocrosslinkable divinylbenzene (DVB) and 2% of
photoinitiator based on the weight of DVB. After drying, the membranes were UV
irradiated (Hamamatsu L8868) for 15 and 30 minutes. The sulfonation was performed
using trimethylsilyl chlorosulfonate solutions in DCE (0.3 M 2 hours and 0.5 M 3
hours). The processes of membrane preparation, photocrosslinking and post-sulfonation
were described in more detail elsewhere [17]. The different chemical structures are
illustrated in Figure 1 and Table 1 shows the membrane nomenclature used according

to the different experimental conditions.
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Table 1
UV Irradiation )
(min) Sulfonation Label
- - SEBS
- - SEBS-25DVB
- SEBS-25DVB-15I
15 0.3Mfor2h SEBS-25DVB-15I-S1
0.5Mfor3h SEBS-25DVB-15I-S2
- SEBS-25DVB-30I
30 0.3Mfor2h SEBS-25DVB-301-S1
0.5Mfor3h SEBS-25DVB-30I1-S2

2.3. Dynamic Dielectric Thermal Analysis (DETA) assessment

The dielectric relaxation spectra of all the membranes was measured under isothermal
conditions by using a Dielectric Spectrometer of Novocontrol Technologies GmbH &
Co. KG, at the frequency range f = 102- 107 Hz. The measurements were carried out in
inert N2 atmosphere from 123 to 473 K in increasing steps of 10 K. Dielectric
experiments were performed in a cell constituted by two gold electrodes were the
sample electrode assembly (SEA), consisting of two stainless steel electrodes, was
located. A Teflon® film was inserted between the sample and one steel electrode only if

the conductivity is too high that overlaps the relaxations.

The dielectric relaxation complex spectra were described using the empirical Havriliak—
Negami (HN) functions. The observed relaxations spectra were deconvolved applying
Charlesworth’s method, adding as many Havriliak-Negami equations as necessary. All

the characteristic parameters of each relaxation process were determinate [28-30].

e*x(W)—g,=>Im Ae

k {1+ (iWTHNk)ak }bk (qul)

Where:
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wun 1S the Havriliak-Negami relaxation time. Thus, the sub index k represents the
number of the individual HN contributions.

a and b are parameters corresponding to the width and asymmetry broadening of the
relaxation peak of the relaxation time distributions.

Ae s the value of the dielectric intensity or relaxation strength.

2.4. Proton conductivity measurements

Through-plane proton conductivities of the membranes were determined by means of
electrochemical impedance spectroscopy (EIS) using a potentiostat Autolab PGStat30.

The cell was heated at 333 K and supplied with humidified gases (hydrogen, SHE
anode; nitrogen, cathode) with a continuous flow of 200 mL-mint. The falling
frequency range was from 10 kHz to 1 Hz with amplitude of the sinusoidal signal of 10
mV. The through-plane proton conductivity ote (S-cm™) was determined using the

Equation 2:

otp=L/RmS (Eq. 2)
where L is the thickness of the membrane (cm) and S is the active area (5 cm?). The
membrane resistance Rm (€2) was measured at the frequency that produced the minimum

imaginary response. Each sample was measured at least five times until a constant

resistance value was reached.

10
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3. Results and discussion

The dielectric relaxation spectra of membranes prepared with styrene-ethylene-
butylene-styrene block copolymer (SEBS), mixed with divinylbenzene (DVB),
photocrosslinked and subsequently sulfonated with different degrees of sulfonation
were analyzed. The spectra were plotted in terms of the real ¢’ and imaginary e’ parts
of the complex dielectric permittivity e*, for a given set of temperatures and

frequencies.

Figure 2 plots the dielectric relaxation spectrum in 3D of the photocrosslinked and

i)

sulfonated copolymers in terms of the imaginary e’ component of the complex
dielectric permittivity e* at the frequency range f = 102 - 10’ Hz in a wide range of
temperatures. The spectra of the SEBS copolymers consists of several relaxation
processes that correspond to molecular motions of some atoms of the backbone, lateral
chain or glass transition of each block. At higher temperature and frequencies, external
electrode polarization, interfacial polarization (Maxwell-Wagner-Sillars) and
conductivity may be observed overlapped to the relaxation spectrum. Thus, it is difficult
to differentiate between interfacial peaks and the true relaxation processes that take
place in a heterogeneous media. As the separation of charges is the molecular origin of
this phenomenon and it is not related to backbone molecular movements, in this study it

is not analysed as a relaxation process.

