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Polymerized ionic liquids (PolylLs) are promising materials for various solitk stkectronic
applications such as dye-sensitized solar cells, lithium batteries, actdeiokgffect transis-
tors, light emitting electrochemical cells, and electrochromic devices. Howfewvelamental
understanding of interconnection between ionic transport and mechprogerties in Poly-
ILs is far from complete. In this work, local charge transport and #trat changes in films
of a PolyIL are studied using an integrated experiment-theory basedaatprExperimental
data for the kinetics of charging and steady state current-voltage relatiartse explained by
taking into account the dissociation of ions under an applied electric fiet\ikmas the Wien
effect). Onsager’s theory of the Wien effect coupled with the Poidémmst-Planck formal-
ism for the charge transport is found to be in excellent agreement witkxgiegimental results.
The agreement between the theory and experiments allows us to preditiirstrproperties
of the PolylL films. We have observed significant softening of the PolylIL fib@gond cer-
tain threshold voltages and formation of holes under a scanning probescopy(SPM) tip,
through which electric field was applied. The observed softening is exqldiy theory of
depression in glass transition temperature resulting from enhancedidigsoof ions with an

increase in applied electric field.

| ntroduction

Polymeric materials with high room temperature ionic carttity and good mechanical prop-
erties are very attractive candidates for practical appbas in various solid state electronic
devices! One of the classes of materials, which can potentially meeh sriteria is polymer-
ized ionic liquids (PolylLs)?® There has been a significant scientific interest in such radger
due to the fact that the PolylLs retain mechanical propertieregular polymers and exhibit
conductive properties of the room temperature ionic ligujiLs). Utilization of PolylLs has
already shown remarkable improvements in performanceesftreichemical devicés® such as

dye-sensitized solar cells, lithium batteries, actuatiesd-effect transistors, light emitting elec-
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trochemical cells, and electrochromic devices. Howeveliote one identifies PolylLs as prospec-
tive polymer electrolytes the interconnection betweerncitransport and mechanical properties in
PolylLs needs to be better understood. Up to date, we lackrempntal studies and predictive
theory describing important aspects of PolylLs’ behaviDelocalization of charges and larger
sizes of ions in PolylLs lead to novel engagement betweewlwdivity and structural proper-
ties, which can be significantly different from those obserin conventional polyelectrolytés’
like poly(styrene suphonate). For example, a recent sflidgs demonstrated that conductivity in
PolylLs is strongly decoupled from structural dynamicstcany to the classical theory of charge
transport.

In addition to different practical applications of the Pialy, these materials are excellent model
systems for understanding intricate coupling betweenrelstatics and crowding effects. Exper-
imental studies on the PolylLs devoid of any residual saheam shed light on the couplid§°
as seen in ILs. In the absence of solvent, one may ignoretgfigising from solvation of ion&®
However, in the absence of solvent, these materials hastviedly low relative permittivity3 in
comparison with polar solvents like water and electrostedirrelation effects are much stronger
than electrolyte solutions. Understanding structurapprties such as ionic distribution and ion
transport in such correlated liquids poses a serious cig@léor the scientific community.

Significant experimental efforts are under way to charactemultiple aspects of PolylLs.
Keeping in mind different practical applications in varsosolid state electronic devices, we be-
lieve that understanding relations between the structodei@n transport property of PolylLs in
external electric field is of utmost importance. Selectidrright experimental technique such
as broadband dielectric spectroscrdpy® AFM-based dielectric spectroscofiyetc. is critical
for studying effect of electric field on structure and ionnsport of PolylLs. Scanning probe
microscopy (SPMJ°~2?is an ideal tool for contolled nanoscale modification andolmtaining in-
sights into the local response of PolylLs, when subjectegikternal electric fields. Using SPM,
one can monitor charge transport and structural properti¢sndem. Furthermore, nanoscale-

confined electric field> 10° V/m can be easily generated near the SPM tip’s apex, whick-is d
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ficult to achieve in other experimental approaches. Stuggystems such as PolylLs requires
electric field of high strength due to its ability to genernates by dissociation of ion-pairs.

