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Polymerized ionic liquids (PolyILs) are promising materials for various solid state electronic

applications such as dye-sensitized solar cells, lithium batteries, actuators,field-effect transis-

tors, light emitting electrochemical cells, and electrochromic devices. However, fundamental

understanding of interconnection between ionic transport and mechanical properties in Poly-

ILs is far from complete. In this work, local charge transport and structural changes in films

of a PolyIL are studied using an integrated experiment-theory based approach. Experimental

data for the kinetics of charging and steady state current-voltage relationscan be explained by

taking into account the dissociation of ions under an applied electric field (known as the Wien

effect). Onsager’s theory of the Wien effect coupled with the Poisson-Nernst-Planck formal-

ism for the charge transport is found to be in excellent agreement with the experimental results.

The agreement between the theory and experiments allows us to predict structural properties

of the PolyIL films. We have observed significant softening of the PolyIL filmsbeyond cer-

tain threshold voltages and formation of holes under a scanning probe microscopy (SPM) tip,

through which electric field was applied. The observed softening is explained by theory of

depression in glass transition temperature resulting from enhanced dissociation of ions with an

increase in applied electric field.

Introduction

Polymeric materials with high room temperature ionic conductivity and good mechanical prop-

erties are very attractive candidates for practical applications in various solid state electronic

devices.1 One of the classes of materials, which can potentially meet such criteria is polymer-

ized ionic liquids (PolyILs).2–6 There has been a significant scientific interest in such materials

due to the fact that the PolyILs retain mechanical properties of regular polymers and exhibit

conductive properties of the room temperature ionic liquids (ILs). Utilization of PolyILs has

already shown remarkable improvements in performance of electrochemical devices2–5 such as

dye-sensitized solar cells, lithium batteries, actuators, field-effect transistors, light emitting elec-
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trochemical cells, and electrochromic devices. However, before one identifies PolyILs as prospec-

tive polymer electrolytes the interconnection between ionic transport and mechanical properties in

PolyILs needs to be better understood. Up to date, we lack experimental studies and predictive

theory describing important aspects of PolyILs’ behavior.Delocalization of charges and larger

sizes of ions in PolyILs lead to novel engagement between conductivity and structural proper-

ties, which can be significantly different from those observed in conventional polyelectrolytes7–9

like poly(styrene suphonate). For example, a recent study10 has demonstrated that conductivity in

PolyILs is strongly decoupled from structural dynamics contrary to the classical theory of charge

transport.

In addition to different practical applications of the PolyILs, these materials are excellent model

systems for understanding intricate coupling between electrostatics and crowding effects. Exper-

imental studies on the PolyILs devoid of any residual solvent can shed light on the coupling11–15

as seen in ILs. In the absence of solvent, one may ignore effects arising from solvation of ions.16

However, in the absence of solvent, these materials have relatively low relative permittivity2,3 in

comparison with polar solvents like water and electrostatic correlation effects are much stronger

than electrolyte solutions. Understanding structural properties such as ionic distribution and ion

transport in such correlated liquids poses a serious challenge for the scientific community.

Significant experimental efforts are under way to characterize multiple aspects of PolyILs.

Keeping in mind different practical applications in various solid state electronic devices, we be-

lieve that understanding relations between the structure and ion transport property of PolyILs in

external electric field is of utmost importance. Selection of right experimental technique such

as broadband dielectric spectroscropy,17,18 AFM-based dielectric spectroscopy19 etc. is critical

for studying effect of electric field on structure and ion transport of PolyILs. Scanning probe

microscopy (SPM)20–22 is an ideal tool for contolled nanoscale modification and forobtaining in-

sights into the local response of PolyILs, when subjected toexternal electric fields. Using SPM,

one can monitor charge transport and structural propertiesin tandem. Furthermore, nanoscale-

confined electric field> 108 V/m can be easily generated near the SPM tip’s apex, which is dif-
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ficult to achieve in other experimental approaches. Studying systems such as PolyILs requires

electric field of high strength due to its ability to generateions by dissociation of ion-pairs.

