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Abstract

The dielectric spectra of a series of hybrid membranes prepared with sulfonated styrene-
ethylene-butylene-styrene (SSEBS), as the polymeric matrix, and zirconia modified
phosphosilicate (40SiO,-40P,05-20Zr0>), as inorganic filler through direct infiltration,
was analysed. All the membranes displayed characteristic SSEBS spectra, consisting of
three molecular relaxations: A non-cooperative (B) relaxation and two cooperatives (Oeg,
aps) Ones ascribed to the glass transition of the ethylene-butylene and the polystyrene
blocks, respectively. As a result of the infiltration of the inorganic component (40SiO-
40P,05-20Zr0>), the dielectric spectra were considerably modified. Accordingly, the
formation of a dynamic crosslinking (M-O-M' bonds, with M = P, Si, Zr) difficulties the
motion of the aes process, thus shifting it towards higher temperatures. Moreover, a
significant plasticisation effect was found at high temperatures, which facilitates the
activation of the aps process. Furthermore, the decreasing values of the fragility
parameter, due to the infiltration of the inorganic filler, revealed that all hybrid
membranes displayed an arrangement of molecular chains and a strong behaviour. Thus,
higher resistance to sudden temperature changes is expected. The optimum infiltration
time is between 10 and 20 minutes since it provides acceptable values of electric
permittivity, and the induced dynamic crosslinking brings the glass transitions of both
blocks closer. Consequently, a complete characterisation of the molecular mobility by
studying the spectrum of dielectric relaxations enables to fine-tune the membranes for an
optimum design focused on its application in a proton exchange membrane fuel cell
(PEMFC).
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Highlights

e Crosslinking restricts molecular motions in SSEBS-Zr membranes at low

temperatures.

e Plasticisation eases molecular motions

temperatures.

in sSEBS-Zr membranes at

low

e The inorganic network closes the gap between cooperative molecular processes.

e SSEBS-Zr hybrid membranes display lower fragility values than SSEBS ones.
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1. Introduction

Block copolymers are desirable as polymer electrolytes for fuel cell applications due to
their complex morphology, allowing the development of hydrophilic and hydrophobic
domains in the same microstructure [1-3]. Accordingly, SEBS is a thermoplastic
elastomer with desirable properties such as excellent heat, UV and weathering resistance
or low electric conductivity. However, its major drawback compared to Nafion is its low
proton conductive capacity. For that reason, sulfonation of SEBS membranes has been
proposed since it displays a modified microstructure to achieve good proton conductivity
[4-7]. Nonetheless, although an increment in its proton conductive capacity was found,
results showed that many sulfonic groups caused high water uptake levels and, therefore,
swelling-related problems [8]. A more holistic approach is needed to solve these issues,
and subsequently, an inorganic filler is used. The filler would enhance the chemical,
mechanical and thermal stability [7,9,10]. Many fillers have been successfully employed,
such as silica, alumina or titania, although it might diminish its conductive capacity [11-
18].

The hybrid membranes studied were synthesised via sol-gel processing by direct
infiltration of the inorganic component (40SiO2-40P.05-20Zr0O2). The main feature of
this technique is that it generates an interpenetrating network preferentially into the ionic
phase of the copolymer, enhancing its compatibility.

In a previous paper written by the same authors [6], the dielectric spectra of neat SEBS
and sulfonated sSEBS show two apparent cooperative motions corresponding to each
block's glass transition. Due to the different nature of each block, there is a large
temperature gap between them. However, the infiltration of the inorganic precursor has
been observed to create another relaxation process whose origin is the motion of the
generated network. Nonetheless, this is not always the case and depends on the inorganic
concentration, which is directly related to the infiltration time. Thus, determining the
molecular structure of the hybrid membrane is of great importance in understanding how
parameters such as the concentration of the inorganic precursor or the synthesis route are
beneficial for its applicability as polymer electrolytes for fuel cell applications [5,13,19-
26].
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In Stenina et al. [27], the features affecting the overall performance of several ion-
exchange membranes in transfer processes are reviewed. Among them, selectivity of the
transport processes and ionic conductivity are regarded as the most important, determined
by ionic and molecular mobility. Accordingly, dielectric thermal analysis (DETA) is a
useful technique to provide information on the molecular structure of the membranes and
on the proton conductivity, provided that it depends on molecular mobility [28]. Indeed,
there are two types of transport mechanisms: vehicular and proton hopping (or Grotthuss
mechanism). In the former, the proton is carried by a vehicular entity, such as a particular
molecule. Contrarily, the latter transfers the proton through a hydrogen bond network,
which is also considered more efficient since it does not require high levels of mobility
[29]. Both mechanisms are correlated with the macromolecular origin of the molecular
motion that is either coupled or uncoupled. Subsequently, an Arrhenius model or a VVogel-
Fulcher-Tamman-Hesse (VFTH) model is related to a Grotthuss or vehicular mechanism
of proton conductivity, respectively [29]. Therefore, a detailed analysis of the molecular
mobility is of paramount importance for the optimum design of polyelectrolytes for