Generation of chargé8 in neutral materials by application of electric field is krowince
seminal works by Wieff+2% and Onsagef® In particular, it was shown that an applied electric
field will increase the dissociation constant of ion-paiengrating more charge carriers (“free”
ions) with an increase in electric field (known as the seconenVéffect). Indirect evidence of
such a phenomenon is observed in current-voltage relatwmish deviates from the Ohm’s law
(i.e., current being proportional to applied voltage). o84 electrostatic correlations in PolylLs
tend to enhance the effects of ion-pairing and a very smalteotration of “free” ions is expected
in the absence of electric field. This, in turn, makes Polyitlesal model systems for the study
of material properties (electric and mechanical) durirgdtossover from the ion-pair dominated
state to “free” (or dissociated) ion state.

In this work, we have studied ion transport and structurangfes in thin films of PolylLs
under an Atomic Force Microscope (AFM) tip in the presencealioéct current (DC) electric
field and in the absence of moisture (i.e., approximately @%etative humidity (RH)). Exper-
iments were done on 300 nm thin films prepared by spin-coatfrgplyethylvinylimidazolium
bis(trifluoromethylsulfonyl)imide (poly-EtVImMNT{2) owta gold coated electrode after dissolv-
ing in 2-butanone at concentration of 6 mg/ml. The poly-EtTf2 has a bulk glass transition
temperature ofy = 52.9°C and its chemical formula along with a schematic of the expental
set up is presented in Figure 1. The IVz SPM spectroscopicema@s used to monitor electric
current and mechanical properties of the sample as a funcfithe applied electric field. In the
IVz mode, a 1-step DC bias waveform is applied to the conde@FM tip in contact with the
film, whereas current is read off of the bottom electrode dwedztposition of the tip is recorded
simultaneously (cf. Figure 1(b)). We have studied ion tpamsand structure of PolylL samples
with a positively-biased AFM tip, so that it repelled the piwsly charged polymeric backbones,

allowing us to ignore issues related to polymer adsorption.
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Figure 1: (a) Chemical formula of the PolylL; (b) Schematipresentation of AFM setup to read
off current response and z-change to a step DC bias wavefapiied in a pre-defined location.

Materials and M ethods

Scanning Probe Microscopy (SPM) measurements: Measurements were performed on a Mul-
timode 8 (Bruker) Atomic Force Microscope (AFM) interfacedwa National Instrument DAQ
card controlled via LabView and Matlab software. The IVza&pescopic mode was used to mon-
itor electric current and mechanical properties of the darap a function of the applied electric
field. In the IVz mode, a 1-step DC bias waveform is appliecheodonductive AFM tip in contact
with the film, whereas current is read off of the bottom eled#r and the z-position of the tip is
recorded simultaneously. Measurements were performesegorently at each location of a pre-
defined spatial grid. To avoid excessive current G2 protective resistor was connected in series
with the sample and current amplifier (Femto DLPCA-200). Gewers with Cr/Pt conductive
coatings (Budget Sensors) were used. The AFM platform wapped with a heating stage and
an environmental chamber allowing for fine regulation of pemature and relative humidity of the
ambient gas. Prior to the measurements, the sample wagpd#ioned at 100C in dry synthetic
air flow for half an hour to desorb surface water. Subsequaltng and measurements were also
performed in a constant flow of dry air. Data processing wasedgsing custom-written Matlab
codes. Itis to be noted that the volume probed using AFM dépen the radius of curvature of

the tip apex and contact area between the tip and the film. Botlese parameters were controlled
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in these experiments: the radius of the tip was-Zb nm and the contact area was controlled by
the setpoint. The spread in the contact area was judged freratriation of the cantilevef&s
contact resonance frequency and it was found that changles acontact area do not exceed 10-20
%. The presented data were averaged over different gridgp@nd data taken on different dates
were compared, and were found to be consistent with each othe