Generation of charges23 in neutral materials by application of electric field is known since

seminal works by Wien24,25 and Onsager.26 In particular, it was shown that an applied electric

field will increase the dissociation constant of ion-pairs generating more charge carriers (“free”

ions) with an increase in electric field (known as the second Wien effect). Indirect evidence of

such a phenomenon is observed in current-voltage relations, which deviates from the Ohm’s law

(i.e., current being proportional to applied voltage). Strong electrostatic correlations in PolyILs

tend to enhance the effects of ion-pairing and a very small concentration of “free” ions is expected

in the absence of electric field. This, in turn, makes PolyILsideal model systems for the study

of material properties (electric and mechanical) during the crossover from the ion-pair dominated

state to “free” (or dissociated) ion state.

In this work, we have studied ion transport and structural changes in thin films of PolyILs

under an Atomic Force Microscope (AFM) tip in the presence ofdirect current (DC) electric

field and in the absence of moisture (i.e., approximately 0% air relative humidity (RH)). Exper-

iments were done on 300 nm thin films prepared by spin-coatingof polyethylvinylimidazolium

bis(trifluoromethylsulfonyl)imide (poly-EtVImNTf2) onto a gold coated electrode after dissolv-

ing in 2-butanone at concentration of 6 mg/ml. The poly-EtVImNTf2 has a bulk glass transition

temperature ofTg = 52.9◦C and its chemical formula along with a schematic of the experimental

set up is presented in Figure 1. The IVz SPM spectroscopic mode was used to monitor electric

current and mechanical properties of the sample as a function of the applied electric field. In the

IVz mode, a 1-step DC bias waveform is applied to the conductive AFM tip in contact with the

film, whereas current is read off of the bottom electrode and the z-position of the tip is recorded

simultaneously (cf. Figure 1(b)). We have studied ion transport and structure of PolyIL samples

with a positively-biased AFM tip, so that it repelled the positively charged polymeric backbones,

allowing us to ignore issues related to polymer adsorption.

4
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(a) (b)

Figure 1: (a) Chemical formula of the PolyIL; (b) Schematic representation of AFM setup to read
off current response and z-change to a step DC bias waveform applied in a pre-defined location.

Materials and Methods

Scanning Probe Microscopy (SPM) measurements: Measurements were performed on a Mul-

timode 8 (Bruker) Atomic Force Microscope (AFM) interfaced with a National Instrument DAQ

card controlled via LabView and Matlab software. The IVz spectroscopic mode was used to mon-

itor electric current and mechanical properties of the sample as a function of the applied electric

field. In the IVz mode, a 1-step DC bias waveform is applied to the conductive AFM tip in contact

with the film, whereas current is read off of the bottom electrode and the z-position of the tip is

recorded simultaneously. Measurements were performed consequently at each location of a pre-

defined spatial grid. To avoid excessive current, a 2GΩ protective resistor was connected in series

with the sample and current amplifier (Femto DLPCA-200). Cantilevers with Cr/Pt conductive

coatings (Budget Sensors) were used. The AFM platform was equipped with a heating stage and

an environmental chamber allowing for fine regulation of temperature and relative humidity of the

ambient gas. Prior to the measurements, the sample was pre-conditioned at 100◦C in dry synthetic

air flow for half an hour to desorb surface water. Subsequent cooling and measurements were also

performed in a constant flow of dry air. Data processing was done using custom-written Matlab

codes. It is to be noted that the volume probed using AFM depends on the radius of curvature of

the tip apex and contact area between the tip and the film. Both of these parameters were controlled
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in these experiments: the radius of the tip was 20−25 nm and the contact area was controlled by

the setpoint. The spread in the contact area was judged from the variation of the cantileverâĂŹs

contact resonance frequency and it was found that changes inthe contact area do not exceed 10-20

%. The presented data were averaged over different grid points, and data taken on different dates

were compared, and were found to be consistent with each other.

