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ABSTRACT

The study of proton conductivity processes has received intensive attention in the past
decades due to their potential applications in fields such as electrochemical devices and
fuel cells. Despite the high number of composite membranes which have been described
for this purpose, fundamental studies of the conduction phenomena in polymeric
membranes are scarce. In this report, we study on the effect of the anion on ionic
conductivity of ionic liquid composite polybenzimidazole (PBI) membranes. These
membranes, which contain 1-butyl-3-methylimidazolium (BMIM) with different
counterions ([Cl], [NCS], [NTf:]” and [BF4]"), were analyzed by electrochemical
impedance spectroscopy (EIS) in order to study the influence of the anion on the
conductivity, but also mobility and charge carrier density at different temperatures. The
methodology for this analysis of the is based on the Coelho model of electrode
polarization (EP), where the dependence of the complex dielectric permittivity on
frequency is here represented in terms of a Cole-Cole function, contrarily to the generally
used simple Debye relaxation. The calculated activation energy associated to the
conductivity shows a dependence on the anion and is around 65-84 kJ-mol~!, which
suggests that the ionic conductivity mainly occurs through the vehicle-type mechanism.
The diffusivity values follow the trend D nte2 > D c1 > D Brs> D scn, with an associated
activation energy (in kJ-mol™') following the trend Eacnt2) = 10.9 < Eaeycny = 12.6 <
EactBr4) = 18.5 < Eacyseny = 25.1. The comparison between these values reveals a decrease
in the ion binding energies (Ep) and stabilization energies (Es) could be responsible for
the growth of the diffusion coefficient around one or two orders of magnitude depending
on temperature and anion. The low stabilization energy observed for the NTF;™ and CI’

anions in comparison with NCS™ and BF4, can be attributed to the poor stabilization of



separated ion pairs by coordination with the PBI segments, which is reflected in the values

of the dielectric permittivity (&s) calculated by EIS.

INTRODUCTION

The global concern about increasing CO> concentration in the atmosphere along the past
decade has motivated the scientific community efforts to develop alternative and
sustainable energy conversion devices, and has motivated the study of fuel cells (FC),
which are electrochemical devices that convert chemical energy into electrical energy in
an efficient and clean way.! Among the different fuel cell types, proton exchange
membrane fuel cells (PEMFC), which use an ion exchange polymer film as the
electrolyte, have received increasing attention due to their low operating temperature and
quick start-up.>? In this regard, the design of polymer electrolyte materials with high
chemical, thermal and mechanical stability combined with elevated conductivity, has
absorbed the market in the last decades.*>® In the commercial scenario of energy
applications, several polymeric families have been developed in order to replace the
widely used perfluorinated polymers.””® Among these novel polymeric materials,
polybenzymidazole (PBI) derivatives have emerged as potential candidates due to their
higher thermal and mechanical stability.” The most widely used strategy to increase
proton conductivity in PBI-based membranes is acid doping, in particular, the use of
phosphoric acid (PA) has been stablished as a standard approach, despite its main
drawbacks, such as acid leaching and membrane degradation. Along the past decades,
different alternatives to PA have been assayed in order to improve the physicochemical
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properties and performance of PBI membranes such as, inorganic fillers, metallic
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salts, carbon-based materials, zeolitic imidazolate frameworks (ZIFs and

ionic liquids (ILs)!'*2%2! among others.



Ionic liquids (ILs) are molten organic salts in which the ions, generally an organic
cation with an organic or inorganic anion, are poorly coordinated and consequently, they
possess melting points lower than 100 °C, or are liquids at room temperature.?>?* Since
its discovery, they have been widely used in modern organic chemistry as

24,25

environmentally friendly solvents in synthesis, extraction processes,?® transport

7 28,29 30,31,32

processes,?’ catalysis, electrochemistry, and more recently, as electrically
conducting liquids (electrolytes) in the preparation of energy storage and conversion
materials.®> In particular, their low vapor pressure and high chemical stability, in
combination with their high ionic conductivity, as they contain mobile ions, have boosted
their use as fillers in the preparation of mixed matrix membranes for energy
applications.>* The incorporation of ionic liquids is highly interesting as it allows an
efficient transference of the intrinsic properties of the ILs to the polymeric matrix,
achieving higher conductivity values at moderate and high temperatures (above 120 °C),
under anhydrous conditions and more importantly, in the absence of mineral acid.?>-%37
However, scientific efforts have only been focused on the macroscopic properties of the
PEM regardless of the analysis of the transport mechanism of the ions inside the polymer
matrix, and parameters such as diffusivity and free-charge density are generally omitted.
In this way, the study of proton conductivity processes has received intensive attention in
the past decades due to their potential applications in fields such as electrochemical
devices and fuel cells. Despite the high number of composite membranes which have
been described for this purpose, fundamental studies of the conduction phenomena in
polymeric membranes with the aim of determining diffusivity and free—charge density

and are commonly based on impedance spectroscopy measurements>® using the electrode

polarization (EP) analysis are scarce.



