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Abstract: The glass transition dynamics and the charge paabh$or blends composed
of poly(vinylidene fluoride (PVDF) and the ionic qlid (IL) 21-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl) ime&l [Emim][TFSI] have been
investigated as a function of different IL contédt 10, 25 and 40 % wt) by differential
scanning calorimetry (DSC), dynamic-mechanical ysial (DMA) and broadband
dielectric relaxation spectroscopy (BDS) in wideguency and temperature ranges (0.1
Hz to 1 MHz and -120 to 150 °C, respectively). Tingusion of the IL in the polymer
matrix affected the main relaxation proce$sdlaxation) of the amorphous phase of the
polymer matrix detected with all the techniques lEygd. It is demonstrated, that the
chain segments of PVDF and the IL are mixed andmmeter range. The blends were
homogeneous regardless of the amount of IL andjldes transition temperature (TQ)
shifted to lower temperatures as the IL content waseased. A good agreement
between the Tg measured by BDS and DSC was obsémveadl PVDF/IL samples.
The conductivity formalism revealed significant tdoutions of the IL concentration to
the conductivity behavior of the blends in thatdescribed by charge motion and
electrode polarization effects. The activation ggeof all the PVDF/IL samples,
calculated by Dyre model, decreased with IL additigith respect to that of neat

PVDEF.



1. Introduction

In recent years, advances in technology for pogtat#vices, but also for transport
applications, such as hybrid electric vehicles (RH&nd electric vehicles (EV), has led
to an increasing demand in the battery sectorfgrovement of the batteries’ safety,
energy density and power, and also for the redaafdheir cost and weight [1].

The transport sector requires an improvement ofetiergy density of lithium (Li) ion
batteries of 2 to 5 times, while reducing cost aondsidering environmental (safety)
problems [2, 3]. The polymer electrolyte (PE) ie thhium ion battery devices can play
an important role to achieve these goals [4].

PEs are a (ionic salts and/or ionic liquids (ILa)lass of macromolecular systems with
a high ionic conductivity (>16 S.cm®) [5, 6]. Basically, these materials are composed
of guest species (ionic salts or ionic liquids j)Ldissolved in a host polymeric matrix.
Different nanofillers (ceramic, metallic, etc.) che added mainly to further improve
the mechanical and electrochemical properties [7-9]

In this research field, it has been recognized plody(vinylidene fluoride) (PVDF) is a
polymeric matrix of significant interest because itsf strong polarity (high dipolar
moment) and high dielectric constant with respeabther polymeric materials, which
can aid the ionization of ionic salts [10]. In &dth, PVDF is known for its
electroactive behavior (piezo, pyro and ferroelegbroperties) and its good chemical
and thermal stability, as well as excellent meataniproperties [11, 12]. The
piezoelectric properties of PVDF are particulartyractive for the application in Li ion
batteries. It has been shown that in a conventith@m ion battery, the piezoelectric

potential of a PVDF film, created by mechanicaés$; acts as a charge pump to drive



Li* ions to migrate from the cathode to the anodedlig the reactions of load on the
electrodes improving its performance [13, 14].

ILs are one the more propitious compounds for hi lbatteries, since they solve safety
problems due of their physicochemical features|ugiag their good chemical and
electrochemical stability, non-flammability, negbtg vapor pressure and high ionic
conductivity [15, 16].

ILs can be classed as aprotic or protic dependmthpe nature of cation, their structure
and properties being largely determined by theaghof the cation and anion [15, 17].
There are thousands of possible ILs available witlide variety of properties, such as
density, vapor pressure, Vviscosity, conductivityjffudion, thermal stability,
compatibilities and solubility [18, 19].

Various IL, such as 1-vinyl-3-butylimidazolium chige [Vbim][CI] [20, 21], 1-vinyl-
3-ethylimidazolium tetrafluoroborate ([Veim][BF [22-24],1-butyl-3-
methylimidazolium hexafluorophosphate [Bmim]gPF[25], N,N,N-trimethyl-N-(2-
hydroxyethyl)ammonium bis(trifluoromethylsulfonybide ([Ni11204+)[TFSI]) and 1-
ethyl-3-methylimidazolium  ethylsulfate ([Emim]§SQy]) [26] and 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imid¢[Emim][TFSI]) [27] have been
incorporated into the PVDF matrix in order to uredend the interaction between the
polymer chain and the IL, but also to improve PV®IFElectrical, mechanical and
thermal properties for electromechanical actuatdrs. this work, it was also
demonstrated that, actuator deformation increas#simcreasing ionic liquid content,
independently of the applied voltage [27].