Broadband dielectric spectroscopy (BDS) measurements: Broadband dielectric spectra were

obtained using a Novocontrol high-resolution alpha dielectric analyzer. A Quatro Cryosystem was

used to control the sample temperature with stability better than±0.1 K. The sample was annealed

at 375 K under vacuum in an Isotemp Model 281A vacuum oven for 24 hours prior to the dielectric

measurements. The sample was then pressed into a 100µm thick disk at 355 K using a Specac

Mini-Film Maker. Silica spacers of 100µm diameter were incorporated into the sample to ensure

relatively constant sample thickness at different temperatures spanned in this study. Once in the

Novocontrol sample chamber, the PolyIL was allowed to thermally equilibrate at 355 K. Thermal

equilibration was assumed to be achieved when, as a functionof time, the measured response of

the real and imaginary parts of the complex dielectric function became constant for any given fre-

quency. The sample was then measured on cooling and heating in the frequency range between

10−1 − 107 Hz and temperatures between 200 and 375 K. The measurements were performed

within the linear response regime, with voltage of 0.5 V.

Poisson-Nernst-Planck-Wien-Onsager description for ion transport: Kinetics of charging

as well as steady state relations between ionic current and applied voltage in films of PolyIL are

studied using a novel extension of the Poisson-Nernst-Planck (PNP) formalism by incorporating

effect of ion-pair dissociation in the presence of applied electric field. The latter effect is included

by merging Onsager’s theory of the Wien effect with the PNP formalism. General treatment for

the ion transport using such a formalism in a two component system is presented in the Supporting

Information along with the details of comparison with the experiments.

6
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Results and Discussion

In order to study the local effects of applied voltage on mechanical response and ionic transport in

PolyILs, we minimized the presence of moisture in the sample. The relative humidity of air was

maintained at∼ 0% using environmental cell and samples were pre-conditioned at 100◦C prior to

the measurements. Figure 2 shows topography of PolyIL film after application of a step voltage

waveform at four distinct locations with amplitudes of 10V,15V and 20V. As seen from the figure,

softening of materials starts at the threshold voltage of 15V, above which formation of holes is

observed. The penetration depth and diameter of the holes increase with the increase of applied

voltage. As shown in Figure 2, at a bias voltage of 15V, the AFMtip penetrates about 5 nm into

the film creating a pore with diameter of approximately 400 nm. Increase of bias voltage to 20V

results in the tip penetration depth of 25 nm with pore diameter of 900 nm. Clearly, application of

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

(a) (b) (c)

Figure 2: AFM topography images after applying a step bias of10V (a), 15V (b), and 20 V (c) at
0 % RH. The bias was applied to four pre-defined locations. Holes appear at the four locations as
shown in (b) and (c). No holes are formed below an applied biasof 15 V (cf. panel a).

In an attempt to explain penetration of the SPM tip by local Joule heating, we have performed

a semi-empirical calculation using COMSOL software package27 (see Figure S1 and Table S1 in

the Supporting Information). Modeling using COMSOL shows that the current can not raise the

temperature beneath the AFM tip more than 5◦C above room temperature within three seconds.

This is not enough to reach the glass transition temperatureof 52.9◦C for this polymer. In addition,

7

Page 7 of 23 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



formation of the holes strongly depends on the polarity of applied bias, which can not be explained

with the Joule-heating hypothesis. The holes are only formed when the tip is positively biased.

Negative polarity on the tip leads to electrostatic attractions between the polymer and the tip. Due

to the attraction, adsorption of the polymer on the tip is observed. However, no holes are formed

(cf. Figure S2(a) in the Supporting Information).

(a) (b)

Figure 3: (a) Current response to application of a step bias waveform of 10 V (black) and 20 V
(red) measured as a function of time. (b) Tip penetration depth in response to application of 10 V
(black) and 20V (red) recorded as a function of time. The DC bias was applied for three seconds.

In order to understand correlations between the electricalproperties and resulting changes in

mechanical properties, we have performed measurements of electric current and penetration depth

(“z-changes”) as a function of time in the presence of the electric field. Six different voltages

(4,5,6,10,15 and 20 V) were used. As seen from Figure 3a, an increase in current is observed

upon switching the bias on. After the initial increase, the current starts to decay over time and

levels off to a steady-state value ( Figure 3a).