Figure 2 shows different zones of relaxation: a weak relaxation zone at low temperature
attributed to B relaxation as resulted from the movement in which participate a number
of few atoms from the main or the lateral chain. That is, the reorientation of small
angles in relation to the longitudinal axis of the polymer in corresponding
poly(ethylene-butylene) (PEB) block [21].

At higher temperatures, two additional relaxations are observed, which may be related
to both components of the block copolymer: ethylene-butylene and styrene. These

relaxations are called: aes and ops respectively, in an increasing order of temperature.

11
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Figure 2

In accordance with previous works, [20,21,31] aes Y ars relaxations can be attributed to
the glass transition because the temperature peaks of each relaxation are in agreement
with the DSC measurements to the poly(ethylene-butylene) (PEB) and poly(styrene)
(PS) blocks, respectively [17,32].

As previous results show [17], when the neat SEBS was mixtured with DVB and
photocrosslinked, the DSC measurements display a lack of variations of the PEB block,
whereas in the PS block, the glass transition temperature of the non-irradiated
copolymers is higher than the irradiated ones. In SEBS-25DVB without
photocrosslinking, the glass transition temperature is 213 K and 445 K for the PEB and
PS phase, respectively. However, in the SEBS-25DVB-151 with photocrosslinking,
these temperatures are 213 K and 335 K for the PEB and PS phase, respectively. It
seems that the photocrosslinking only acts on the PS phase. On the other hand, the

sulfonation may decrease the glass transition temperature of each block. However, the

12
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temperature peaks of the B and a dielectric relaxations have a more complex behaviour
as a consequence of photocrosslinking and sulfonation. Thus, the real effect is more

difficult to understand than the DSC results describe [17].

To understand the effect of photocrosslinking and sulfonation on the molecular mobility
of each block, the dielectric relaxation spectra were adjusted using the empirical
Havriliak-Negami (HN) functions. The relaxation spectra were obtained adding so
many functions as necessary, to represent each of the relaxations. Thus, all the
characteristic parameters of each relaxation process were determined. The relaxation
time 7, the values of the dielectric intensity or relaxation strength A¢, and a, b
parameters were also calculated. A general review of the parameters indicates that the
values of all relaxations increase on increasing temperature. However, each one of these
parameters can be affected by the photocrosslinking and sulfonation and were analyzed

separately for each one of the relaxations afterwards.

Figure 3 displays the isothermal diclectric relaxation spectra, in terms of the real (¢’)
component of the complex dielectric permittivity (¢*) at the frequency range f = 102 -
107 Hz at several temperatures. The membranes studied are the neat SEBS, the mixture
of SEBS with DVB copolymer (SEBS-25DVB), the mixture with DVB and
photocrosslinking SEBS copolymers (SEBS-25DVB-151 and SEBS-25DVB-301) and
the mixture with DVB photocrosslinked and sulfonated SEBS copolymers (SEBS-
25DVB-15I-S1, SEBS-25DVB-151-S2, SEBS-25DVB-301-S1 and SEBS-25DVB-30I-
S2).

13
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In this Figure 3, it is possible to observe the isothermal ¢’ values at low temperature for
the neat SEBS and SEBS-25DVB copolymer. These values seem to slightly decrease
between low to high frequencies, because in these intervals of temperatures and
frequencies the movements of the molecular chains, of the poly(ethylene-butylene) PEB
and the poly(styrene), PS block, are not present. In fact, the wide range between the
temperature of the glass transition corresponding to the PEB and PS blocks, does not
contribute to visualize both relaxations in the same frequency range. At high
temperature, the isothermal & values slowly and continuously decrease with increasing
frequency, because the dipoles will hardly be able to orient themselves in the direction

of the applied field in the high frequency range.