In PVDF/IL composites, the ions may be presentegitls free ions, contact ion pairs or

alternatively as diffusion ion pairs in which thedre good glass-formers.



Understanding the ionic and molecular interactibesveen the ions (charged species)
and the polymeric matrix, the formation of ion galarger ion clusters, the contribution
of ions to the electric properties (translatiorfudifon) and the dynamic glass transition
are major issues for improving ionic conductivity PEs [28, 29]. The ionic transport
behavior depends of salt dissociation, salt comagah, dielectric constant of the host
polymeric matrix, degree of ion aggregation andnssgtal mobility of the polymer
chains [30].

Broadband dielectric spectroscopy (BDS) is widebgdito obtain information about
electric properties and molecular dynamics which ba related to the motion of the
charged species and of the permanent dipoles ymeok [31, 32]. Thus, for instance,
in the case of the poly(1-ethyl-3-vinylimidazoliuoms(trifluoromethanesulfonylimide))
polymerized IL, BDS revealed the presence of tiheéexation modes including that due
to the effect of electrode polarization behavioB][3The electrode polarization is an
phenomenon that occurs in the interface betweenetalnsurface related to the
mechanism of charge transport at the interface. [Bdpoly(ethylene oxide) (PEO)-
based polyurethane ionomers containing mobile dri N& ions BDS revealed the
contributions of free ion concentration and ion fhybto electrode polarization [35].
Recently, the dielectric relaxation and conduggiwat PEs composed of a small amount
(0.01-10 wt %) of the 1-ethyl-3-methylimidazoliunitrate ([Emim][NG;]) IL and
PVDF were investigated by BDS. The dielectric resgowas found to be governed by
a pronounced low-frequency relaxation which showgiical signatures of electrode
polarization, whereas the main dipolar dielectetaxation, associated with the glass
transition, disappeared for IL contents higher tiarnwt %, indicating that the
amorphous phase lost its glass-forming propertres anderwent structural changes

[36]. On the other hand, DC conductivity and conductivitglaxation in



PVDF/[BMIM][PF¢] composites demonstrated that the incorporatiornLefinto the
matrix accelerated DC conductivity [37].

The goal of the present work is to analyze the miigy, interaction between IL and
the polymer chains of PVDF, and charge transpdmough the analysis of the
segmental mobility at the glass transition regidntlme polymer by Differential
Scanning Calorimetry (DSC). The dielectric and dgitamechanical relaxation spectra
were evaluated and the ionic mobility characteriagdBDS. The IL used in this work
was [Emim][TFSI] as it is a promising IL for batyeapplications owing to its high ionic
conductivity and high thermal stability [38, 39VBF/IL blend films were prepared by

solvent casting with high IL content (10-40 wt%).



2. Experimental

2.1.Materials
PVDF (Solef 6020, MW = 700 kDa), N,N-dimethylformata (DMF, 99.5 %) and

[Emim][TFSI] were acquired from Solvay, Merck arditec, respectively.

2.2.Preparation of the films

PVDF was dissolved in DMF in a 15/85 weight ratimdar magnetic stirring at room
temperature. After the complete dissolution of f@ymer, different contents of
[EmIm][TFSI] were added to the PVDF solution: 0,,185 and 40 % wt.
PVDF/[Emim][TFSI] films & 50 um thick) were obtained after spreading thetswoi
at room temperature on a glass substrate followesolvent evaporation at 210 °C in
an air oven. Thus, the blends will be identifiech¢eforth as PVDF/[Emim][TFSI]X,

where X is the IL content (0, 10, 25 and 40%).