proton exchange membrane fuel cell (PEMFC) applications.

Therefore, this paper characterises the dielectric spectra of a set of hybrid infiltrated
membranes SSEBS-Zr, in conjunction with neat and sulfonated SEBS to determine the
variations induced by the infiltration process. The analysis of the resultant dielectric
spectra is expected to provide information on the molecular structure of the membranes.
Furthermore, the study of the temperature dependence of the molecular relaxations is
performed to obtain information on the thermal stability of the hybrid membranes.
Consequently, the dielectric spectra and all their derived parameters are analysed to
determine whether incorporating the inorganic network provides sufficient improvements

ata molecular level to consider any of these membranes suitable for fuel cell applications.

2. Experimental procedure and calculations
2.1 Materials and preparation of hybrid membranes

The preparation of the hybrid membranes was conducted as described elsewhere [8].
Briefly, the hybrid polymer membranes based on styrene-ethylene-butylene-styrene
triblock copolymer (SEBS) were prepared from SEBS (Dynasol, Calprene CH-6120)

containing 32 wt% of styrene units. The membranes were cast from chloroform solutions

5
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employing Doctor Blade technique (BYK Instruments). Regarding the sulfonation, the
process was performed by immersing the membranes in a trimethylsilyl chlorosulfonic
(Sigma-Aldrich) solution in 1,2-dichloroethane (DCE, Scharlau) with a molar
concentration of 0.3 for 2 hours. Concerning the infiltration process, sulfonated SEBS
membranes were swelled in H>SO4 1N at 80°C for 2 hours and then immersed in the
40Si02-40P205-20ZrO; sol solution at 80°C for 5, 10, 20 and 40 minutes, respectively.
Then they were thermally treated to perform the inorganic polycondensation reaction at
50 °C for 1 hour and 120 °C for 2 hours. Finally, the membranes were cleaned with ethanol
at 80 °C for 2 hours for the last process step. Afterwards, the membranes were dried for
another hour at the same temperature.

The labelling of neat and sulfonated and the hybrid styrene ethylene butylene styrene
membranes are labelled as SEBS and sSEBS, respectively. The hybrid membranes were
labelled according to the infiltration time are referred to as SSEBS-Zr5, sSEBS-Zr10,
SSEBS-Zr20 and sSEBS-Zr40.

2.2 Dielectric Thermal Analysis assessment

The impedance measurements were conducted using a Novocontrol Broadband Dielectric
Impedance Spectrometer (BDIS), connected to a Novocontrol Alfa-A Frequency
Response Analyzer. All the measurements were obtained under isothermal conditions by
increasing in steps of 10 K. The sample electrode assembly (SEA) consisted of two
stainless steel electrodes filled with the sample. Eventually, to avoid interference in the
measurements caused by electrode polarisation, a thin PTFE film was inserted as a
blocking layer between the sample and one electrode. Consequently, the resulting SEA
was directly placed in the cell.

The dielectric spectra were analysed in terms of the complex permittivity (¢*) using as
many Havriliak-Negami (HN) functions as needed [30-32]. All the characteristic

parameters of each relaxation process were determined as shown in Eq.1:

Ag
* - => 1| Eg.1
£r (W) . Zk: ml:{1+(iWT|-n\1k)ak }bk:| =6

Where:
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N IS the Havriliak-Negami relaxation time. Thus, the sub-index k represents the number
of individual HN contributions. (a and b) are parameters corresponding to the width and

asymmetry of the relaxation peak. ¢ is the value of the relaxation strength.