The ¢’ isothermal curves analysed of the photo-reticulated SEBS-25DVB-151 and
SEBS-25DVB-301 copolymer display a similar pattern the neat SEBS and SEBS-
25DVB copolymer. However, the ¢’ values slightly decrease by photocrosslinking
effect. This can be understood in terms of crosslinking, the interfacial properties, and
the compatibility between the components of these copolymers. It has been observed in
other polymers [33], that the crosslinking prevents the movement in the chains and

shows a lower dielectric relaxation response.

Unlike the previous cases, the isothermal curves of the ¢’ of the photocrosslinked and
sulfonated copolymers (SEBS-25DVB-15I1-S1, SEBS-25DVB-151-S2, SEBS-25DVB-
301-S1 and SEBS-25DVB-301-S2) shows several plateaus which are associated with the
relaxation zones observed in Figure 2. The sulfonation may decrease the glass
transition temperature of each block. Thus, it is also possible to observe that the value of
the real ¢’ rapidly decreases due to the tendency of dipoles to orient themselves in the

direction of the applied field.

In order to understand the intermolecular or intramolecular movements of each
relaxation, the temperature dependence of the relaxation times was analysed by means
of the Eyring model. The linear relationships between the relaxation times z and the

inverse of temperature wereas used to determine in a first approximation the apparent

15
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activation energy. Thus, the Figure 4 shows that for all the SEBS based copolymers
described in Table 1, the experimental apparent activation energies Ea, for each one of
the relaxations, were plotted versus the temperature corresponding to the dielectric loss
factor obtained at a frequency of 1 Hz [34,35].
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Figure 4

For all the SEBS based copolymers, the B relaxation has a low energy with a linear
relationship with the temperature, which corresponds to an intramolecular movement.
Photocrosslinking and subsequent sulfonation scarcely affect this relaxation being that a
few carbon atoms are involved in this molecular movement. At higher temperatures,
related to the glass transitions of both components of the block copolymer ethylene-
butylene and styrene, the two high-energy relaxations were located. These relaxations
were assigned to an intermolecular movement because all activation energies are clearly
separated from linearity. In Figure 4 seems that photocrosslinking and sulfonation
affect a greater extent to the block of styrene than ethylene-butylene block, in agreement
with DSC results. The copolymer SEBS-25DVB-301-S2 is the most affected because it

16
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has the highest concentration of SOsH groups attached to benzene rings of styrene

block that could increase the interaction between them.

In order to confirm the hypothesis of intra- or inter- macromolecular movement raised
by the Eyring criterion, the dielectric behaviour of the copolymers was analysed by
means of the Arrhenius plots, which consider the temperature-frequency
interdependence for the maxima of loss factor isochrones. Figure 5 shows the
Arrhenius map for each of the relaxations of all SEBS based copolymers studied, where
the B, oes, and ops relaxation zones are plotted. The lineal relationship between the
relaxation times z and the temperature of  relaxation proves this intramolecular origin.
Thus, the thermal activation was characterised by means of Arrhenius equation. On the
other hand, the nonlinear dependence between log f and T of the oes, and ops
relaxations is representative of Vogel-Fulcher-Tamman-Hesse function, inherent of

intermolecular movements.
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3.1 Low temperature local modes of molecular motions: g dielectric relaxation.

The zone of B dielectric relaxation appears in the temperature range of 166-184 K at the
frequency of 1Hz. This relaxation is observed in the mechanical spectrum, but not all

authors have been able to determine it [20].

Figure 6 exhibits how the loss dielectric permittivity varies due to the effect of
photocrosslinking and subsequent sulfonation. As expected, the reticulation hinders the
molecular movement and the shape of the relaxation widens, due to the different
environments of the carbons involved in the movement within the same molecule.
However, what really affects the shape of relaxation is sulfonation. The sulfonated
copolymers (SEBS-25DVB-151-S1, SEBS-25DVB-151-S2, SEBS-25DVB-30I-S1 and
SEBS-25DVB-301-S2) have the same shape and only the SEBS-25DVB-301-S1 appears
at slightly higher temperatures. The Havriliak-Negami a, b parameters, were calculated

for each copolymer.
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Figure 7 displays the parameter a, which is related to the width of g relaxation. It shows
a linear increase with the temperature, for neat and photocrosslinking SEBS
copolymers, as is normally found for similar  relaxation [21].