2.3.Characterization techniques

Differential Scanning Calorimetry (DSC) was carrieat with a DSC 8000 of Perkin-
Elmer under a flowing nitrogen ¢Natmosphere between -120 °C and 200 °C at a
heating rate of 20 °C/min. The mass of the sample vetween 5 and 10 mg.
Dynamic-Mechanical Analysis (DMA) was performed anPerkinEImer DMA 800
apparatus in tensile mode. The storage moduludaasdtangent were measured as a
function of temperature at a frequency of 1 Hz fr&®@ to 90 °C at a heating rate of 2
°C/min. The typical dimension of each sample was4¥0.050 mm

Dielectric measurements were carried out in an dapee analyzer Alpha-S in a

frequency range from 0.1 Hz to 1 MHz where the terafure control was assured by a



Quatro Cryosystem from Novocontrol GmbH. The sampedd with active head
dielectric converter was mounted on a cryostat (B80) and exposed to a heated gas
stream evaporated from a liquid Beward. Circular gold electrodes (10 mm diameter)
were deposited onto both sides of each samplegrta & parallel plate capacitor, by
sputtering with a Polaron Coater SC502 under aoraggmosphere. The isothermal
experiments were performed from —-120 to 150 °Cr(tia stability: 0.5 °C) in 5 °C
steps through the measurement of the capacitancenCthe loss factor (ta), while

the complex dielectric permittivity*=¢'-i¢” was determined as a function of frequency.



3. Results and discussion

3.1. Thermal and mechanical analysis

The dispersion of IL into PVDF was investigatedotigh SEM (see supplementary
information of figure S1). The main microstructusé PVDF is maintained for the
polymer blends with IL. On the other hand, it isetved a decrease of the average size
of the spherulites, with addition of IL into the B¥ polymer. This behavior is due to
the fact that the IL acts as nucleation centerspimiymer crystallization [26, 27].
Further, the fact that the spherulitic growth isrtogeneous along the sample indicates
the good dispersion of the fillers.

The thermal behavior of the PVDF/[EmIim][TFSI] saegplwas investigated by DSC.
The thermograms recorded on heating scans are shawnFigure 1.
PVDF/[EmIim][TFSI] are blends of two glass-formerBypically, the PVDF glass
transition value reported in the literature is abel® °C [40] which is similar to that
observed for pristine PVDF (Figure 1a).

As shown in the inset of Figure 1a, the thermogafEmim][TFSI] exhibits the glass
transition in the temperature interval between -a0@ -88°C with a value of glass
transition temperature Y of -95 °C. The exothermic peak around -60 °C appe
immediately after the glass transition and is &sctito a cold crystallization. The
endothermic peak emerging at higher temperaturgl wi maximum at - 2 °C
corresponds to the melting temperature [41]. Irhbo&nsitions, the existence of the
double peak is due to the existence of various tallysge modifications of

[Emim][TFSI] [41].



The thermogram of the PVDF/[Emim][TFSI] 40% blersdthat expected for a miscible
blend. It shows a broad glass transition with onsé¢he range of the glass transition of
[Emim][TFSI] and ending around -30 °C as in PVDFg(ffe 1a). The broad

temperature of the glass transition is due to Iflcgtuations of the blend composition

yielding local Ty fluctuations.
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Figure 1. Specific heat flow per gram vs temperature for RMDF/[Emim][TFSI]

samples between -120 and 20 °C (a), and betweand®200 °C (b).

For intermediate compositions, the behavior is glsalar to that of miscible blends,
with the glass transition shifting towards lowemfeeratures as the [Emim][TFSI]
content increases. The Values era listed in Table 1. However, it shoutdnbted that
the blend PVDF/[Emim][TFSI]10% has g fractically equal to that of pure PVDF and
this fact will be confirmed below, when analyzifgetmain mechanical or dielectric
relaxation.

In addition, it may be inferred from the Figure 1t for samples containing 25 and
40% of [Emim][TFSI] the appearance of a small ehdanic peak is seen at -25 and 10
°C, respectively, that can may be correlated wiith melting of small amounts of

[EmIm][TFSI] crystals.