Broadband dielectric spectroscopy (BDS) measurements. Broadband dielectric spectra were
obtained using a Novocontrol high-resolution alpha digieanalyzer. A Quatro Cryosystem was
used to control the sample temperature with stability béten+0.1 K. The sample was annealed
at 375 K under vacuum in an Isotemp Model 281A vacuum oven4drdurs prior to the dielectric
measurements. The sample was then pressed into arbdBick disk at 355 K using a Specac
Mini-Film Maker. Silica spacers of 100m diameter were incorporated into the sample to ensure
relatively constant sample thickness at different tempeea spanned in this study. Once in the
Novocontrol sample chamber, the PolylL was allowed to tfaiyrequilibrate at 355 K. Thermal
equilibration was assumed to be achieved when, as a funatibme, the measured response of
the real and imaginary parts of the complex dielectric fiomcbecame constant for any given fre-
guency. The sample was then measured on cooling and heatthg frequency range between
10~ — 10’ Hz and temperatures between 200 and 375 K. The measuremergsperformed
within the linear response regime, with voltage @& .

Poisson-Ner nst-Planck-Wien-Onsager description for ion transport: Kinetics of charging
as well as steady state relations between ionic current pplied voltage in films of PolylL are
studied using a novel extension of the Poisson-NernsteRI&ANP) formalism by incorporating
effect of ion-pair dissociation in the presence of appliettteic field. The latter effect is included
by merging Onsager’s theory of the Wien effect with the PNinlism. General treatment for
the ion transport using such a formalism in a two componestesy is presented in the Supporting

Information along with the details of comparison with thegpesments.
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Results and Discussion

In order to study the local effects of applied voltage on naeatal response and ionic transport in
PolylLs, we minimized the presence of moisture in the samplee relative humidity of air was
maintained at- 0% using environmental cell and samples were pre-conaitiat 100C prior to
the measurements. Figure 2 shows topography of PolylIL fiter ajpplication of a step voltage
waveform at four distinct locations with amplitudes of 108V and 20V. As seen from the figure,
softening of materials starts at the threshold voltage &f BHbove which formation of holes is
observed. The penetration depth and diameter of the hatesase with the increase of applied
voltage. As shown in Figure 2, at a bias voltage of 15V, the AtifMpenetrates about 5 nm into
the film creating a pore with diameter of approximately 40Q nnerease of bias voltage to 20V
results in the tip penetration depth of 25 nm with pore dianef 900 nm. Clearly, application of

electric field creates pores with diameters much larger thewliameter of the tip apex.

8.8nm 38nm

0 nm

(@) (b) ()

Figure 2. AFM topography images after applying a step biakddf (a), 15V (b), and 20 V (c) at
0 % RH. The bias was applied to four pre-defined locations. $lafpear at the four locations as
shown in (b) and (c). No holes are formed below an applieddid® V (cf. panel a).

In an attempt to explain penetration of the SPM tip by locallddeating, we have performed
a semi-empirical calculation using COMSOL software packégsee Figure S1 and Table S1 in
the Supporting Information). Modeling using COMSOL showatttine current can not raise the
temperature beneath the AFM tip more thail€sbove room temperature within three seconds.

This is not enough to reach the glass transition temperaf2 9°C for this polymer. In addition,

7
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formation of the holes strongly depends on the polarity @li@g bias, which can not be explained
with the Joule-heating hypothesis. The holes are only fdrmken the tip is positively biased.

Negative polarity on the tip leads to electrostatic attoaxs between the polymer and the tip. Due
to the attraction, adsorption of the polymer on the tip isevtasd. However, no holes are formed

(cf. Figure S2(a) in the Supporting Information).
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Figure 3: (a) Current response to application of a step biagfeem of 10 V (black) and 20 V
(red) measured as a function of time. (b) Tip penetratiorttdgpresponse to application of 10 V
(black) and 20V (red) recorded as a function of time. The D&3was applied for three seconds.

In order to understand correlations between the electpicgderties and resulting changes in
mechanical properties, we have performed measuremeniesobfie current and penetration depth
(“z-changes”) as a function of time in the presence of thetatefield. Six different voltages
(4,5,6,10,15 and 20 V) were used. As seen from Figure 3a,@rase in current is observed
upon switching the bias on. After the initial increase, tierent starts to decay over time and
levels off to a steady-state value ( Figure 3a).