The analysis of the temperature dependence of the relaxation times is performed in terms
of an Arrhenius equation (Eq. 2) if the motion is non-cooperative or through a Vogel-
Fulcher-Tamman-Hesse (VFTH) equation (Eq. 3) if the relaxation is of cooperative
origin. The fragility parameter (Eq. 4) is calculated to determine whether the structure is
thermally stable or unstable [27-40].

fnax = foexp (72)  (Eq.2)

T(T) = 79 exp( )»TVFTH < T, (Eq.3)

T— TVFTH

_ BT,
In(10) (Tg - TVFTH)Z

m (Eq.4)

Where: fmax refers to the maximum frequency; 7 is the relaxation time, fo and o are pre-
exponential terms, B is an activation parameter, TvrrtH IS the temperature obtained from
the best fit of the VFTH equation, Tq is the glass transition temperature, Ea is the

activation energy, and R is the ideal gas constant.

3. Results and Discussion

The analysis of the dielectric spectra is performed through the complex permittivity
formalism (e*). The frequency and temperature dependence of its real (¢') and imaginary
(¢") parts are studied in the frequency range f = 10"t — 10" Hz from 123 K to 473 K. The
dielectric spectra of all the studied membranes consist of several relaxation processes
[6,44]. Consequently, a molecular motion labelled as f was observed at low temperatures.
Additionally, due to SEBS microphase separated morphology, the membrane's spectra
display several relaxations corresponding to the poly (ethylene-butylene) (PEB) and
polystyrene (PS) blocks that were labelled as oes and aps, correspondingly. The two o
relaxations are ascribed to the glass transition of both blocks. Moreover, interfacial

polarisation and conductivity were observed at high temperatures overlapping the
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relaxation spectra. This phenomenon, however, is not included in the analysis as it is out

of the scope of this work.

The isothermal values of &' for a range of selected temperatures are presented in Figure
1 for all the membranes. Neat SEBS is a nonpolar thermoplastic elastomer, and these
features are reflected in the spectrum. The real isothermal permittivity &' is a nearly
continuous line at each temperature. Only at high temperatures have a small shoulder
corresponding to the PS block's glass transition [6]. The spectrum of sSSEBS behaves
similarly, the main difference being that now the values of &' are higher due to the
presence of the sulfonic groups [6,44]. Thus, both spectra are characterised by significant
differences in the molecular motions of the PEB and PS blocks. However, the spectra of
the hybrid infiltrated membranes sSEBS-Zr display significant variations concerning
SSEBS. Indeed, a shift towards lower frequencies is observed, which extends as the
infiltration time (tinf) in the 40Si02-40P20s-20ZrO> solution increases. This is evidence
that the formation of the inorganic phase inside SSEBS has a plasticising effect. Another
observable consequence of adding the 40SiO.-40P,0s-20ZrO inorganic filler is a

significant drop in the values of &' when the infiltration time increases.
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Figure 1. Logarithm of the real component of the complex permittivity for the styrene-ethylene-butylene-
styrene (SEBS), sulfonated SEBS (sSEBS) and all hybrid SEBS (SSEBS-Zr5, sSSEBS-Zr10, sSSEBS-Zr20
and sSEBS-Zr40).
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Figure 2. Logarithm of the imaginary component of the complex permittivity for the styrene-ethylene-
butylene-styrene (SEBS), sulfonated SEBS (sSEBS) and all hybrid SEBS (sSEBS-Zr5, sSSEBS-Zr10,
SSEBS-Zr20 and sSEBS-Zr40).