Figure 1b) reproduces the DSC traces of the PVDR#[ TFSI] samples between 25
and 200 °C showing the effect of the addition & fEmim][TFSI] on the melting of
PVDF. The values of the melting temperaturg)(@nd the degree of crystallinityjyc)
are collected in Table 1. The value was calculated by the following equation]{20

AH
Ax. = m x100 1
Ae (1_VVIL)XAHr?1 M)

where AH , is the melting enthalpy of the PVDF/[Emim][TFSlkraples,W, is the

[Emim][TFSI] weight fraction in the PVDF/[Emim][TAE samples andAH 2is the

melting enthalpy of fully crystalline PVDF (103.49) [42].

Table 1. Glass transition temperature gf;T melting temperature () and degree of

crystallinity (Ay) for PVDF/[Emim][TFSI]X samples.

Samples T/°C Tm/°C AX [ %
0% -43 168 50
10% -45 162 45
25% -65 162 37.5
40% -73 156 32.4
[Emim][TFSI] 95 | e e

Figure 1b) shows that the melting temperaturg) @nd the corresponding melting area
decreases with increasing IL content, where idieera shift of the melting temperature
to lower values with increasing [Emim][TFSI] conterThe decrease of the Tm
observed for the blend samples indicates a highihilisy between IL and PVDF [21].
Table 1 shows that,JandAy decreased with the increase of the [Emim][TFSIpant.

It can be deduced from these results that the itadddized the crystalline phase of the
PVDF polymer due to the electrostatic interactioaestablished between both

components [43].



E'/Pa

It has been reported in the literature that in ¢hee of polymer blends with high IL

content, there are two competitive effects on thestallization behavior of the host
polymer: on the one hand the promotion of polymacl@ation, but on the other,

confinement effects leading to imperfections inc¢hestalline lamellae [44].

Further insight into miscibility was obtained by ams of DMA. The plasticizing effect

of [Emim][TFSI] on the main relaxationp{relaxation) and the broadening of the
temperature interval of the relaxation revealsfthenation of a homogeneously mixed
phase. Figure 2 shows the temperature dependentiee akeal part of the complex
mechanical module E' and tanfor the PVDF/[Emim][TFSI] samples for a fixed

frequency (f =1 Hz).
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Figure 2. E’ (a) and tard (b) vs temperature for the PVDF/[Emim][TFSI] saegl

The main relaxation process of the PVDF polymee, frelaxation, related with the
glass transition, is a broad relaxation process ¢ha be observed in the t&nrange
between -50 and -10 °C. At higher temperaturesv@b0 °C) thei.-relaxation appears.
The latter relaxation is ascribed to molecular i within the crystalline fraction of
the material [45].

Figure 2a) shows the real part of the complex ielastodulus E' with the two

decreasing steps corresponding to the two abovéonexlt relaxation processes. Figure



2b) shows the tad peak from -90 to 30 °C corresponding to fthelaxation for all the
PVDF/[Emim][TFSI] samples. The strength in the Eecdease as the IL content
increases. In both diagrams the important broadeoirthe temperature interval of the
B-relaxation is in perfect agreement with the DS68ules. The shift of the relaxation
towards lower temperatures, the increase of isngth and the broadening are all
indications of the participation of the [Emim][THSinolecules in the cooperative
conformational rearrangements of the PVDF chaimgl #hus the mixing of both
components at the molecular scale. Interestiniig, strength of thei.-relaxation,
associated with the movements of the crystallitgsidly decreases with the increase of
IL content, and in fact the step in E’ cannot beeslied in the traces of Figure 2a,
although a small, broad peak in taappears in Figure 2b.

In Figure 2b) in the case of the PVDF/[Emim][TFRJ% sample the onset of the t&n
peak forp-relaxation is nearly coincident with that of plR¥DF. Nevertheless, since
the relaxation is much broader in the blend, thaxetion peak extends towards higher
temperatures and the maximum appears at tempesaslightly higher than in pure
PVDF. This result is also in agreement with the DQ@ves extended (Figure 2b), in
which the peak fonc-relaxation is also observed at temperatures $fighigher than
pure PVDF. Also the compatibility between this IhdaPVDF was observed in [27] by
the FTIR technique where the addition of IL in PVI2Rds to the nucleation of the beta
phase due to the strong electrostatic interactetwéen the negative charge of the IL

anion and the positive side of the PVDF dipole motse

3.2.Didectric analysis

3.2.1. Dielectric and electric modulus formalism



The temperature dependence of the real and imagpats of the complex dielectric
permittivity for the PVDF/[Emim][TFSI] samples atHz is shown in Figure 3 a) and
3b), respectively.