The sulfonation increases the values of the parameter a, of all the sulfonated copolymers
and lie in the range 0.8—0.95. The closeness of this parameter to the unit suggests the
narrow distribution of relaxation time for the B relaxation. Figure7 also shows the
parameter b which values are around 0.1-0.8, they increase with the sulfonation, and it

seems that are slight dependent on the temperature.
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The values of the dielectric strength 4e of the 3 relaxation were also calculated and are
displayed in Table 2. As it is expected, the strength values increase with the addition of
DVB, but decrease with the crosslinking. However, the biggest increment is produced
by the sulfonation although these values do not increase linearly. The 25DVB-301-S1
membrane has a higher value than membranes more sulfonated. This is a significant
result that seems to indicate that a lineal increase of the sulfonation does not necessarily

imply a linear increase in the number of atoms with the ability to move.
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Table 2
SEBS- SEBS- SEBS- SEBS- SEBS- SEBS-
T (K)| SEBS :5EDB\Z 25DVB- | 25DVB- | 25DVB- | 25DVB- | 25DVB- | 25DVB-
151 301 151-S1 151-S2 301-S1 301-S2
153 0,0013 0,0036 0,0023 0,0148 0,2122 0,1399 0,4731 0,2080
163 0,0015 0,0056 0,0002 0,0095 0,1828 0,1127 0,1351 0,1610
173 0,0016 0,0061 0,0043 0,0090 0,1711 0,0975 0,1470 0,1841

Table 3 displays the characteristic parameters of the Arrhenius model for all
copolymers. The values of the apparent activation energy Ea obtained for the copolymer
SEBS is 23 kJ-mol™. When DVB is added to SEBS copolymer the apparent activation
energy increases. The value for SEBS-25DVB is 69 kJ-mol™. In both cases, these
values would be characteristic of the reorientation movements of small angles of the
carbons that take part of the chain movement in relation to the longitudinal axis of the
polymer. Thus, the B dielectric relaxation would be associated with an intramolecular
local mobility of small nhumber of atoms of butylene backbone [21] or lateral ethyl

group, which are not affected by the presence of the styrene block phase.

Table 3
— SEBS- SEBS- SEBS- SEBS- SEBS- SEBS-
SEBS B 25DVB- | 25DVB- | 25DVB- | 25DVB- | 25DVB- | 25DVB-
151 301 151-S1 151-S2 301-S1 301-S2
Ea
23.2 68.8 53.6 102.7 91.6 89.1 93.2 97.0
(kJ-mol ™)
1kHz
137 184 176 166 167 167 174.0 165.5
Tmax (K)
R? 0.932 0.996 0.993 0.987 0.995 0.999 0.997 0.996

The photocrosslinking decreases the apparent activation energy of SEBS-25DVB
copolymers for lower doses SEBS-25DVB-15I and increases these values for longer

UV irradiation while the sulfonation barely affects.

All these results indicate that the molecular movement associated with relaxation is a

localized movement within the same molecule with a very narrow relaxation time. The
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crosslinking produces a three-dimensional structure, which maintains the apparent
activation energy around 90 kJ-mol* after the sulfonation. However, the sulfonation of
the PS block modifies the intensity of the B-relaxation, although this movement occurs
in the PEB block.

3.2 High temperature local modes of molecular motions: aes, aps dielectric

relaxations

As mentioned above, the a-relaxation zone is associated with long-range chain
segmental mobility of block copolymers and is possible to distinguish two glass
transitions corresponding to each one of the blocks. The dielectric relaxation is caused
by the cooperative backbone movements in each of the two phases of segregated block
copolymers and have the peculiar characteristics of each block [20,36-39]. Thus,
dielectric spectrum of SEBS presents two well-separated peaks, one at lower
temperatures due to a segmental relaxation in the PEB block domains and other at
higher temperature assigned to segmental relaxation in the PS block domains. As the
photocrosslinking and the sulfonation have different effect on each relaxation, they were

studied separately.