Figure 2 shows the imaginary part of the dielectric permittivity &" shift towards lower
frequencies of the molecular relaxations in the hybrid membranes sSEBS-Zr plotted in
terms of the complex part. The decrease in &' values, observed in Figure 1 and the
increment in loss permittivity may be due to the extensive deposition of inorganic load
on the surface of the polymeric matrix as infiltration time increases, indicating that

smaller molecules are participating in the motion [8].
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Figure 3 displays the Arrhenius plot for all relaxation spectra of the SSEBS and hybrid
SSEBS, which shows a more detailed view of the modifications induced by infiltration of
40Si02-40P205-20ZrO; inorganic filler. The B relaxation gives a linear dependence for
the relaxation time z, thus confirming its non-cooperative nature. However, the agg and
aps processes show a nonlinear relationship between temperature and the relaxation times,
characteristic of cooperative molecular motions. Therefore, the molecular motions will
be analysed accordingly. The Arrhenius plot confirms the shift mentioned above toward
lower frequencies of aps, which means a more significant plasticising effect caused by
the formation of the inorganic network. However, prolonged infiltration does not
necessarily observe the plasticising effect. For another thing, the aeg displays a shift
towards higher temperatures characteristic of crosslinked microstructures[36], but the
increment of the infiltration time does not have a clear tendency. For instance, the most
significant shift is found for the SSEBS-10 membrane. The membranes with 20 and 40
minutes of infiltration display a greater temperature than the SSEBS membrane, but the
SSEBS-10 is bigger. Therefore, such behaviour could be ascribed to the existence of an
optimum infiltration time, tins = 10 min. This time seems to display the right combination
between the good values of electric permittivity and adequate cooperative motions of the
PS block.

11
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3.1 The g dielectric relaxation

The B relaxation is a non-cooperative molecular motion that appears at low temperatures,
more precisely, in the range of 166-184 K at a frequency of 1 kHz. Its origin is still unclear
among researchers, as it has always been spotted in the mechanical spectrum but not in
the dielectric one [6,44]. Figure 4 exhibits the loss of dielectric permittivity at a frequency
of 1 kHz of this B relaxation. It was observed that the maximum peak temperature of the
SSEBS-Zr5, SSEBS-Zr10 and sSEBS-Zr20 [ relaxations shift towards higher
temperatures by the effect of the infiltration time. Still, this shift is more significant for
the sSSEBS-Zr40 relaxation peak.

10°3

:LO i
107 5 — = SSEBS
i —e— sSEBS-Zr5
10+ —a— 3SEBS-Zr10
E — SSEBS-Zr20
SSEBS-Zr40
10-5 T T T T T T T T T
120 140 160 180 200 220

Temperature (K)

Figure 4. B relaxation for the sulfonated SEBS (sSEBS) and all hybrid SEBS (sSEBS-Zr5, SSEBS-Zr10,
SSEBS-Zr20 and sSEBS-Zr40) at 1 kHz.

As expected, as the amount 40SiO2-40P20s-20ZrO> filler increases, Si, Zr and P
molecules increase; consequently, the resultant oxide network extends along the surface
and across the thickness of the membranes as the infiltration time increases[8]. Thus, it
takes more energy to excite the molecular motion, and subsequently, the entire relaxation

process shifts towards higher temperatures.

13
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Table 1 presents the apparent activation energy values Ea, which does have not a clear
trend as a function of the infiltration time because they rise until 10 minutes and then

decrease again.

Table 1. The apparent activation energy (Ez) at 1 Hz for SEBS, sSEBS and all hybrid SSEBS-Zr.

Slope Intercept (kJ -IrEr?oI'l) R?
SSEBS -4.15+£0.16 27.68 £0.88 72 0.991
SSEBS-Zr5 -3.87£0.12 25.45 £ 0.67 74 0.992
SSEBS-Zr10 -4.21 £0.06 2759 £0.35 81 0.999
SSEBS-Zr20 -3.71 £0.08 24.26 £0.47 71 0.996
SSEBS-Zr40 -3.50 £ 0.06 21.57 £0.32 67 0.998

To further assess the effect of the inorganic infiltration on the dielectric spectra, the values
of the dielectric strength (4¢) in combination with the Havriliak-Negami shape parameters
(a and b) have been displayed in Table 2. The strength decreases as the infiltration time
increases, i.e., amore increasingly extended inorganic network over time. More precisely,
SSEBS-Zr10 and sSEBS-Zr20 show similar values. The sSEBS-Zr40 shows the lowest
values due to a more extensive deposition of P, Si and Zr oxides net that insulates the
membrane, effectively decreasing the conduction of electrons. Additionally, the values of
the a and b parameters display generally a symmetric distribution for zero (SSEBS) or
short infiltration times. On the contrary, there is a general tendency to move towards more
asymmetric distributions at more significant infiltration times. Consequently, these
results imply a diminishment in the number of molecules involved in the motion, which
is an expected outcome considering that the electric conductivity diminishes with

increasing infiltration time.