Some of them, which are based on different models proposed by
MacDonald-Trukhan,*>4%41:42 Coelho,**»**  Schiit,** Sorensen—Compafi,*’ and
Fragiadakis,*® among others,*’ are based on the frequency dependence of the complex
dielectric loss (€”), and loss tangent (tan ) in order to determine the diffusivity and the
mobile ion charge density.>® Generally, the typical analysis of the spectra consists on the
separation of polymer relaxation at the high frequency region, the determination of the
conductivity in the interval of mid—frequencies and the evaluation of the electrode
polarization effect in the low—frequency region, where the real part of the complex
permittivity increases considerably.!? However, in many reported studies, the electrolytes
are present in high concentrations and thus, a strong decoupling of the rate of charge
transport from the rate of structural polymer relaxation needs to be considered.’!:*>>?
Such decoupling has been, in general, solved by correcting the diffusivity using a factor
involving the relationship between the mobile charge carrier concentration (determined
from the model) and the available ionic charges in the polymer matrix (obtained from
experimental ionic concentration).>*3>->¢ Consequently, the results obtained by using this
correction are more realistic; however, such determination needs to be carried out

carefully as it lacks of a justification from a solid theory.

Herein, we describe the synthesis and characterization of different conducting PBI
composite membranes containing 1-butyl-3—methylimidazolium (BMIM) with different
anionic units ([C1], [NCS], [NTf2]” and [BF4]"). The obtained films with different anions
were analyzed by electrochemical impedance spectroscopy (EIS) in order to study the
influence of the anion on the electrical conductivity, mobility and charge carrier density
at temperatures in the range between 20 and 160 °C. In order to get more insights on the
conductivity phenomena, a method based on Coelho model was applied and parameters

as diffusivity, mobility and charge carriers density, have been determined using the
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electrode polarization method. Within this methodology, the dependence of the complex
dielectric permittivity on frequency is represented in terms of a Cole—Cole function

instead of the generally applied Debye relaxation.

EXPERIMENTAL SECTION

Materials.

Polybenzimidazole (PBI) with a purity > 99.95% and a molecular weight of 51000 was
purchased from Danish Power Systems. 1-Butyl-3-methylimidazolium chloride
(BMIM—CI), 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM—-BF3), 1-butyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide (BMIM-NTf,), 1-butyl-3-
methylimidazolium thiocyanate (BMIM-NCS), LiCl and N,N-dimethylacetamide
(DMAc, 99.8%) were purchased from Sigma-Aldrich and were used without any further

purification.

Electrochemical impedance measurements

A Novocontrol broadband dielectric spectrometer concept 80 (Novocontrol
Technologies, Hundsangen, Germany) integrated with an SR 830 lock-in amplifier with
an Alpha dielectric interface was used to obtain the proton conductivity measurements of
the membranes in the transversal direction. The membranes were placed between two
gold electrodes coupled to the spectrometer. Initially, the temperature was gradually
raised from 20 to 120 °C in steps of 20 °C and the dielectric spectra were collected at
each step. A second cycle of temperature scan (named as anhydrous conditions in the
manuscript), the dielectric spectra were collected at each step from 0 to 200 °C in steps

of 20 °C. The frequency interval was from 107! to 107 Hz, applying a 0.1 V signal



amplitude. The membranes were previously immersed in deionized water and the
thickness was measured afterwards using a digital micrometer, taking the average

measurements at different parts of the surface.

RESULTS AND DISCUSION

Preparation and characterization of PBI membranes containing ionic liquids.

Composite PBI membranes containing 5 wt. % of ionic liquid were prepared by
conventional casting method. To this end, the ionic liquid (0.05 g) was dissolved in a 10
wt. % PBI solution in DMAc (10 g) under vigorous stirring to give a final PBI solution
with 5 wt. % of ionic liquid. The ionic liquid concentration in the PBI solution was in the
range of 0.04 M. This solution was cast onto a clean glass petri dish and heated at 80 °C
for 8 h, followed by a subsequent drying at 160 °C for 10 h in order to remove the organic
solvent. Next, membranes were carefully peeled of the petri dish and dried under pressure
at 150 °C for 10 min. A washing by immersion in distilled water at 80 °C was performed
in order to remove residual solvent (DMAc) from the membrane, followed by a final
drying at 160 °C for 16 h. After all these steps, transparent membranes with an average
thickness of 100 um were obtained. All composite membranes containing 5 wt. % of IL
displayed water uptake and swelling ratios higher than those observed for pristine PBI

membrane (Table Slin the Supporting Information).
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Figure 1. (a) Chemical structure of PBI and BMIM-derived ionic liquid. Photograph of PBI composite
membrane PBI@BMIM-NTT, containing 5 wt. % of BMIM-NTf,. (b) Optimized structures for BMIM

and different anions used in this study.