Both, the steady-state current and the maximum currentaser@ith an increase in the applied
voltage (cf. Figure 4). The steady state curré(¢o() increases in a non-linear manner with an
increase in applied voltage (cf. insetin Figure 4) hightiigep non-ohmic nature at high voltages.
A possible explanation of non-ohmic behavior is a physi@hédge to the structural integrity of

polymer thin film induced by electric field. It was reportedliea® that application of strong elec-

8
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tric field initiates dielectric breakdown in thin polymemfis of neutral poly (methyl methacrylate)
(PMMA), which leads to an increase in conductivity by tenesiof magnitude (from to 164
S/m to 10* S/m). To understand the effects of electric field on congegtiroperties, we have
estimated ionic conductivity ignoring any non-linear etteat first. Later, the non-linear effects
are included in our analysis. Using Ohm’s law (i.e, linedatien between current and voltage),
the conductivity of sample can be estimated (see Table S2eirStpporting Information) to be
o= '(3& ~ 2.6 x 107 S/m for 4 V, wherd. is the sample thicknesk() is the steady state value
of the current per unit area at voltayeso that the net current |()S S being the sample area
limited by the tip diameter. For 15 V, the conductivity is falto be 12 x 10~ S/m. These values
feature a change by one order of magnitude in conductivegpties of material below and above a
threshold voltage along with the observed mechanical adsimgthe form of holes. To put the con-
ductivity variation in context, we compare our results wiltle data on conductivity derived from
the broad band dielectric spectroscopy measurementspedan the linear response regime with
an applied bias of 0.5 V (see Figure S3 in the Supporting mé&tion). The bulk PolyIL exhibits
dc conductivity value of- 10-° S/m at room temperature (belowy)T which increases te- 1074
S/m at 375 K (above d). This comparison indicates that changes in dc condugtiggulting from
variations of electric field are of similar order of magniutb those induced by the changes in
the temperature. Also, noting that changes of conductaliiserved by dielectric spectroscopy in
the bulk film are dominated by changes in ion diffusivity anonber density of ions, we envision
that the same changes underlie the observed effects afieliéeld on the ionic conductivity under
the AFM tip. A direct comparison of the absolute values ofdheconductivity obtained from the
SPM and BDS measurements is not possible due to the fact thathedion of electrode polar-
ization to the AFM data can not be quantified unambiguouslgtailed discussion of electrode
polarization is out of the scope of the current work and cafobad elsewher&?-3C Furthermore,
the measured currentin SPM is small i) and current-voltage measurements are reversible (see
Figure S2 (b) in the Supporting Information). Based on thepeemental evidences, we suggest

the increase in conductivity under applied voltages is mesalt of irreversible structural damage
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to the film but rather is indicative of significant ion motioncnirring on the PILs surface and an
increase in the amount of free ions. We hypothesize thatgtetectric field facilitates formation
of the free ions shifting the charge density of materials @sdilting in local depression of glass
transition temperature, which subsequently leads to weakehanical properties and increased
ion mobility.

In order to understand the observed non-linear nature oétswoltage relation in the steady
state, estimate the concentration of free ions and extedissbciation resulting from the applied
voltage, we have used the Poisson-Nernst-Planck (PNP)Ifvotdeoupled with Onsager’s the-
ory?® of the Wien effect. Such a theoretical treatment (see Stipgomformation) gives net

steady state current per unit area in the form

z2eDjc;(Eo)
| = 4 1
L% ot | B0 (1)
wherec;, D; andz are the number density, diffusion constant and charge e&"f(or mobile) ions
of typei, respectively. Alsog is the charge of an electrokg is the Boltzmann constant afd
is the temperatureky is applied electric field, which is assumed to be uniformdesihe PolylL
film. Using Onsager’s theor for the Wien effect, electric field dependence of the conegioin

of free ions is given by the relation

Ci(Eo) = a(Eg)cp=

4c
\/  R06(E) 1] @

where

Iy [2\ /Tee] Eo|/kBT]
GEo) = N2

so thatl; is the modified Bessel function of order ofK (0) is the dissociation constant in the

3)

absence of applied electric field; is the initial number density of ion-pairk = € /4rekgT is

the Bjerrum length. In Eq. 2, we have also defingdEy) as the electric field dependent degree of