Both, the steady-state current and the maximum current increase with an increase in the applied

voltage (cf. Figure 4). The steady state current (I(∞)) increases in a non-linear manner with an

increase in applied voltage (cf. inset in Figure 4) highlighting non-ohmic nature at high voltages.

A possible explanation of non-ohmic behavior is a physical damage to the structural integrity of

polymer thin film induced by electric field. It was reported earlier28 that application of strong elec-
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tric field initiates dielectric breakdown in thin polymer films of neutral poly (methyl methacrylate)

(PMMA), which leads to an increase in conductivity by ten orders of magnitude (from to 10−14

S/m to 10−4 S/m). To understand the effects of electric field on conductive properties, we have

estimated ionic conductivity ignoring any non-linear effects at first. Later, the non-linear effects

are included in our analysis. Using Ohm’s law (i.e, linear relation between current and voltage),

the conductivity of sample can be estimated (see Table S2 in the Supporting Information) to be

σ = I(∞)L
V ∼ 2.6×10−6 S/m for 4 V, whereL is the sample thickness;I(∞) is the steady state value

of the current per unit area at voltageV so that the net current= I(∞)S,S being the sample area

limited by the tip diameter. For 15 V, the conductivity is found to be 1.2×10−5 S/m. These values

feature a change by one order of magnitude in conductive properties of material below and above a

threshold voltage along with the observed mechanical changes in the form of holes. To put the con-

ductivity variation in context, we compare our results withthe data on conductivity derived from

the broad band dielectric spectroscopy measurements performed in the linear response regime with

an applied bias of 0.5 V (see Figure S3 in the Supporting Information). The bulk PolyIL exhibits

dc conductivity value of∼ 10−9 S/m at room temperature (below Tg), which increases to∼ 10−4

S/m at 375 K (above Tg). This comparison indicates that changes in dc conductivity resulting from

variations of electric field are of similar order of magnitude to those induced by the changes in

the temperature. Also, noting that changes of conductivityobserved by dielectric spectroscopy in

the bulk film are dominated by changes in ion diffusivity and number density of ions, we envision

that the same changes underlie the observed effects of electric field on the ionic conductivity under

the AFM tip. A direct comparison of the absolute values of thedc conductivity obtained from the

SPM and BDS measurements is not possible due to the fact that contribution of electrode polar-

ization to the AFM data can not be quantified unambiguously. Detailed discussion of electrode

polarization is out of the scope of the current work and can befound elsewhere.29,30Furthermore,

the measured current in SPM is small (inpA) and current-voltage measurements are reversible (see

Figure S2 (b) in the Supporting Information). Based on these experimental evidences, we suggest

the increase in conductivity under applied voltages is not aresult of irreversible structural damage

9
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to the film but rather is indicative of significant ion motion occurring on the PILs surface and an

increase in the amount of free ions. We hypothesize that strong electric field facilitates formation

of the free ions shifting the charge density of materials andresulting in local depression of glass

transition temperature, which subsequently leads to weaker mechanical properties and increased

ion mobility.

In order to understand the observed non-linear nature of current-voltage relation in the steady

state, estimate the concentration of free ions and extent ofdissociation resulting from the applied

voltage, we have used the Poisson-Nernst-Planck (PNP) model 15,31 coupled with Onsager’s the-

ory26 of the Wien effect. Such a theoretical treatment (see Supporting Information) gives net

steady state current per unit area in the form

I =

[

∑
i=±

z2
i e2Dici(E0)

kBT

]

E0 (1)

whereci ,Di andzi are the number density, diffusion constant and charge of “free” (or mobile) ions

of type i, respectively. Also,e is the charge of an electron,kB is the Boltzmann constant andT

is the temperature.E0 is applied electric field, which is assumed to be uniform inside the PolyIL

film. Using Onsager’s theory26 for the Wien effect, electric field dependence of the concentration

of free ions is given by the relation

ci(E0) = α(E0)cp =
K(0)G(E0)

2

[
√

1+
4cp

K(0)G(E0)
−1

]