All prepared membranes were fully characterized by attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy, thermogravimetric analysis
(TGA), oxidative stability by immersion in Fenton’s reagent and mechanical behavior as
previously described.’’ Briefly, no significant changes in morphology were observed
even after analyzing the cross section SEM images of composite membranes (see Figure
S1, Supporting Information). Infrared spectroscopy study revealed the incorporation of
the IL into the polymeric matrix, as shown in Figure 2a. All FT-IR spectra of the 5 wt. %
IL-PBI composite membranes showed typical bands of PBI, such as a broad peak around
3500-3200 cm™! (V- stretching) and bands at 1607 and 1421 cm™!, which are associated

with ve=n and vcn stretching, respectively [46]. The incorporation of BMM-NTHY in the
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was confirmed by the presence of peaks associated to  the
bis(trifluoromethylsulfonyl)imide anion at 1192 cm™ (vcrs stretching), 1131 cm™ (vso2
symmetric stretching) and 1052 cm™ (vs.n stretching) [47]. For PBI@BMIM-NCS
membrane, a characteristic band from the thiocyanate group was observed at 2060 cm™'.
Thermogravimetric analysis (TGA) of the membranes showed these materials are stable
up to 300 °C, showing that composite membranes possessed enough thermal stability for
its application in high temperature PEMFCs, which operate at temperatures above 140 °C
(Figure 2b). The mechanical (Figure 2¢ and Table S2in the Supporting Information) and
chemical stability (evaluated with Fenton's test, Figure 2d)°® of the IL—containing PBI
membranes was superior to that of the pure PBI membrane. Consequently, it can be
concluded that all the composite membranes containing ILs showed an excellent

mechanical and thermal stability, while being flexible and transparent.
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Figure 2. (a) TGA curves under a N, atmosphere, (b) stress-strain curves and (c) Fenton’s test of PBI

composite membranes containing 5 wt. % of different ionic liquids derived from BMIM.
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Dielectric properties

The ionic conductivity of the PBI composite membranes containing ILs was measured in
the transversal direction by electrochemical impedance spectroscopy (EIS) along the
temperature range of 20—160 °C in the frequency range from 10~! to 107 Hz, applying a
0.1 V signal amplitude. From the complex dielectric measurements, the complex
conductivity is given by 6*(w,T) = j-&p'w-£*(w,T), which can be expressed in terms of the
real and imaginary part taking into account the dielectric permittivity £*(w) = &’(w) +
j&’(w), where & represents the vacuum permittivity, o is the angular frequency of the

applied electric field (w = 27f) and  is the imaginary unity (j> = —1).

In polyelectrolytes such as polymers and electrolytic membranes, the real part of
conductivity, namely o’ (i.e. G4c), can be obtained from the Nyquist diagrams, where the
complex conductivity (c”) is plotted against the real part of the conductivity (). These
representations display a typical semicircle with a spike at high frequencies, as shown in
Figure 3, except for PBI membrane containing thiocyanate as counterion, which showed

a different behavior.
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Figure 3. Nyquist plots of the complex conductivity spectra of the PBI composite membranes containing
BMIM with different anions at 40, 80, 120 and 160 °C.

As shown in Figure 3, which shows a representation of the imaginary part of the
conductivity (c” (S/cm) vs. the real part of the conductivity (¢’ in (S/cm), all composite
membranes except PBI@BMIM-NCS displayed Nyquist plots with semicircles
intersecting the abscissa axis at 6° = cqc. At the intersection point with the abscissa axis,
the imaginary part of the complex conductivity is equal to zero (i.e., the phase angle is

zero) and then, this value represents the dc—conductivity of the membrane,>® which is

related with its resistance, Ro, by the expression:

Lz L
O =0, S[(Zv)2+(Z|V)2:| SRO (1)

where L is the thickness of the sample, S the effective area of the membrane (given by

the area of the electrodes used for the measurement), and Z’ and Z” are the real and
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imaginary part of the complex impedance, respectively. As inferred from Figure 3, the
intercept of semicircles in the x—axes increases with temperature, as typically observed
for composite membranes. As shown, for PBI@BMIM—-CIl, PBI@BMIM—-NT{f2 and
PBI@BMIM-BF4 membranes, a spike can be observed in experimental Nyquist diagrams
at temperatures above 40 °C (Figure 3). It is worth mentioning that the semicircles are not
present in measurements below 40 °C because it should be present at frequencies higher
than 10 MHz. Departure from semicircles can be observed in experimental Nyquist
diagrams because of polarization processes and other phenomena, which might be taking
place in the sample/electrode interface. As consequence, the distribution of the relaxation
time causes the depression in the semicircles. In the case of PBI@BMIM—-NCS, the
semicircle curve vanished leaving only the tilted spike, which can be explained by the
increasing of the resistance of this membrane indicating that conductivity will be mainly

due to the hopping of NCS- ions.

Typically, these results are interpreted in terms of equivalent circuits formed by a
resistance Ro in series with a circuit composed of a resistance Ry, representing the charge
transfer resistance at the interface sample/electrode, connected in parallel with a constant
phase element (CPE), which is equivalent to the sample/electrode double layer (Figure

S2, Supporting Information).