14
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Table 2: Havriliak-Negami parameters for the p relaxation for the neat, sulfonated and hybrid SEBS.

T
Ag a b
(K)
163 0.93 0.88 0.72
173 0.96 0.81 0.83
sSEBS 183 1.30 0.76 0.65
193 1.26 0.77 0.75
203 1.12 0.83 0.71
163 0.66 0.93 0.73
173 0.64 0.93 0.69
SSEBS-Zr5 183 0.90 0.80 0.70
193 0.89 0.80 0.72
203 0.83 0.82 0.75
163 0.32 0.82 0.56
173 0.46 0.64 0.61
SSEBS-Zr10 183 0.44 0.71 0.49
193 0.45 0.62 0.77
203 0.41 0.66 0.82
163 0.31 0.92 0.61
173 0.27 0.92 0.62
SSEBS-Zr20 183 0.41 0.92 0.39
193 0.43 0.89 0.40
203 0.43 0.68 0.91
163 0.09 0.60 0.52
173 0.04 0.69 0.50
SSEBS-Zr40 183 0.07 0.68 0.29
193 0.08 0.64 0.28
203 0.09 0.61 0.29

3.2 The aes relaxation process.

Figure 5 displays the aeg relaxation peak between 190 and 320 K at a frequency of 1 Hz.
The presence of the 40Si02-40P,05-20ZrO; inorganic filler increases 30K after 5 minutes
of infiltration time. However, after 10 minutes, the maximum temperature peak does not
shift. The dynamic crosslinking created by the chemical bonds (M-OH, M-O-M with M
= Si, P, Zr) hinders the mobility of the EB block, therefore, incrementing the temperature

where the dielectric relaxation occurs.

15
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280

281  The assessment of the temperature dependence of the dielectric strength (4¢), displayed
282  in Table 3, might help provide a more detailed view of the increment of the infiltration
283  time to the relaxation process. Overall, the general trend is to diminish the strength of the
284  process as the infiltration times increase.

285
286 Table 3. Parameters of the dielectric strength (4¢) of the ogg relaxation process for the neat, sulfonated
287 and hybrid SEBS.
T (K) SSEBS SSEBS-Zr5 SSEBS-Zr10 SSEBS-Zr20 SSEBS-Zr40
213 0.24 0.36 0.13 0.01 0.07
223 0.17 0.41 0.11 0.05 0.03
243 0.11 0.44 0.13 0.03 0.06
288
289  The distribution of the inorganic filler on the surface and across the membrane generates
290  a coating, which acts as an electric insulator. It is the case, for instance, of the SSEBS-
291  Zr20 and sSEBS-Zr40, where fewer and fewer molecules can reorient with the applied

16
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electric field. Subsequently, the strength of the dielectric relaxation decreases

significantly.

Table 4. Fitting parameters for the VFTH model applied to the ags relaxation process for the sSSEBS and
the hybrid SSEBS-Zr. Derived parameters for the study of dynamic fragility.

VFTH
Sample
Log fo B (K) Tverh (K) m R?

SSEBS 9.79+0.23 840.10 + 69.60 127.36 £ 2.34 11 0.997
SSEBS-Zr5 8.48 +0.17 358.98 + 48.45 156.25 +2.90 7 0.998
SSEBS-Zr10 7.51+0.26 2559.87 + 235.59 123.72 +8.51 5 0.996
SSEBS-Zr20 7.83+0.19 874.95+77.76 133.35+3.39 6 0.998
SSEBS-Zr40 10.01+1.34 1590.11 + 92.56 122.88 +5.59 7 0.988

However, the hybrid membranes sSEBS-Zr show different tendencies when compared
between them. The sSEBS-Zr5 has far larger values than the original SSEBS or the other
hybrid membranes. This behaviour is explained because most of the inorganic network
has located at the membrane's surface during a short infiltration time. Thus, these surface
charges interact with the applied electric field, thus providing a stronger signal [45,46].
Furthermore, the SSEBS-Zr10 is the most regular, and the values are not that far from the
ones displayed by the SSEBS membrane. Again, the infiltration time of 10 minutes seems
to provide the best dielectric performance in conjunction with enhanced chemical and
mechanical properties [8].