3.2.1 aeg dielectric relaxation

Figure 8 shows the loss permittivity as a function of temperature for the aes relaxation.
The aes relaxation peak appears between 225 and 250 K. In this case, significant
modifications can be seen due to the photoirradiation or sulfonation of the membranes.
The width and the temperature values of oes relaxation peak increase with the
photocrosslinking although it depends on the exposure time. Once the copolymer was
sulfonated the loss permittivity value increases significantly and the temperature value
of aes relaxation peak decreases again, but a linear relationship is not established. This
behaviour could be interpreted in terms of the heterogeneity of the ethylene-butylene
block. Chains form aggregates where predominantly one or the other copolymer
prevails and interphase zones must be produced, where the properties of the copolymer

vary significantly. The molecular chains of sulfonated membranes start to move at

22



R. Teruel-Juanes, B. Pascual-Jose, C. del Rio, O. Garcia, A. Ribes-Greus. Dielectric analysis of photocrosslinked and post-
sulfonated styrene-ethylene-butylene-styrene block copolymer based membranes. Reactive and Functional Polymers 2020;
155:104715

lower temperatures but the SEBS-25DVB-301-S1 membrane has a particular behaviour,

which needs to be analysed.
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In order to characterize this relaxation, a deep analysis of the Havriliak-Negami
parameters, such as the shape parameters; dielectric strength and the relationship

between the relaxation times and the temperature, were also calculated.

The a and b parameters, which are related to the shape of the aes relaxation, are shown
in Figure 9. The a parameter decreases with the temperature and the b parameter show
less pronounced variation. These results agree with those obtained by other authors,
which suggested the fluctuations in local dipole concentrations [21]. The SEBS-25DVB-
301-S1 membrane has the highest values indicating a particular behaviour.
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Table 4 shows the A& parameter, related to the width aes relaxation, which increases
with the degree of photocrosslinking and with the sulfonation. The SEBS-25DVB-301-S1

membrane has the lowest values among all the sulfonated membranes.

Table 4
SEBS- SEBS- SEBS- SEBS- SEBS- SEBS-
T(K)| SEBS ZSSIT)B\fB 25DVB- | 25DVB- | 25DVB- | 25DVB- | 25DVB- | 25DVB-
151 301 151-S1 151-S2 301-S1 301-S2
223 0,0035 0,0014 0,0062 0,0131 0,1039 0,1769 0,0722 0,1804
233 0,0032 0,0014 0,0185 0,0204 0,1175 0,1741 0,0666 0,0548
243 0,0031 0,0003 0,1140 0,0230 0,1101 0,1140 0,0681 0,3224

Table 5 displays the characteristic parameters obtained by adjusting the experimental
data to the VFTH model. The values of Tv, typically appears around 50 K below the
glass transition temperature for the poly-ethylene-butylene block, decreases by the
effect of both photocrosslinking and sulfonation. The parameter D is a non- dimensional
factor related to the topology of the theoretical potential energy surface of the system
and is calculated from Tv as B = D- Tv. In the photocrosslinked membranes the D
parameter increases, and clearly decreases with the sulfonation. The free volume
The
photocrosslinking reduced the free volume as it was expected. The SEBS-25DVB-301-S1

coefficient @& could visualize the change in cooperative movement.

membrane has more free volume coefficient that the other sulfonated membranes. These

results could be explained due to the PEB domains are coupled by covalent interactions
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with the PS domains, so that, what happens in the PS domains should affect the PEB

domains to some degree. The attachment of SOsH groups on the PS blocks not only

change cohesion in these crosslinked domains but also perturb chain conformations in

the PEB region causing a decrease of their Tg. The more free volume, the less energy to

overcome the aes relaxation.

Table 5
Ty af X 10*
log (to/Hz) Do Tv (K) D4/ B . R?

(K) (K*)
SEBS 2279 10.14+1.03 | 4.79+2.41 |177.89+14.79 | 0.059 11.733 | 0.993
SEBS-25DVB 2249 | 12.54+0.44 7.89+1.38 | 174.89 +5.86 | 0.036 7.258 1.000
SEBS-25DVB-15I 170.0 | 30.39+1.16 | 68.06 +3.88 | 120.00 + 0.00 | 0.006 1.224 0.990
SEBS-25DVB-301 171.2 | 30.36 +1.43 | 61.13+3.84 | 121.20 £0.00 | 0.007 1.350 0.958
SEBS-25DVB-151-S1 170.7 | 12.62+0.66 | 14.08 +2.89 | 120.65+6.09 | 0.029 5.886 0.995
SEBS-25DVB-151-S2 122.1 | 16.49+1.90 | 52.94+31.85 | 72.14 £+ 20.74 | 0.013 2.619 0.993
SEBS-25DVB-301-S1 166.0 | 959+042 |13.10+2.62 | 116.02+6.99 | 0.033 6.579 0.995
SEBS-25DVB-301-S2 159.4 | 12.87+0.39 | 17.19+1.97 | 109.43+3.34 | 0.027 5.317 0.998