Accordingly, the values of dc—conductivity for all composite membranes at
different temperatures were calculated and displayed in Figure 4 (Similar values have
been observed from the Bode diagrams shown in Figure S3, Supporting Information). As
shown, the conductivity for PBI@BMIM—-Cl and PBI@BMIM-NTf, membranes
increased with temperature until reaching a maximum value at 140 °C, and then, a droped

in conductivity was observed at higher temperatures. On the other hand, for
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PBI@BMIM-NCS and PBI@BMIM-BF4 membranes, the conductivity increased with
temperature in all the range of temperatures under study; however, the values were lower
in comparison with those of PBI@BMIM—CI and PBI@BMIM—-NTf,. The enhancement
of conductivity in these membranes can be explained by the effects of the
physicochemical properties of the plasticizer, which possesses a higher relative dielectric
permittivity (usually denoted as the static dielectric constant) in the absence of electrode
polarization (es=€x), 35 and 50 in our study for PBI@BMIM-CI and PBI@BMIM-NTH,
respectively. The higher value of e can decrease pair interaction energy (Eg), by
weakening the Coulombic force that exists between the anions (NTf>” and CI') and the
cation (BMIM), increasing the concentration of mobile anions in the membrane, and
consequently, increasing the ionic conductivity. On the other hand, for
PBI@BMIM-NCS and PBI@BMIM-BF4 membranes, dielectric constant were 10-fold
lower (3.5 and 4.5, respectively). This phenomena has been also reported in other studies
where the effective dissociation energy determined from the measured interaction decay
length was in agreement with the calculation of the ion pair energy using a simple
model.®*¢! Similarly, if the dielectric permittivity of the membrane increases, the Debye
length would also increase, as previously discussed.

Such behavior can be attributed to the mobility of the anion from of the IL and the
carrier charge density of the IL incorporated to the polymer matrix of the PBI. In this
regard, the mobility of the anion can be interpreted in terms of the interaction energy of
the anion and the cation (BMIM) In order to evaluate the anion mobility, interaction
energies were calculated by means of quantum mechanics calculations using the widely
used B3LYP functional®? and the 6-311+G(d,p) basis set as implemented in Gaussian
16.%> The computed energies show values around 300 kJ-mol~! for BMIM-NCS and

BMIM-BFy4, in contrast with the 265 and 272 kJ-mol~! for BMIM-NTf, and BMIM—CI,
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respectively. These values suggest that membranes containing [NTf;]~ and [Cl]” may
have a better anion mobility and consequently higher through plane conductivity. In this
regard, conductivities up to 0.001 S-cm™! were reached at 140 °C for the PBI@BMIM—CI,
being similar to other previously described PBI composite membranes.!! However, it is
not easy to stablish a fair comparison as most reported examples use phosphoric acid as
doping agent and under these conditions, conductivities up to 0.1 S-cm™! can be generally
reached. Despite the high conductivity of these PA-doped membranes, studies on acid
leaching and membrane degradation are generally omitted.

In general, the conductivity behavior with temperature follows the Arrhenius
equation given by the expression In 64 = In(co) — (Eac/RT), where oqc is the proton
conductivity of the membrane (S-cm™!), oo is a pre-exponential factor (S-cm '), Eqet is the
activation energy (kJ-mol™"), R is the ideal gas constant (8.314 J-mol-'-K-!) and T is the
temperature (K). From the In (c4c) vs. (1000/T) plot, the activation energy of a given

sample can be obtained from the slope of the linear fit.
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Figure 4. Variation of the conductivity versus 1000/T for PBI composite membranes.
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The activation energy associated to the conductivity is dependent of anion type
and follows the trend EactNTF27) < Eact(Cl7) < Eact(BF47) < EaceNCS™). The estimated
values for the activation energies of these membranes are in the range of 65-84 kJ-mol™!,
which suggests that the ionic conduction in these compounds mainly occurs through the
vehicle-type mechanism. However, a close inspection reveals a change in the slopes. For
PBI@BMIM-NTf, and PBI@BMIM-CI, a negative slope is present at high
temperatures, in contrast with a slightly positive for PBI@BMIM-NCS and
PBI@BMIM-BF4. This behavior can be associated to the variation in Debye's length,
which is related with the effective dissociation energy and the measured dielectric
permittivity in absence of electrode polarization (ex), as well as of orientational
polarization of dipolar ions, as previously reported. 5463

The obtained values follow a similar trend that the computed association energies
obtained by DFT calculations. These values show that PBI@BMIM—-NTF; and
PBI@BMIM-CI, which have lower activation energies, are more attractive to be applied
as polymer electrolyte membranes in energy applications, as the transport mechanism is

less energy demanding.

Diffusivity and free-charge density

Typically, the dependence of the complex dielectric permittivity on frequency is
represented by a single Debye relaxation;* however in this work, we have expressed it

following a different model based on a Cole—Cole function by means of the expression:

=&, _ A 2)

E =
T Ik (org,)”
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where A¢,, =¢,,—¢,, being &,, the dielectric constant when the EP is completely buildup,
and ¢_the static dielectric constant of the sample. The term tgp is the macroscopic

relaxation time of EP, and is the time required for an ion to travel from one electrode to
the other through the sample. Finally, the a exponent is the indication of cumulative
process in the system as consequence of the interactions among charge carriers and j the
imaginary unity. The main difference between the Cole—Cole and Debye descriptions is
essentially, the o exponent, which describes sub-diffusion when @ < 1. This exponent is
the manifestation of cumulative processes in the system that are related to interactions
among charge carriers. When a <« 1 these interactions are strong, and in contrast, when
a < 1 the interactions do not dominate the transport process. Therefore, it is expected
that high conductivity processes will be associated to o < 1.