The temperature dependence of the aes molecular relaxation is calculated using the
VFTH equation (Eg.3), and the analysis is performed in terms of fragility (Eqg.4). The
parameters for the best fit are gathered in Table 4. The fragility parameter provides
valuable information about the molecular arrangement, which controls the microstructure
of the membrane. For instance, it is immediately seen that SSEBS-Zr10 displays the
lowest values of the fragility parameter and, accordingly, the strongest behaviour. This is
in line with the low variability of the dielectric strength since polymers with lower
fragility values can withstand sudden temperature changes, and their structure is not
affected by them. This feature translates into a better membrane performance that might
suffer temperature changes.
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On the other hand, the other hybrid membranes also display low values of the fragility
parameter, thus, a strong behaviour. Although it is not comparable to the one offered by
SSEBS-Zr10, it is also very resistant to structural changes due to sudden temperature
changes. In any case, the increment of the infiltration time provides a stronger behaviour

thanks to the dynamic crosslinking.

3.3 The aps relaxation process.

The aps dielectric relaxation is a cooperative molecular motion that occurs at a
temperature range from 375 K to 400 K at 1 kHz. Figure 6 displays the complex part of
the dielectric permittivity. Immediately, it can be observed that the hybrid membranes
SSEBS-Zr present higher losses than the SSEBS. The losses increment with the infiltration
time is characteristic of the dynamic crosslinking. However, the hybrid membranes
SSEBS-Zr40 display the lowest permittivity of the hybrid sSEBS. This result would
indicate that the infiltration time cannot be increased continuously to improve the
electrical properties of these hybrid membranes, precisely due to the electrical insulating

effect produced by the extensive deposition throughout the membrane.

107 5
1075
:w ;r’
. —=—sSEBS
1075 —e— sSEBS-Zr5
' —4— $SEBS-Zr10

sSEBS-Z120
sSEBS-Zr40

107

320 340 360 380 400 420 440 460 480
Temperature (K)

Figure 6. ops relaxation for the sulfonated SEBS (sSEBS) and all hybrid SEBS (sSEBS-Zr5, sSSEBS-
Zr10, sSEBS-Zr20 and sSEBS-Zr40) at 1kHz.
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Additionally, the data presented in Figure 6 shows a plasticisation effect, which agrees
with the Arrhenius plot (Figure 4). Therefore, it can be concluded that the addition of the

inorganic filler facilitates the molecular motions at high temperatures.

This plasticising effect causes a decrease in its temperature that gives rise to molecular
motion related to the glass transition of the styrene phase. It occurs in the range of
temperatures at which PEMFCs work. This result may indicate that at these temperatures,
the mobility of the ions in the hybrid membranes sSEBS-Zr will be higher than in the
only sulfonated membranes sSEBS. Likewise, as the motion of the glass transition is an
intermolecular motion, the mobility of ions in this range of temperatures will be governed
by a proton hopping (or Grotthuss mechanism) where the proton transfers through a

hydrogen bond network and it is also considered to be more efficient.

Table 5. Parameters of the dielectric strength (4¢) of the aps relaxation process for the neat, sulfonated
and hybrid membranes.

T (K) SSEBS SSEBS-Zr5 SSEBS-Zr10 SSEBS-Zr20 SSEBS-Zr40
333 0.11 0.10 0.07 0.05
343 0.12 0.10 0.07 0.05
353 - 0.12 0.09 0.06 0.04

The analysis of the dielectric strength gathered in Table 5 provides a clear view of adding
the inorganic filler to this molecular relaxation process. Firstly, the plasticisation of the
aps IS evident because in the spectrum of SSEBS at this temperature range as no presence
of this molecular motion. As in the other cooperative motion, the SSEBS-Zr5 displays
larger values thanks to the heterogeneous distribution of the filler. As the infiltration time
increases, the values of the dielectric strength diminish. It is expected since it has been

shown that a large filler's concentration acts as an electric insulator.