For all PVDF/[Emim][TFSI] samples ande" increase with increasing temperature due
basically to different processes: DC conductivigyectrode polarization, Maxwell-
Wagner relaxation and charge motion and transf@&jt [Moreover, it is verified that
both ¢ and &" increase with increasing IL content due to theadpling and ion
transport of the IL, resulting in higher numbercafriers in the polymer matrix [26]. In
Figure 3b) only for neat PVDF a peak around -40 rilated to theB-relaxation, is
detected. For the other samples, this peak is Ioe¢trged due to the overlapping of the
conductivity component. Figures 3c) and 3d) show kel and imaginary part of the
complex dielectric permittivity, respectively, as fanction of frequency for
PVDF/[Emim][TFSI] samples at 20 °C where the effetthe electrode polarization is
detected. The large values gfande¢" at low frequencies for samples with high IL
content are due to the electrode polarization effaased by the accumulation of ionic
charge carriers at the electrode-sample interi46p [

The electric modulus formalism provides a more rcldaaracterization of the dipolar

relaxation mechanisms.
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Figure 3.¢’ (a and c) and” (b and d) vs temperature at 1 Hz and frequerry20 °C,

respectively for all PVDF/IL samples.

The complex electric modulus ‘Ms defined as the reciprocal of the complex reati

permittivity, £ (a) ;

M*(w):%*(w):M'(a))+i|v|"(a)):£.2(

where M, M"" are the real and imaginary components of the cexnglectric modulus,

respectively.

Figure 4 shows the imaginary part of the complexinhgs for all PVDF/[Emim][TFSI]
samples between -90 and 10 °C, where pthelaxation is detected. Another dipolar
relaxation, named-relaxation, is detected for neat PVDF and for 10% at low
temperatures below -80 °C. The latter relaxaticas@ibed to local mobility [45]. It can
also be observed that the M" spectra are asynmvelien the temperature increases and
skewed towards for higher frequencies for all tbpetl samples, suggesting fast ionic
motion [47].

The relaxation time for each isochronal plot iscaddted from the frequency of the

maximum of M" using the following equation:
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wherer is the relaxation time and is the frequency.
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Figure 4. Isothermal spectra of the imaginary part of thenplex modulus for neat
PVDF (a), and for PVDF/[Emim][TFSI]10% (b), PVDFAEmM][TFSI]25% (c) and

PVDF/[Emim][TFSI] 40% (d).

The dynamics of theB-relaxation observed for the PVDF/[Emim][TFSI] sde®p
(Figure 4) was analysed in the scope of the VogétHer-Tammann (VFTH)

formalism [48]:

B

r(T)=r,e™™ (4)

whereTg is the relaxation time for infinite temperature,i8Ba constant andyT{Vogel
temperature) is the temperature where all the cheotions in equilibrium are frozen
(usually 30-70 K below .

The fitting of Eq. (4) to the experimental resu#tsd the fitting parameters fdi-

relaxation are represented in Figure 5 and Tabtespectively.
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Figure 5. VFTH fitting for thep-relaxation obtained from M” (isothermal curves).



If we replace the VFTH expression (Eq. (4)) in #pparent activation energy equation

as a function of temperature:

dint RIB
Ea(T)=d}/ = v )
T[T
where R is ideal gas constant.
From the VTFH fitting parameters, the fragility pareter [49] is calculated:
E.(Ty)
mir )= a0s). (6)

~ In10RT,

wherem is an indication of the steepness of the variatbbrihe material properties
(viscosity, relaxation time, ...) a$gy is reached. A highm value defines a fragile
material, whereas a strong material is charactetizesmallm values [50].

We have estimated the dielectric glass transigomperature, Tg-diel, by replacindy
230 s in Eqg. (4). Table 2 shows all the VFTH figtiparameters and the activation

energy of the3-relaxation for the PVDF/[Emim][TFSI] samples.