Firstly, assuming that the contribution of the conductivity at low frequencies can
be omitted, which is generally due to impurities, and secondly, the expressing the
dc—conductivity from the imaginary part of the permittivity, when the
Maxwell-Wagner—Sillars (MWS) conditions are accomplished,®®%’ (i.e., when the bulk
conductivity dominates as for a pure ohmic conduction at high frequencies), then £&”(w,T)

= 0dc(w, T)/ sow, the loss tangent, tan = &'’/ €', can be expressed as follows:

Agp(01,,)" sin(mj + 1+2(wt,,)" cos(mj +(@r,,)"
tano = — 2 S@L - - 2 - 3)

g, | 1+2(wt,,)" cos (”zaj +(or, )za +Ag,,| 1+ (wr,,)" cos (ﬂzaj

O-dc

Following the consideration by Klein et al.,®

when dc-conductivity is lower than
10° S-cm™' and tep>1 s, the term with 4. in Equation 3 has a negligible effect on the

expression of fan O, and therefore also in the tan 6 peak. However, for conductivities

higher than 10 S-cm™!, the maximum peak in loss tangent can be markedly affected by
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the conductivity. In our case, this term can affect significantly in case of PBI@BMIM-CI

and PBI@BMIM-NTf, membranes. Under these conditions, Equation 3 can then be

simplified to:
(07,,)" sin(”“j +— %114 2(01,,)" cos(mj +(07,)™
tand = 2 £AEp® 2 “4)
ra) (0t,,)™" ’
14+ 2(w7,,)" cos| ——— [+~ E22—
ool ] 7

with M=Aggp/e-. Notice that if a=1 and ionic conductivity is lower than 10 S-cm™!, then
Equation 4 is reduced to Coelho model, where EP behavior is represented by a single
Debye relaxation.

Figure 5 shows the tan 9 as a function of the frequency for all the samples studied
at different temperatures. As shown, a maximum in the curves at each temperature is
observed, which is associated to the plateau of the real part of the conductivity observed

in the Bode diagrams (see Fig. S3 in the Supporting Information).
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Figure 5. Tan 6 vs. frequency for (a) PBI@BMIM-NTT;, (b) PBI@BMIM-CI, (c¢) PBI@BMIM-BF, and
(d) PBI@BMIM-NCS at different temperatures.

From electrochemical impedance spectroscopy measurements, the loss tangent for
each one of the membranes was obtained in the range of temperatures between 20 and
160 °C. From Figure 5 we a clearly maximum in the curves at each temperature was
observed, and a shifting to high frequencies a function of temperature. However, the
behavior is different depending on the anion. For example, for the [NTf>]~ and [CI]~ the
increase in the temperature produces a growth in maximum intensity. However, for [BF4]~
and [SCN], the intensity decreases when the temperature increases until 100 °C, and then

gradually rises with temperature.
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Table 1. Calculated values for M, tep and o using Equation 4 for the range of temperatures between 20 and 160 °C.

T =20°C T =40°C
Membrane M e (S) a M Ter () a
PBI@BMIM-NTR2 | (7.62£0.15)x10° | (9.44£0.19)x10 | 0.883£0.018 | (1.2620.03)x10° | (6.9220.14)x10" | 0.885+0.018
PBI@BMIM-CI | (4.1620.08)<10° | (4.27+0.09)<10 | 0.845+0.017 | (2.50£0.5)<10° (2.94:0.06) | 0.848£0.017
PBI@BMIM-BF4 - - - (9.52+0.19)x10° (2.38+0.05)x10 | 0.978+0.020
PBI@BMIM-SCN - - - - - -
T =60°C T = 80°C
Membrane M Ter (S) a M Ter (S) o
PBI@BMIM-NTf2 | (3.14+0.06)x10° | (9.71£0.19) x102 | 0.903+0.018 (8.73£0.18)x10° | (2.64+0.05)x102 | 0.941+0.019
PBI@BMIM-Cl | (4.2120.08) x10° | (4.43£0.09) <10 | 0.825:0.017 | (6.4620.13)<10° | (4.87£0.10)x102 | 0.84720.017
PBI@BMIM-BF4 | (1.130£0.023)x10° | (2.97£0.06) | 0.975£0.020 | (1.53£0.03)<10" | (6.77£0.14)x10" | 0.977+0.020
PBI@BMIM-SCN (1.20+0.02)x10° | (1.16+0.02)x10% | 0.984+0.020
T =100°C T=120°C
Membrane M Tee (S) a M Tee (S) a
PBI@BMIM-NTf2 | (2.04+0.04)x10* (1.40+0.03)x102 | 0.966+0.019 (6.86+0.14)x10* | (1.58+0.03)x10" | 0.975+0.020
PBI@BMIM-CI | (8.9920.02)<10° | (1.2120.24)<102 | 0.907+0.018 | (1.6820.03)<10° | (5.13£0.10)x10° | 0.951=0.019
PBI@BMIM-BF4 | (1.54£0.03)x10" | (1.86£0.40)<10" | 0.979£0.020 | (1.12£0.02)<10" | (6.08=0.12)x102 | 0.978£0.020
PBI@BMIM-SCN (1.14+0.02)x10° (4.66+0.09)x10" | 0.984+0.020 (8.83£0.18)x10* | (3.32+0.07)x10" | 0.982+0.020
T =140°C T =160°C
Membrane M Ter (S) a M Ter (S) a
PBI@BMIM-NTf2 | (9.62+0.19)x10* (1.85+0.04)x10" | 0.980+0.020 (1.67+£0.03)x10° | (3.38+0.07)x102 | 0.982+0.020
PBI@BMIM-Cl | (4.4120.09)<10° | (3.12+0.06)<102 | 0.970+0.019 | (8.2520.17)<10° | (2.7120.05)x10° | 0.980=0.020
PBI@BMIM-BF4 | (8.66£0.17)<10° | (2.52£0.05)<102 | 0.975£0.020 | (7.35£0.15)<10° | (1.23£0.03)x102 | 0.967+0.019
PBI@BMIM-SCN (8.96+0.18)x10* (6.50+0.13)x10" | 0.97540.020 (2.88+0.06)x10* | (6.17+0.12)x10" | 0.937+0.019
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On the other hand, the width of relaxation is greater in the case of [NTf>]~ and
[C1]~ than [BF4]~ and [SCN]™ ions, and the peaks are observed at lower frequencies than
the others are. Equation 4 was used to fit the experimental data shown in Figure 5 to
provide the estimation for M, tep and a.. The values of these parameters are given in Table
1, for the temperatures compress in the range of temperatures between 20 and 160 °C,
respectively. The standard deviation of M, tgp and a parameters determined from the
fitting curves remaining less than 5%. It is worth mentioning that he calculated values for
the parameter a are below 1, meaning that interactions are present but they are not
dominant on the transport process. It is also observed that the relaxation time tep and the
parameter M, showed a dependence on the temperature. A close inspection of this the
value reveals that M increase with the temperature increase for all the membranes, and
tep decrease with the temperature increase, but it is higher for the PBI@BMIM-NCS
membrane. In Figure 6, it can be seen the fitting for the four membranes under study at
four different temperatures (40, 80, 120 and 160 °C), where a good agreement between