10
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ionization. Note that in the limiting case (| — 0,11(1/X)/v/X— 1 and Eq. 1leads tothe Ohm'’s
law. Thus we can define ionic conductivity ief type ions ag; = % sothatl = 3,_. GiEo
andag is the degree of ionization in the absence of applied etefieid (i.e.,ap = a(0)). Itisto
be noted that the non-linear relation between the curreshiaaplied voltage given by Egs. 1, 2
and 3 is different from the non-linearity observed in molacalynamics simulations of charge
transport in cylindrical nanopores containing room terap@e ionic liquids. In the simulations,
the non-linearity results from depletion of ions and reagltowering of ion number density in the
interior of the pore, which leads to an enhanced mobilityhefibns. In contrast, the non-linearity
in Egs. 1, 2 and 3 results from an increase in concentratichafge carriers with an increase in
the applied voltage. Furthermore, non-uniformity in thectdic field inside the film is ignored in
deriving Egs. 1, 2 and 3. Concentration fluctuations and rstzttic correlation®' of the ions
may lead to a non-uniform electric field inside the PolyIL figmd predictions of the PNP model
coupled with Onsager’s theory can be systematically imgadpalbeit numerically, by taking into
account the effects of concentration fluctuations and mstztic correlations.

For comparison with the experiments, we have taker- —z_ = 1 representing monovalent
charge carriers and estimated applied electric fiel) {or different voltages using the relatiéh
Eo = Q/¢, wherece is the relative permittivity of the medium surrounding tHeatrode andQ is
the surface charge density of the electrode. The mathemhagi@tion results from discontinuity
of dielectric displacement at the electrode-air interfabeie to non-linear dependences of rela-
tive permittivity on electric field, which are difficult to esiate from the experimental data in an
unambiguous manner, we compare data for steady state tagenfunction of surface charge
on the tip. To infer the surface charge density, we have ftitad dependence of the current for
different applied voltages with the theoretical estimateiy by (see Supporting Information for

the derivation)

1(0,t) = I(oo)+$exp[—H (4)

11
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wherel (0,t) andl () are the currenper unit areaat the electrode located at= 0 and far from
the electrode, respectively. The latter multiplied by theface area of current collecting elec-
trode is also the steady state value of currents characteristic time for charging and depends
on concentration and diffusion constant of the charge @ariLinear response calculation (see
Supporting Information) reveals that= 1/(k?D), wherek —* is the Debye screening length and
D=D,D_/(D;++D-) (D,D_ being the diffusion constants of positive and negativelgrghd
species, respectively) for the case of near symmetric sldfui.e.,D, ~ D_ andD = D_ for
highly asymmetric diffusion so th&@, < D_. For the theoretical treatment, we have ignored the
curvature of the AFM tip so that the calculations stay oneatligional and for comparison with
the experiments, the area of the AFM tip apexS) is used as a multiplicative factor.

The theoretical fits for the experimental data are presentedrigure 4. Steady state values
of the currentl («0)S, characteristic relaxation time and surface charge of the tpSare taken
as the fitting parameters. These fit parameters are also showfigure 4. The relaxation time
T is found to be 2 seconds and remains nearly constant in all of these nezasuts. In order
to estimate the Debye screening length from this value ofdlexation time, we have considered
the case of asymmetric diffusion with_ ~ 10-14 m?/s, which is of the same order of magnitude
as the typical values of diffusion constant for systemswejtass transition temperatut&.For
D_ ~ 10 m?/s andt = 0.22 seconds, the Debye screening length is estimated tg/ be-1
VTD_ = 46.9 nm assuming’ that charging takes place due to “charge injection” fronrtaterial
far (so called “bulk”) from apex of the tip, without any coum with the transport processes
occuring in the bulk. Another estimate for the screeningylercan be obtained by taking the
coupling into account, which leads to the relatiéi/k = tD_/L,L being the distance between
the tip apex and the bottom electrode. Taklng- 300 nm (cf.  Figure 1)D_ ~ 1014 m?/s,

T = 0.22 seconds corresponds tgkl= 7.33 nm. Noting that the effective diametérof the
counterions (bis(trifluoromethylsulfonyl)imide) &= 0.45nm, the electrostatic interactions are
found to be quite long-ranged (i.e; ! > a), which is in qualitative agreement with “strongly

correlated” picture of ionic liquids. Also, as seen from theet in Figure 4, the surface charge

12



Page 13 of 23 Nanoscale

(= Q9 increases linearly with an increase in the applied voltagesxpected. This, in turn, means

that applied electric field also increases with an increasgplied voltage.
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Figure 4: Comparison between theory (cf. Eq. 4) and expetisrfenthe kinetics of charging is

shown here. Fit parameters obtained from the comparisoshanen in inset. In the experiments,
the bias is switched on aftee= 3s.