(2)

where

G(E0) =
I1
[

2
√

lBe|E0|/kBT
]

√

lBe|E0|/kBT
(3)

so thatI1 is the modified Bessel function of order one.32 K(0) is the dissociation constant in the

absence of applied electric field,cp is the initial number density of ion-pairs,lB = e2/4πεkBT is

the Bjerrum length. In Eq. 2, we have also definedα(E0) as the electric field dependent degree of
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ionization. Note that in the limiting case of|E0|→ 0, I1(
√

x)/
√

x→ 1 and Eq. 1 leads to the Ohm’s

law. Thus we can define ionic conductivity ofi− type ions asσi =
z2
i e2Diα0cp

kBT so thatI = ∑i=±σiE0

andα0 is the degree of ionization in the absence of applied electric field (i.e.,α0 = α(0)). It is to

be noted that the non-linear relation between the current and applied voltage given by Eqs. 1, 2

and 3 is different from the non-linearity observed in molecular dynamics simulations33 of charge

transport in cylindrical nanopores containing room temperature ionic liquids. In the simulations,

the non-linearity results from depletion of ions and resulting lowering of ion number density in the

interior of the pore, which leads to an enhanced mobility of the ions. In contrast, the non-linearity

in Eqs. 1, 2 and 3 results from an increase in concentration ofcharge carriers with an increase in

the applied voltage. Furthermore, non-uniformity in the electric field inside the film is ignored in

deriving Eqs. 1, 2 and 3. Concentration fluctuations and electrostatic correlations31 of the ions

may lead to a non-uniform electric field inside the PolyIL filmand predictions of the PNP model

coupled with Onsager’s theory can be systematically improved, albeit numerically, by taking into

account the effects of concentration fluctuations and electrostatic correlations.

For comparison with the experiments, we have takenz+ = −z− = 1 representing monovalent

charge carriers and estimated applied electric field (E0) for different voltages using the relation16

E0 = Q/ε, whereε is the relative permittivity of the medium surrounding the electrode andQ is

the surface charge density of the electrode. The mathematical relation results from discontinuity

of dielectric displacement at the electrode-air interface. Due to non-linear dependences of rela-

tive permittivity on electric field, which are difficult to estimate from the experimental data in an

unambiguous manner, we compare data for steady state current as a function of surface charge

on the tip. To infer the surface charge density, we have fittedtime dependence of the current for

different applied voltages with the theoretical estimate given by (see Supporting Information for

the derivation)

I(0, t) = I(∞)+
Q
τ

exp
[

− t
τ

]

(4)
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whereI(0, t) andI(∞) are the currentper unit areaat the electrode located atz= 0 and far from

the electrode, respectively. The latter multiplied by the surface area of current collecting elec-

trode is also the steady state value of current.τ is characteristic time for charging and depends

on concentration and diffusion constant of the charge carriers. Linear response calculation (see

Supporting Information) reveals thatτ = 1/(κ2D), whereκ−1 is the Debye screening length and

D = D+D−/(D++D−) (D+,D− being the diffusion constants of positive and negatively charged

species, respectively) for the case of near symmetric diffusion i.e.,D+ ≃ D− and D = D− for

highly asymmetric diffusion so thatD+ ≪ D−. For the theoretical treatment, we have ignored the

curvature of the AFM tip so that the calculations stay one dimensional and for comparison with

the experiments, the area of the AFM tip apex (= S) is used as a multiplicative factor.

The theoretical fits for the experimental data are presentedin Figure 4. Steady state values

of the currentI(∞)S, characteristic relaxation timeτ and surface charge of the tipQSare taken

as the fitting parameters. These fit parameters are also shownin Figure 4. The relaxation time

τ is found to be 0.22 seconds and remains nearly constant in all of these measurements. In order

to estimate the Debye screening length from this value of therelaxation time, we have considered

the case of asymmetric diffusion withD− ∼ 10−14 m2/s, which is of the same order of magnitude

as the typical values of diffusion constant for systems below glass transition temperature.10 For