Table 2. VFTH fitting parameter and apparent activationrgger=230s) obtained for
the B-relaxation of the PVDF/[Emim][TFSI] samples.

Temperature 1 Tg- m
range / °C To (S) B(K) To(K) Ea (l(Jmor ) diete /
1=230's

Samples °C
PVDF [-45, -5] 1.18E-10 445 2.05E+02 729 -52 179
10% [-50, -5] 4.73E-15 1270 1.87E+02 470 -53 111
25% [-70, -20] 7.01E-13 1160.1.64E+02 321 -76 86
40% [-80, -35] 2.70E-13 1057.2.54E+02 316 -88 89

The main dielectric relaxation in an amorphous pwy is due to chain segment
rearrangements involving a region of the mateddled cooperative rearranging region,
CRR with a characteristic dimension that increaséth decreasing temperature,

reaching a value of few nanometers gf51L-54]. The presence of [Emim][TFSI] inside



the CRR mixed with the PVDF chain segments dectedse total energy involved in
the rearrangement because individual ions of therk more mobile than the chain
segments due to chain connectivity. Further, fighralso shows a crossing of the
VFTH characteristic curves for neat PVDF and PVERIjmM][TFSI]10% due to the
increase of the Maxwell-Wagner effect and dc cotidiig induced by the presence of
the IL.

This is why the Edecreases with increasing IL content in the blemd the curvature of

the In7 vsl/T curves of Figure 5 decreases (the material becstresger, fragility

decreases) while shifting towards lower temperaturehen the fraction of
[Emim][TFSI] in the blend is higher.

TheTo factor for samples with IL amount is of the ordet0*® s, as the typical values
for non-cooperative Debye process originated bgllodentational fluctuations [55].

A rough estimate of the equivalent frequency of D& be obtained within Donth's

fluctuation model [56]:

ql
fequSI: 2T (7)

where ' is the cooling rateq is a constant on the order of 1, adfl is the mean
temperature fluctuation (on the order of 2 °C)thiis work, the §;pscis 0.027 Hz, or a
relaxation time ofrrg= 230 s. The Jvalues, determined as the temperature at which the
dielectric relaxation time igtq, are listed in Table 2, showing the good agreement

between BDS and calorimetric data for all the PMBRImM][TFSI] samples.

3.2.2. Conductivity formalism

To understand the relaxation dynamics of the trarispf charge carriers and the

electrode polarization, it is appropriate to reprasthe dependence of frequency and



temperature of the complex conductivity, *, which can be calculated from the

dielectric function by the following equation:

*

o =0 (w+ic' (w) (8)

Thus, the real part of the conductivity is given by

0 (@)= e () 9)
and its imaginary part is given by:
0’ () = £oue () (10)
where &,(8.85x10" Fm™) is the permittivity of free space and= 27w is the angular

frequency.

The real and imaginary parts of t6§{ ®) are shown in Figure 6 for neat PVDF and for
X= 40%. The conductivity behaviour of the other p#as is between that of these
samples. For neat PVDF (Figures 6a and @b)and ¢”” increase with increasing

frequency for all temperatures. This is relatedhdpping transport of localized charge

carriers and is described by the following equaftri:

o'(w)0 " ,n<1 (11)
For the whole temperature range, the exponeésthe 0.13 <0 < 0.9 range for neat
PVDF.
For PVDF/[Emim][TFSI]10% at lower temperatures @&l10 °C) (see Supplementary
Information, figure S2), frequency dependence efabnductivity follows Eq. (11) with
n ~0.7 a behaviour reported for charge carrier haogpiFor this sample, but at
temperatures above 20 °C, a plateausqfthat represents the DC conductivity,
followed by an increase af with frequency, due to electrode polarisatiore avident

[34]. The plateau is more pronounced for PVDF/[EffiliRSI] with IL > 10 % (Figure



6¢)). On the other hand, the frequency of the marinin ¢" (frux) Shown in Figure 6d,
which corresponds to the full development of elsbér polarization, is better separated
from the positionf,, of the local minimum of", indicating the onset of electrode
polarization, as indicated in Figure 6d) [34]. Tasition and intensity of,f and fnax

increase with the increase of IL content.

o /om’
o'/ Q.m*
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Figure 6. Frequency dependence of the real and imaginatyop#ine conductivity §*)

at different temperatures for neat PVDF (a andnio) RVDF/[Emim][TFSI] 40% (c and

d).