25




R. Teruel-Juanes, B. Pascual-Jose, C. del Rio, O. Garcia, A. Ribes-Greus. Dielectric analysis of photocrosslinked and post-
sulfonated styrene-ethylene-butylene-styrene block copolymer based membranes. Reactive and Functional Polymers 2020;
155:104715

3.2.2 aps dielectric relaxation

Figure 10 shows the ¢’ relaxation between 375 and 425 K. The photocrosslinking or
sulfonation of the membranes slightly increases the temperature peak. Only the height
of the aps dielectric relaxation progressively increases depending on the exposure time
and the degree of sulfonation. The highest values corresponds to SEBS-25DVB-301-S1
membrane, despite not being the most sulfonated. This behaviour could be unexpected
because SOsH groups are linked to the phenyl ring of styrene block, and thus, it could
be guessed that an increment will be found if the dipole moment per unit volume
increases. However, it seems that the phenyl group could add restrictions on PS block if
the number of these dipole is high. In addition, the shape of the ars dielectric relaxation
indicates more homogeneity in the styrene block than that observed in the ethylene-
butylene block.

PS
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Again, in order to characterize this relaxation the following Havriliak-Negami
parameters, shape parameters; dielectric strength and the relationship between the

relaxation times and the temperature, were determined.

The a and b parameters are shown in Figure 11. Both parameters slightly depend on the
temperature. The a parameter is closer to 1 for the photocrosslinked membranes and
near to 0.5 for sulfonated ones. However, the b parameter is closer to 1 for the

sulfonated membranes and near to 0.4 to the photocrosslinked ones.
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Table 6 displays the 4¢ parameters which increase with the degree of photocrosslinking
and sulfonation. The SEBS-25DVB-151-S1 and SEBS-25DVB-151-S2 membranes have
the highest values among all the sulfonated membranes. The reason for the prominent
loss was contributed to the strong proton/charge conducting ability of the SOsH groups
on the sulfonated styrene blocks, leading to the dissipation of the charges within the
SSEBS [8].
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Table 6
SEBS- SEBS- SEBS- SEBS- SEBS- SEBS-
T(K)| SEBS ZSSITDB\;SB 25DVB- | 25DVB- | 25DVB- | 25DVB- | 25DVB- | 25DVB-
151 301 151-S1 151-S2 301-S1 301-S2
383 0,0013 0,0022 0,0122 0,0036 2,3510 5,4860 0,2202 0,0118
393 0,0008 0,0008 0,0122 0,0052 3,4020 5,8380 0,7015 0,0092
403 0,0011 0,0011 0,0105 0,0046 4,8590 5,6270 1,1110 0,0080

Table 7 shows the values of the adjustment parameters to the VFTH model for aps

relaxation. The Tv calculated from the VFTH model for the polystyrene block increases

significantly due to photocrosslinking, although it depends on the exposure time.

Nevertheless, once the copolymer has been crosslinked, if it undergoes a sulfonation,

the Tv value decreases again. Similarly, the coefficient of expansion values increase

with crosslinking and decrease with sulfonation, but it is not possible to establish a

linear relationship that points out both effects.

Table 7

Tg (K)| log (x/Hz) DO TV(K) ®g/B ";;1)04 R?
SEBS 319.3 | 10.30+0.60 | 1581+ 174 | 269.33+586 | 0012 | 2348 | 1
SEBS-25DVB 260.0 |18.44 +11.97 |27.35 + 6254 | 210.03+136.86 | 0.009 | 1741 [0.991
SEBS-25DVB-301 | 3532 | 10.14+9.78 | 3.95+ 1455 [303.19+133.60| 0042 | 8339 |0.828
SEBS-25DVB-151-52 | 380.8 | 14.90+2.05 | 350+3.85 [33084+5148| 0042 | 8434 |0.996
SEBS-25DVB-301-S1 | 338.1 | 16.13+3.07 | 7.60+7.23 |288.13+45.65| 0023 | 4567 |0.931
SEBS-25DVB-301-S2 | 309.2 | 21.81+5.66 |21.00+ 14.56 | 250.21 +32.32| 0009 | 183 | 099
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A tentative explanation could be related to the increasing restrictions on styrene block
motions when rising the number of SOsH groups which would lead to the formation of
a sub-phase at higher sulfonation degrees. This would justify the largest vertical
displacement observed between the curves for unsulfonated SEBS and the sulfonated

series.