D− ∼ 10−14 m2/s andτ = 0.22 seconds, the Debye screening length is estimated to be 1/κ =

√
τD− = 46.9 nm assuming12 that charging takes place due to “charge injection” from thematerial

far (so called “bulk”) from apex of the tip, without any coupling with the transport processes

occuring in the bulk. Another estimate for the screening length can be obtained by taking the

coupling into account, which leads to the relation12 1/κ = τD−/L,L being the distance between

the tip apex and the bottom electrode. TakingL = 300 nm (cf. Figure 1),D− ∼ 10−14 m2/s,

τ = 0.22 seconds corresponds to 1/κ = 7.33 nm. Noting that the effective diameter34 of the

counterions (bis(trifluoromethylsulfonyl)imide) isa = 0.45nm, the electrostatic interactions are

found to be quite long-ranged (i.e.,κ−1 ≫ a), which is in qualitative agreement with “strongly

correlated” picture of ionic liquids. Also, as seen from theinset in Figure 4, the surface charge
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(= QS) increases linearly with an increase in the applied voltage, as expected. This, in turn, means

that applied electric field also increases with an increase in applied voltage.

3 3.5 4 4.5 5 5.5 6
t (s)

0

20
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60

I 
(p

A
)
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20 V
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10 I(∞)S (pA)
QS (pC)

0.1

0.2

0.3

0.4

0.5

τ(
s)

---->

Figure 4: Comparison between theory (cf. Eq. 4) and experiments for the kinetics of charging is
shown here. Fit parameters obtained from the comparison areshown in inset. In the experiments,
the bias is switched on aftert = 3s.

After the estimation of surface charge, we have used Eqs. 1, 2and 3 to describe the ex-

perimental results for the steady state current. For the comparison, we have chosen∑i=±
z2
i e2Dicp
εkBT ,

cp/K(0) and lBe/SεkBT as fitting parameters. The parameter∑i=±
z2
i e2Dicp
εkBT is proportional to the

net conductivity of the PolyIL film in weak electric field (= ∑i=±σi = ∑i=±
z2
i e2Diα0cp

kBT ), and when

multiplied byα0 gives the rate of ion dissociation (in units ofs−1) in the Ohmic (or linear) regime.

Noting that the rates of ionic dissociation and charge transport due to electrophoresis are equal

in the steady state,α0∑i=±
z2
i e2Dicp
εkBT is equal to the rate at which charge is being transported in

the linear regime. The second parametercp/K(0) characterizes the electrostatic strength of ion-
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pairing35–38 in the absence of applied electric field. Noting35–38 that K(0) ∼ 6/πa3,a being the

effective diameter of ions,cp/K(0) is proportional to the volume fraction of ion pairs. The third pa-

rameterlBe/SεkBT characterizes the electrostatic interaction energy between charges in the PolyIL

film and depends on its relative permittivity and temperature.

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

0

2

4

6

8

St
ea

dy
 s

ta
te
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ur

re
nt

 (
pA

)

Experiment
PNP-Wien-Onsager model

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

Results of the comparison between the theory and experimentsare presented in Figure 5

and an excellent agreement is found. The comparison betweenthe theory and experiments allows

us to estimate the electric field dependence of the dissociation constant in the PolyIL film. In

particular, for the PolyIL films, fitting procedure gives∑i=±
z2
i e2Dicp
εkBT = 0.528s−1, lBe/SεkBT =

4.29021(pC)−1,cp/K(0) = 27839.9. The fit values are used to compute the degree of ionization

as a function of applied voltage by Eq. 2 and the results are shown in Figure 6. In the absence
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of applied electric field, degree of ionization is found to beα0 = 0.0059, which explains the rather

low electric current observed in our experiments for low voltages (< 5 V). Furthermore, we see an

increase in degree of ionization from low value to around 50%for the 20 V, which corresponds to