Considering that charge transport mechanism amgtal-ion interfaces is described by

electrode polarization, Serghei proposed a themefpproach to calculate the DC

conductivity by the following equation into ILs [B4

Opc = 2TE &,

where &, is the permittivity of free space argkis the static permittivity of the bulk

material measured at f 3,f

The DC conductivity obtained from the' plateau, illustrated in Figure 6c) for

2
on

max

(12)

PVDF/[Emim][TFSI]40%, is shown in Figure 7a) forl ahe PVDF/[Emim][TFSI]

samples at different temperatures.
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As shown in Figure 7a), DC conductivity increasethvwhe increase of [Emim][TFSI]
content because the dissociation and ion trangpdhte IL results in higher number of
charge carriers in the polymer matrix [58].

For the evaluation of the dependence of the AC goindty with temperature at
different frequencies, the Dyre model (random feeergy barrier model or symmetric

model) was applied [59]:

E

o(T)=BeRN AT (13)

whereB is a pre-exponential factor identified as therafiefrequencyk is the apparent
activation energy of the process, T is temperatires ideal gas constant ahy is the

Avogadro’s number.

The application of the Dyre model was performedsodering the real part of the
conductivity ©¢’) between 40 °C (abové,) and 140 °C and in the frequency range
between 0.1 Hz and 881z The activation energ), values calculated are plotted in
Figure 7b) as a function of frequency.

In the PVDF sample, the E value decreases witleasing frequency above 18z (the
change from dc to ac conduction for temperaturesvald0 ° C in Fig. 6)). Figure 7b)
shows that the addition of the IL leads to the ghraduction of the activation energy of
the process for all frequencies with respect to PVas well as frequency dependence
changes. Above 1 Hz, E decreases with the incrgascorporation of [Emim][TFSI]
into PVDF matrix. For PVDF/[Emim][TFSI]40% at lowémrequencies up to 1(Hz, the
activation energy decreases very rapidly due to deeoupling of the translation

movements and the high number of charge carriers.



Between 0.1 and 1Hz, the E value decreases witteasog frequency due to the
electrode polarization effect into PVDF/[Emim][TESlamples. Above of fOHz for
IL=10% and 16 for IL=25% and 40%, the E value remains practicatinstant (Figure

7b). The reason for this behavior is correlatethéoplateau zone of Figure 6.

4. Conclusions

The thermal, mechanical and dielectric propertieB\6DF/[Emim][TFSI] blends with
different IL contents (10 %IL <40%) were characterized to determine the influerice
[EmIm][TFSI] on the polymer’s segmental dynamicslam ionic conductivity. All the
techniques showed, not only that IL and PVDF arscible, but also that the chain
segments and the IL are mixed at the nanometeerarys was demonstrated by the
shift of the glass transition or the main dielectior dynamic-mechanical main
relaxation towards lower temperatures. Furthermibieproadening due to composition
fluctuations and the fragility of the material deased due to the participation of the IL
in the cooperative rearrangements of the PVDF chs&gments. For all the
PVDF/[EmIim][TFSI] samples, a good agreement betwiéenT, determined by BDS

and DSC was found.



The conductivity formalism revealed that the ILeaffied the conductivity behavior of
the blends from the standpoint of charge motiom amncentration and electrode
polarization effects. For all the doped samples, @ductivity increased and the
apparent activation energy decreased with the asereof IL content. The high DC
conductivity value of the [Emim][TFSI]-doped sampli®@ comparison to neat PVDF is
due to the ionic dissociation and ion transporthe IL resulting in a higher carrier

numbers in the polymer matrix.
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Highlights

- Glasstransition dynamics and charge transport of the PVDF/IL blendsis studied.

- IL and PVDF are miscible the chain segments and the IL being mixed at the

nanometer range.
- Theinclusion of IL into PVDF affects the B-relaxation process.

- The effect of IL in the conductivity behavior is described in terms of charge motion

and electrode polarization

-The activation energy of the PVDF/IL samples decreases with IL addition