After the estimation of surface charge, we have used Eqs. and2 3 to describe the ex-

perimental results for the steady state current. For thepemison, we have chosér_ .. Z"zselz(BDfp,

cp/K(0) andlge/SeksT as fitting parameters. The parameygr .. ;kagcp is proportional to the

net conductivity of the PolylIL film in weak electric fielé=(Si_, 0i = Ti_ Z'zezD ), and when
multiplied by ag gives the rate of ion dissociation (in unitsof!) in the Ohmic (or linear) regime.
Noting that the rates of ionic dissociation and charge frartsdue to electrophoresis are equal
in the steady statego yi_.. 2'2;2( +°p is equal to the rate at which charge is being transported in

the linear regime. The second parameigfK (0) characterizes the electrostatic strength of ion-

13
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pairing®~38in the absence of applied electric field. Notfg*® thatK (0) ~ 6/ma®,a being the
effective diameter of iong /K (0) is proportional to the volume fraction of ion pairs. The thira-
rametelge/SckgT characterizes the electrostatic interaction energy bertwharges in the PolylL

film and depends on its relative permittivity and tempematur

e Experiment
— PNP-Wien-Onsager modgel

Steady state current (pA)
D
|

O I '] I '] I '] I '] I '] I '] I ']
0 1 2 3 4 5 6 7 8 9 10 11 12
Electrode surface charge (pC)

Figure 5: Comparison between the experimental data for daglgtstate current and PNP-Wien-
Onsager model is shown here and an excellent agreementdrethe experiments and theory is
found. Electrode surface charge QS for different applied voltages are estimated using tha dat
on the kinetics of charging as shown in Figure 4

Results of the comparison between the theory and experinagatpresented in  Figure 5
and an excellent agreement is found. The comparison betiiegheory and experiments allows
us to estimate the electric field dependence of the dissmciabnstant in the PolyIL film. In
particular, for the PolylL films, fitting procedure giv@zi%gcp = 0.528571,lge/SeksT =
4.29021(pC) 1, ¢cp/K(0) = 278399. The fit values are used to compute the degree of ionization

as a function of applied voltage by Eq. 2 and the results avesshin  Figure 6. In the absence

14
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of applied electric field, degree of ionization is found todee= 0.0059, which explains the rather
low electric current observed in our experiments for lowtagés & 5 V). Furthermore, we see an
increase in degree of ionization from low value to around 56f4he 20 V, which corresponds to

11pC surface charge (cf. Figure 4). The fit parameters revealktnatge is being transported at

the rate oforpQSy;_. %BD}C” = 3.12x 10-3QS/sin the linear regime for electrode surface charge

of QS

o o o
D o 0
I I I

Steady state degree of ionization (a)

o
N
|

0 | 1 | 1 | 1
0 5 10 15 20

Electrode surface charge (pC)

Figure 6: Calculated degree of ionization in the polymerimedc liquid studied in this work as a
function of applied electric field/surface charge on the tip

Connecting ion transport with the structural changes in thgenals under an applied electric
field is a challenging problem. In particular, it is well kno® that effects of applied electric field
on the interface between dielectric materials such as Pelghd air is dependent on whether the
material is in solid or in fluid state. In the case of solids emndn applied electric field, electro-

static pressure (in the form of the Maxwell stress) tendsitiuce deformations via normal and