Interestingly, the evolution of the dielectric strength as the temperature increases tends to
achieve a slightly constant value and no sudden increases or drops occur. Additionally,
no further variations are registered at higher temperatures. It can be concluded that at
these low temperatures inside the operative range of a PEMFC, the entire backbone of
the PS block is in a sweeping motion. Therefore, the filler effectively closes the gap

between the two cooperative motions.
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The temperature dependence of the relaxation times was assessed using the VFTH
equation (Eq.3), and the results are gathered in Table 6.

Table 6. Best fitting parameters for the VFTH model applied to the aps relaxation process for the
sulfonated and hybrid SEBS. Derived parameters for the study of the dynamic fragility.

VFTH
Sample
Log fo B (K) Tverh (K) m R?

SSEBS 14.89+1.95 1306.05 213.12 +27.29 51 0.995
SSEBS-Zr5 8.31+0.43 4594.06 107.16 £ 12.01 10 0.993
SSEBS-Zr10 7.33+0.18 2115.3 166.71 + 3.42 7 0.998
SSEBS-Zr20 8.01+1.14 818.01 107.78 £ 35.96 16 0.988
SSEBS-Zr40 7.85+1.19 3074.41 140.19 £ 32.52 15 0.991

The values gathered in Table 6 show higher fragility parameter values for sSEBS
membranes. Nonetheless, the addition of the inorganic filler brings the lowest and
strongest behaviour, as the drop registered by the hybrid membranes is evidence. It agrees
with the data presented in the Arrhenius plot (Figure 3) and reflects the same tendency

observed for the agg dielectric relaxation.

However, there are no significant differences in the fragility value after infiltration times
higher than 20 minutes. The main difference again is shown by the SSEBS-10 membrane,
which possesses the strongest behaviour of them all, and therefore, it is less affected by
the variations in the temperature range. Subsequently, considering that this molecular
process is active when the membrane operates in real PEMFC conditions, it is now
understood that it offers the best performance[8]. According to the data presented here, it
will withstand better any temperature variation than any of the other membranes.
Considering only this parameter, the optimum infiltration time is around 10-20 minutes
since it provides acceptable values of electric permittivity and induces dynamic

crosslinking to bring closer the glass transitions of both blocks.

These results agree with the previous results with the maximum power values obtained

for a PEMFC, whose electrolyte is a hybrid SSEBS-Zr10 membrane® and validates the
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proposed methodology. Therefore, a detailed analysis of the molecular mobility allows
fine-tuning the membranes for an optimum design focused on its application in a proton

exchange membrane fuel cell (PEMFC).
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4. Conclusions

A series of hybrid sulfonated SEBS membranes infiltrated with 40SiO,—40P205—20ZrO>
by sol-gel chemistry have been further investigated using dielectric thermal spectroscopy
to evaluate their appropriateness for PEMFC applications. Accordingly, the spectra were
composed of three dielectric relaxations, a non-cooperative () relaxation and two
cooperative (oes, aps) ones ascribed to the glass transition of each block. The addition of
the inorganic filler significantly impacts the cooperative motions.

The oes relaxation is hindered by the dynamic crosslinking formed by the
polycondensation of M-O-M' bonds, and therefore, the dielectric relaxations are shifted
towards higher temperatures. At higher temperatures, the aps displays a significant
plasticisation effect which facilitates the chain motion, and subsequently, the relaxation
processes are shifted towards lower frequencies and temperatures. Consequently, the
spectra of the hybrid membranes are not characterised by a large gap between both

cooperative motions as it occurs in the spectrum of both neat and sulfonated SEBS.

The analysis of the temperature dependence of the molecular relaxation reveals that the
membrane with an infiltration time of 10 minutes has the strongest behaviour, resulting
in a more thermally stable structure. Accordingly, considering that the two cooperative
motions are active during the operating range of a PEMFC, this membrane will adapt

better to any temperature variation without compromising its performance significantly.

Therefore, an infiltration time of 10 minutes is the optimum since it displays the right
combination of the following factors: good values of electric permittivity, a dynamic
crosslinking that shifts the aes towards higher temperatures and the easing of the aps
relaxation to move this molecular process towards lower temperatures near to the range

of temperatures at which PEMFCs work.

Accordingly, a comprehensive characterisation of the molecular mobility provides
enough information to properly design membranes for an optimum composition to be

useful as polyelectrolytes in PEMFCs.
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