All these results could indicate that the attachment of SOsH groups to the PS blocks
changes the cohesion of the crosslinked domains but also perturbs chain conformations
in the PEB region, which have a significant influence on the molecular movement, and

consequently, on the relaxation spectrum of each one of these SEBS based membranes.

3.3 Proton conductivity measurements of UV irradiated and post-sulfonated SEBS-

DVB membranes.

Through-plane proton conductivities of photocrosslinked and post-sulfonated
membranes were measured at 333 K and 100% relative humidity in a fuel cell test
station connected to a frequency response analyser. Contrary to what initially seemed
foreseeable, the membranes subjected to a more intense sulfonation treatment (SEBS-
25DVB-151-S2 and SEBS-25DVB-301-S2) showed lower conductivity as it is shown in
Figure 12. These results are in total agreement with those obtained by the dielectric
characterization since they had been already predicted a more severe restriction of
mobility in the PS block when the number of phenyl groups functionalized with polar
groups is considerably higher. This fact again probes that lineal increase of the
sulfonation does not necessarily imply a linear increase in the number of atoms with the

ability to move.
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4. Conclusions

The dielectric relaxation spectra of the neat SEBS, SEBS-25DVB, and photocrosslinked
and sulfonated copolymer consist of: a weak B relaxation at low temperature attributed
to the movement of few atoms from the main or the lateral chain of poly(ethylene-
butylene) (PEB) block; and two aEs, aps relaxations related to the glass transition of
both ethylene-butylene and styrene blocks, respectively. The lineal thermal activation
of the B relaxation indicates its intramolecular origin whereas the nonlinear thermal

activation of the two aes, aps relaxations reveal their intermolecular origin.

The photocrosslinking and subsequent sulfonation slightly modify the apparent
activation energy of the B relaxation. However, the loss dielectric permittivity increases
with the degree of sulfonation which is an indication of a light influence of PS block on
the movement of PEB chains.

Significant modifications are produced by the photocrosslinking and sulfonation
processes on the aes relaxation, contrary to what was expected. The molecular chains of
sulfonated membranes start to move at lower temperatures. The attachment of SOsH
groups on the PS blocks not only changes cohesion in these crosslinked domains but

also perturbs chain conformations in the PEB region.

The photocrosslinking or sulfonation of the membranes progressively increases the
height of ars dielectric relaxation depending on the exposure time and the degree of
sulfonation. It seems that the phenyl group could add restrictions on the PS block if the
number of sulfonic groups is high. In addition, the shape of the aps dielectric relaxation
indicates more homogeneity in the PS block than that observed in the PEB block. The
highest values correspond to SEBS-25DVB-301-S1 membrane, despite not being the
most sulfonated. A lineal increase of the sulfonation does not necessarily imply a linear

increase in the number of atoms with the ability to move.

According to the findings of dielectric analysis, the membrane with more free volume
and more molecular mobility (SEBS-25DVB-301-S1) is the one with the highest proton
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conductivity. Thus, the comparative study of the dielectric relaxation spectrum of the
membranes intended to function as electrolytes together with the analysis of their
performance in low temperature fuel cells may constitute a helpful methodology to re-

design these electrolytes and is the subject of future work.
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8. Figure Captions
Figure 1. Chemical structure of SEBS-based membranes.

Figure 2. Dielectric relaxation spectrum of styrene-ethylene-butylene-styrene SEBS-
25DVB-151-S1, SEBS-25DVB-151-S2, SEBS-25DVB-30I-Sland SEBS-25DVB-30I-
S2.