the fit, using Eq.(4), with experimental data is It is clearly stated.
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Figure 6. Fitting for tan & vs frequency at different temperatures for (a) PBI@BMIM-NTf,, (b)
PBI@BMIM-CI, (c) PBI@BMIM-BF, and (d) PBI@BMIM—-SCN.

The curves shown in Figure 6, display peaks corresponding to the maxima in tan
0 (Eqg. (5)) and are associated with the intersect of the semicircles in 6’-c” Cole-Cole plot
with the real axis which value represent the dc-conductivity. Similarly, the peaks
observed in tan 0 are also associated with the plateau showed in Bode diagram plotted in

figure S3 (Supplementary Information). Their corresponding values in frequency are

related with the parameters M, tep and o as

1
M2a L
Tep (@) = —tans = TmM2a )

max

where wf@9 =1/7,, is the reciprocal of the relaxation time corresponding to the
frequency where tan & shows a maximum. This relaxation time is associated to the ionic

conduction mechanism in the membrane.

-21-



Assuming that L=(Dr,,)", the effective diffusivity (D) of mobile carriers through

the samples can be estimated. In general the measured conductivity is a sum of the
contributions of all the constituent charge carriers, i.e. c4c = 6'+07, considering that both
cations and anions have the same valence. Assuming that all the available ions take part
in charge transport, the highest possible contribution of the anions to the total conductivity
can be estimated supposing that anion transference number is practically equal to one. In
this approximation, the cations are practically immobile due to the reduced mobility that
BMIM cation as a consequence of its size in comparison with the other counterpart.
Therefore, the cation mobility is negligible and then, the dominated mobility will be
mainly restrictive to the anion contribution. Then, the effective diffusivity can be

calculated using Equation 5 as

LZ
- 41, M3/2a

(6)

where, the parameters z,, M and o can be obtained using the Equation 4, and by fitting

the loss tangent curves .

It is worth mentioning that Equation 6 is the same than that determined using

the Klein model,® but changing tm by tep and considering the eq.(5).

L 49

Bandara et a used the relaxation time (7) as the relaxation time

corresponding to the frequency where tan 6 shows a maximum, i.e. 7=1,. With this

12

consideration and assuming =(Dr,)", an erroneous expression for the diffusion

coefficient (D = ), was obtained.*” Notice the clear difference with our Eq.(6)

_L
4T, M2
through the exponent.

Next, considering that only one type of ions are freely mobile through the

membrane, the anion mobility () can be obtained from the diffusivity, taking into
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account that dc-conductivity can be approximately written versus the effective mobility

and considering the Nernst-Einstein relation from
D
0ac = nqlZlp = nq*|Z|* — 7
B

Where, g is the charge of anion, Z the valence of the charge, n is the equilibrium number
density of free negative charges, kp is the Boltzmann constant and 7 the absolute

temperature.