15
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shear stresses. In contrast, for the fluids, strong enougledpelectric field may lead to elec-
trohydrodynamic instabilit§®*’ due to an interplay of viscoelastic stresses, capillaryesand
electrostatic stresses. Noting that PolylLs may undergjd smliquid transition under an applied
electric field resulting from the dissociation of ions anduléing depression of glass transition
temperature, the PolylLs are expected to show novel behawmiter an applied electric field. Sig-
nificant depression of the glass transition temperature asyexplain the observed softening of
the PolylL films beyond certain threshold voltages in a datiie manner. For the glass forming
material such as the PolylIL studied in this work, we havenestied the depression in the glass tran-
sition temperatureTy) by invoking Lindemann criteriofi® relating Ty to the melting point Tm).
For the vast majority of cases, raflg/Tm is found to lie between.6 and 08. In the following,
we present our estimates of the shifts in the melting gditt of the PolyIL based on the disso-
ciation constant determined above and thermodynamic agtsiffor details, see the Supporting
Information). Depression in the glass transition tempgeatan be inferred from these estimates
via Lindemann criterion.

Estimates for the depression in melting p8fmt®are presented in  Figure 7. For the estima-
tion, one needs to know the temperature dependence of thecéion constant in the absence
of applied electric field< K(0)) and the volume fraction of the ion-pairs: ¢, a3/6 = ¢). For
the temperature dependence<dD), we have used two different estimates based on the Bjerrum-
Fuoss-Kraus®-36(BFK) and the Ebeling-Grigt/ 38 (EG) theories. Both of these theories provide
similar estimates for the depression of melting point wiffedences of 2- 3 K at the maximum
surface charge. For example at the room temperature, the B&EG theories estimate the Bjer-
rum ion-pairing parameteg/a to be 910 and 922, respectively, fop = 0.5 and estimated value
of ¢p/K(0) = 278399. Using these theories, we have found that melting poinhefrhaterial
decreases significantly especially at high enough voltagel V, which corresponds to the sur-
face charge> 5pC as per Figure 4). Such a strong depression of melting pointgsialitative

agreement with the observed softening of the PolyIL film.
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Figure 7: Calculated depression of melting poifi(Eo)) in the polymerized ionic liquid studied

in this work as a function of applied electric field/surfadege on the tip using the Bjerrum-
Fuoss-Krauss (BFK) and Ebeling-Grigo (EG) theories of diggmn constanK(0). Ty(0) is
computed based on the degree of ionization in the absendeotfie field and is found to be close
to T2 = 3259K, which is taken as the melting point of the material with zéegree of ionization.
Also, we have used = 0.5 andAhP = 0.39eV as the latent heat of fusion for these estimates.
Dashed lines represent the point corresponding to apptikdge of 10 V.

Conclusions

In conclusion, we have studied local charge transport andtstral changes in films of a polymer-
ized ionic liquid, polyethylvinylimidazolium bis(triflu@methylsulfonyl)imide (poly-EtVImMNT{2)
at room temperature in the absence of humidity. The kinetficharging and steady state current
were studied using AFM in combination with theory and sintiola Comparisons between the ex-
periments and theory reveals that the dissociation of iesslting from the presence of an applied

electric field dictates the charge transport and structthiahges. Onsager’s theory of the elec-
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tric field dependence of the dissociation constant coupléa thve Poisson-Nernst-Planck (PNP)
formalism is found to be in excellent agreement with the expental results. In addition, we
have found that films containing PolylLs become softer uraggication of DC field. We have
observed formation of holes when applied voltage exceeedsdin threshold value (15 V). Exper-
imental evidences have ruled out Joule heating as a possdsen for such changes in mechanical
properties. We hypothesize that strong electric field iedlissociations of the ions resulting in sig-
nificant depression of the glass transition temperatureranan, softening of the films containing
PolylLs. The formation of holes and their characteristeegidiameter and depth) could be a result
of electrohydrodynamic instability in fluid8 as seen in other systems with chargggl.43.46.47
Overall, the agreement between the theory and experimendtidated a predictive capability
for local structural properties and response of the Polyihdi We believe that these findings are of
broad interest to the scientific community interested ictetdytes based on PolylLs for different
solid state energy storage applications involving strdegtec fields. As an outlook, we envision
studies highlighting the importance of specific nature afrterion in in affecting response of the
PolylL films to an applied electric field. In principle, chang the counterion should lead to a
change in the dissociation constant of ion-pairs in the mtesef applied electric field (i.ek (0))

and should affect the current-voltage relations as welhasbftening.
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