Figure 3. Isothermal curves of the real € component of the complex dielectric
permittivity €* of styrene-ethylene-butylene-styrene copolymers SEBS, SEBS-25DVB,
SEBS-25DVB-151, SEBS-25DVB-301, SEBS-25DVB-151-S1, SEBS-25DVB-15I-S2,
SEBS-25DVB-301-S1and SEBS-25DVB-30I-S2.

Figure 4. Eyring plots of all the relaxations of styrene-ethylene-butylene-styrene
copolymers SEBS, SEBS-25DVB, SEBS-25DVB-151, SEBS-25DVB-30I, SEBS-
25DVB-151-S1, SEBS-25DVB-151-S2, SEBS-25DVB-301-S1 and SEBS-25DVB-30I-
S2.

Figure 5. Arrhenius map of the (Top) B, (Middle) aes, (Bottom) aps for the SEBS,
SEBS-25DVB, SEBS-25DVB-151, SEBS-25DVB-30l, SEBS-25DVB-151-S1, SEBS-
25DVB-151-S2, SEBS-25DVB-301-S1 and SEBS-25DVB-301-S2.

Figure 6. P-relaxation of all the relaxation of styrene-ethylene-butylene-styrene
copolymers SEBS, SEBS-25DVB, SEBS-25DVB-151, SEBS-25DVB-30l, SEBS-
25DVB-15I1-S1, SEBS-25DVB-15I-S2, SEBS-25DVB-30I-Sland SEBS-25DVB-30I-
S2.

Figure 7. a and b Havriliak-Negami parameters of the g-relaxation for the styrene-
ethylene-butylene-styrene copolymers SEBS, SEBS-25DVB, SEBS-25DVB-15I,
SEBS-25DVB-30l, SEBS-25DVB-151-S1, SEBS-25DVB-15I1-S2, SEBS-25DVB-30I-
Sland SEBS-25DVB-30I-S2.

Figure 8. aes — relaxation of the copolymers of styrene-ethylene-butylene-styrene
SEBS, SEBS-25DVB, SEBS-25DVB-151, SEBS-25DVB-30I, SEBS-25DVB-151-S1,

SEBS-25DVB-151-S2, SEBS-25DVB-30I-Sland SEBS-25DVB-301-S2.
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Figure 9. a and b Havriliak-Negami parameters of o aes-relaxation of styrene-ethylene-
butylene-styrene copolymers SEBS, SEBS-25DVB, SEBS-25DVB-15I1, SEBS-25DVB-
30l, SEBS-25DVB-15I1-S1, SEBS-25DVB-15I-S2, SEBS-25DVB-30I-Sland SEBS-

25DVB-301-S2.

Figure 10. aps-relaxation of copolymers of styrene-ethylene-butylene-styrene SEBS,
SEBS-25DVB, SEBS-25DVB-15I, SEBS-25DVB-301, SEBS-25DVB-151-S1, SEBS-
25DVB-151-S2, SEBS-25DVB-301-S1 and SEBS-25DVB-301-S2.

Figure 11. a and b Havriliak-Negami parameters of aps-relaxation of styrene-ethylene-
butylene-styrene copolymers SEBS, SEBS-25DVB, SEBS-25DVB-15I, SEBS-25DVB-
301, SEBS-25DVB-151-S1, SEBS-25DVB-151-S2, SEBS-25DVB-301-Sland SEBS-
25DVB-301-S2.

Figure 12. In situ through-plane proton conductivity at 60°C and 100% relative
humidity of SEBS-25DVB-15I-S1, SEBS-25DVB-301-S1, SEBS-25DVB-15I1-S2 and
SEBS-25DVB-301-S2.

9. Table Captions

Table 1: Nomenclature and composition of obtained SEBS-based membranes.

Table 2: Parameters of the dielectric strength of the B relaxation for SEBS-based
membranes.

Table 3: Parameters of the Arrhenius equation for [ relaxation for SEBS-based
membranes.

Table 4: Parameters of the dielectric strength the aes relaxation for SEBS-based
membranes.

Table 5: Parameters of the Vogel-Fulcher-Tammann-Hesse for oes-relaxation for
SEBS-based membranes.

Table 6: Parameters of the dielectric strength the aps relaxation for SEBS-based
membranes.
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Table 7: Parameters of the Vogel-Fulcher-Tammann-Hesse for aps-relaxation for SEBS-
based membranes.
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