Then, the mobility can be calculated from

__ ql?
r= 4t ,M3/2 kg T (®)

Finally, the mobile charge density (n) can be calculated from the de-conductivity and the
mobility as:

n= Odc __ 40’d,_-1'mM3/2 kpT (9)
Cqn q? L2

Taking into account the values of the parameters gathered in Table 1, we have
calculated the values for diffusivity D using Equation 6, the mobility and charge density
n with Equations 8 and 9, respectively. The results obtained for diffusivity and mobility
as a function of the temperature are shown in Figures 7 and 8 respectively. The error in
the estimation of diffusivity, mobility and charge carriers density from Equations 6-9
correspond to the standard deviation being generally less than 10%. On the other hand,
we can see that for the sample PBI@BMIM—-NCS only at temperatures higher than 80 °C
the peak in loss tangent were observed and from our model the values of D, x and n only

will be possible calculate for this interval of temperatures.

The values for the diffusion coefficients increase with temperature increases and

are reasonably similar to those reported for other related systems. A close inspection of
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the variation of the values represented in the activation plot in Figure 7 allows indicates
the excellent ion diffusivities that can be obtained with these films. The diffusivity rises
as the temperature for all the samples following the trend Dnt2 > Dci1 > Dprsa> Dscn. From
the VFT fit, we calculated the activation energy associated to the diffusivity, and follow
the trend Eacyntiz) = 10.9 < Eacycry = 12.6 < Bacysra) = 18.5 < Eacyseny = 25.1 kI-mol ™!, The
comparison between them reveals that a decrease in the ion binding energies (E») and
stabilization energies (Es), could be responsible for the growth of the diffusion coefficient
around one or two orders of magnitude depending of the temperature and ion type. An
estimation of the ion binding energy Ep, and stabilization energy Es, can be approximately
obtained following the same procedure than Klein et al.%°, from Eact = Eb-Es, where Ep= -
q°/(4mep €= 1), being & the vacuum permittivity, &othe dielectric constant of the sample
and r the separation between centers of contact ions (2.12 , 2.56 , 2.42 and 2.19 A, for
[NTf2], [Cl]~, [BF4]~ and [SCN], respectively, see Figure 1). The values calculated for
Eb and Es, taken the distances between the centers of the ions pairs, are given in Table 2.
The values found for the ion binding energy are larger than experimental activation
energy. However, a low stabilization energy was observed for the NTF,  and CI anions
in comparison with NCS™ and BF4, which can be attributed to the poor stabilization of
separated ion pairs by coordination with the PBI segments, which is reflected in the values
_ Epair

of the dielectric permittivity (&s), calculated from E; = — insomuch as the value of &

S

is in the range of 4-5 for PBI@BMIN—-BF4 and PBI@BMIN-NCS, while they are one

order in magnitude higher for PBI@BMIN-NTf> and PBI@BMIN-CL.%*
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Figure 7. Temperature dependence of diffusivity for the different anions ionic liquids composite PBI

membranes.

The ion mobility calculated from electrode polarization model through Eq.(8) is
shown in Figure 8. The values obtained are well described using the VFT equation (In p
= In we — B/(T-To)), and the fitting parameters are listed in Table 2. A close inspection of
Figure 8 shows that mobility increase with temperature increase and is between two or
three orders of magnitude higher when the anion is Cl" and NTf>, respect the BF4™ and
NCS" anions, respectively. These results are in agreement with the diffusivities and
conductivities observed. It is possible due to the strong electrostatic interaction between
ion pairs and mobile anions assuming the formation of transient pairs in the case of BF4
and NCS anions producing a diminution of carrier charge density into the polymeric
matrix for PBI@BMIN-BF4 and PBI@BMIN-NCS. Another plausible explanation
could be related with the effective Debye length values corresponding to this type of
composite membranes, in which ionic liquids are present in the bulk of polymeric matrix.

Accordingly, we calculated the Debye length (Lp) from the values obtained for the
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parameter M (M = L/(2Lp))® by the fitting curves of loss tangent vs. frequency. These
results show that PBI@BMIN-BF4 and PBI@BMIN-NCS membranes have a Debye
length comprised around 1-2 nm at 100 °C, while for PBI@BMIN-NTf, and
PBI@BMIN-CI Debye lengths are around one hundred times higher (see Fig. S4 in the

Supporting Information).
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Table 2. Activation energy (E.c), ion binding energy (Ep) and stabilization energy (Es) of the ion pairs of
the samples and fitting parameters determined from mobility plot using a VFT equation. The values of %2
parameters, represent the sum of the squared deviations between experimental values and theoretical values

obtained from the fit.

Eact Eb Es In Moo
Membrane B (K) To (K) x
(kJ-mol™)  (kJ-mol'")  (kJ-mol?) m? V'igh)
PBI@BMIN-NTf, 10.9+0.3 12.3+£0.5 1.4+0.8 -10.5+0.5 11.8+0.3 283+3 2.7x107
PBI@BMIN-CI 12.6+0.5 18.4+1.1 6.2+1.6 -9.5+0.4 159+11 25543 0.00041
PBI@BMIN-BF, 18.5+0.5 110+12 92+12 -9.2+0.3 703+13 175+2 0.0027
PBI@BMIN-NCS 25.1+1.2 148+15 123+16 —12.1+0.3 301+12 240+1.5 0.00053

A close inspection of our results shows that our anionic ILs have different
mobility’s depending of type of anion. These results permit us conclude that, long range
forces induced by ILs may have an origin which can be related with the thickness of the
diffuse electric double layer forces established when the Debye length arises from
electrode polarization when the system reach the equilibrium. Other tentative explanation
is based on the potential barrier that the anion must overcome to move from one ion pair
to the next. When the amount of anions increases, the distance between neighboring ion
pairs decreases and their Coulomb potential barrier increasingly overlaps, and therefore,
decreasing the requested energy to produce a jump following the hopping mechanism and
then increasing the mobility. A similar mechanism have been proposed by other
researchers to explain the increasing in conductivity of different polymer salt electrolytes

and in PPO/salt systems.*7°
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Figure 8. Temperature dependence of mobility for the different anions ionic liquids composite
polybenzimidazol membranes.

Finally, from Eq.(9) we have obtained the mobile charge density. Our results show that
the calculated charge concentration slightly varies with temperature (around one order of
magnitude between 20 and 160 °C), varying for the four films (see Figure S5, Supporting
Information). For the PBI@BMIM—CI membrane the calculated values are in the order
of 10?7 and 10*® m, but rather surprisingly, the concentration is lower for the other films
(from 10%® to 10" m™). These values, calculated using the EP model, are higher than those
from stoichiometric calculations where the concentration was calculated considering the
IL composition in the membrane (0.05 g of IL in 1g of PBI) and the PBI density (1.7
g/cm3). For such composition the mobile charge density obtained was between
1.0-2.5x10% m?, yielding a dissociation degree of roughly 10~ at 20 °C. These values
are quite similar to those found for other polyelectrolytes like a Li" poly(ethyleneoxide)-
based sulfonated ionomer. However, it seems that our analysis on carrier’s density based

on EP over estimates the effective dissociated ion density about of 100 times than the
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stoichiometric concentration, as similarly observed for other polymeric membranes

containing ILs.”%7!:72

Given the disparity in the obtained values of diffusivity (D) using the electrode
polarization analysis, a correction considering the stoichiometric free-ion number density
(n"), should be introduced to give a corrected diffusivity D*, as generally the number
density of free ions, n", is considered to be constant at any temperature. Comparing the
obtained values using Equations 6 and 9 for the calculation of the diffusivity and charge

carriers density with the stoichiometric free ion number density; we obtain that the

*

n

relationship between diffusivities and mobile charge density are given by % =—.

Therefore, a correction on diffusivity by a factor of n*/n needs should be considered when
using the electrode polarization analysis of ionic mobility, as the dissociation-association
dynamics should be assumed much faster than the macroscopic electrode polarization.
These results suggest that the ionic transport in polymer composites containing II’s can
be strongly decoupled from structural relaxation especially when the polymer had
relatively rigid structures. On the other hand, the limitation of electrode polarization
model might also be related to the structure of the double layer and the charge density
distribution in membranes in the equilibrium under a dc parallel-plate field, where in the
case of composite membranes containing liquid ionic the bulk permittivity might play an
important role and where the Debye length can play an important role with the effective

dissociation energy.

CONCLUSIONS

The incorporation of ILs into PBI polymeric matrices allows the fabrication of composite

materials with excellent properties and potential applications for conductive membranes,
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with no leaching of the liquid phase observed after long term experiments. We observed
that conductivity of the different membranes studied increases with temperature and it
depends on type of anion, reaching maximum values for PBI@BMIM-Cl and
PBI@BMIM-NTf (i.e. 1.0x10% S-cm™ and 6.5x10* S-cm™ at 160 °C). Independently
of temperature, the [Cl]™ anion has the largest conductivity among the others anions under
study. These conductivity values indicate that such composite materials represent a

promising alternative with application in the design of different energy devices.

The diffusivity, mobility and charge carriers density, using the electrode
polarization method have been determined for these PBI composite membranes. This
formalism is very useful when the parameter loss tangent shows a maximum in the curves
at each given temperature. Their corresponding values in frequency are related to the
parameters M, tep and o, and the diffusivity, mobility and charge carriers density were
obtained. The diffusion coefficient and mobility of the ions follow a VFT temperature
behavior with a good correlation. From the fits, the experimental ion-pair activation
energy was found to be 10.9 + 0.6 kI-mol~! for [NTf]~ and higher values of 12.6 + 0.7,
18.5+0.9 and 25.1 + 1.3 kJ-mol! for [CI]", [BF4]” and [SCN]" anions, respectively. From
the results obtained for the parameters fit the loss tangent we can conclude that the
corresponding dielectric strength exhibits a strong dependence on the anion. The mobility
is between two or three orders of magnitude higher when the anion is Cl and NTf2, respect
the BF4 and NCS anions, respectively. These results are in agreement with the
diffusivities and conductivities observed. It is possible due to the strong electrostatic
interaction between ion pairs and mobile anions assuming the formation of transient pairs
in the case of BF4 and NCS anions producing a diminution of carrier charge density into
the polymeric matrix for PBI@BMIN-BF4 and PBI@BMIN-NCS. This behavior could
be related with the effective Debye length which values varying notably in composite
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membranes containing ionic liquids and in particular, our results show that
PBI@BMIN-BF4 and PBI@BMIN-NCS membranes have a Debye length comprised
around 1-2 nm in all the range of temperatures, while for PBI@BMIN-NTf, and
PBI@BMIN-CI Debye lengths are varying between 1000 nm and 10 nm from 20°C to

160°C, respectively.
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