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

the rate ofα0QS∑i=±
z2
i e2Dicp
εkBT = 3.12×10−3QS/s in the linear regime for electrode surface charge

of QS.
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Figure 6: Calculated degree of ionization in the polymerizedionic 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 the materials under an applied electric

field is a challenging problem. In particular, it is well known39 that effects of applied electric field

on the interface between dielectric materials such as PolyILs and air is dependent on whether the

material is in solid or in fluid state. In the case of solids under an applied electric field, electro-

static pressure (in the form of the Maxwell stress) tends to induce deformations via normal and
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shear stresses. In contrast, for the fluids, strong enough applied electric field may lead to elec-

trohydrodynamic instability40–47 due to an interplay of viscoelastic stresses, capillary waves and

electrostatic stresses. Noting that PolyILs may undergo solid to liquid transition under an applied

electric field resulting from the dissociation of ions and resulting depression of glass transition

temperature, the PolyILs are expected to show novel behavior under an applied electric field. Sig-

nificant depression of the glass transition temperature mayalso explain the observed softening of

the PolyIL films beyond certain threshold voltages in a qualitative manner. For the glass forming

material such as the PolyIL studied in this work, we have estimated the depression in the glass tran-

sition temperature (Tg) by invoking Lindemann criterion48 relatingTg to the melting point (Tm).

For the vast majority of cases, ratioTg/Tm is found to lie between 0.5 and 0.8. In the following,

we present our estimates of the shifts in the melting point49,50 of the PolyIL based on the disso-

ciation constant determined above and thermodynamic arguments (for details, see the Supporting

Information). Depression in the glass transition temperature can be inferred from these estimates

via Lindemann criterion.

Estimates for the depression in melting point49,50 are presented in Figure 7. For the estima-

tion, one needs to know the temperature dependence of the dissociation constant in the absence

of applied electric field (= K(0)) and the volume fraction of the ion-pairs (= cpπa3/6= φ ). For

the temperature dependence ofK(0), we have used two different estimates based on the Bjerrum-

Fuoss-Krauss35,36(BFK) and the Ebeling-Grigo37,38(EG) theories. Both of these theories provide

similar estimates for the depression of melting point with differences of 2−3 K at the maximum

surface charge. For example at the room temperature, the BFK and EG theories estimate the Bjer-

rum ion-pairing parameterlB/a to be 9.10 and 9.22, respectively, forφ = 0.5 and estimated value

of cp/K(0) = 27839.9. Using these theories, we have found that melting point of the material

decreases significantly especially at high enough voltages(> 10 V, which corresponds to the sur-

face charge> 5pC as per Figure 4). Such a strong depression of melting point isin qualitative

agreement with the observed softening of the PolyIL film.
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Figure 7: Calculated depression of melting point (Tm(E0)) in the polymerized ionic liquid studied
in this work as a function of applied electric field/surface charge on the tip using the Bjerrum-
Fuoss-Krauss (BFK) and Ebeling-Grigo (EG) theories of dissociation constantK(0). Tm(0) is
computed based on the degree of ionization in the absence of electric field and is found to be close
to T0

m = 325.9K, which is taken as the melting point of the material with zerodegree of ionization.
Also, we have usedφ = 0.5 and∆hp = 0.39eV as the latent heat of fusion for these estimates.
Dashed lines represent the point corresponding to applied voltage of 10 V.

Conclusions

In conclusion, we have studied local charge transport and structural changes in films of a polymer-

ized ionic liquid, polyethylvinylimidazolium bis(trifluoromethylsulfonyl)imide (poly-EtVImNTf2)

at room temperature in the absence of humidity. The kineticsof charging and steady state current

were studied using AFM in combination with theory and simulation. Comparisons between the ex-

periments and theory reveals that the dissociation of ions resulting from the presence of an applied

electric field dictates the charge transport and structuralchanges. Onsager’s theory of the elec-
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tric field dependence of the dissociation constant coupled with the Poisson-Nernst-Planck (PNP)

formalism is found to be in excellent agreement with the experimental results. In addition, we

have found that films containing PolyILs become softer underapplication of DC field. We have

observed formation of holes when applied voltage exceeded certain threshold value (15 V). Exper-

imental evidences have ruled out Joule heating as a possiblereason for such changes in mechanical

properties. We hypothesize that strong electric field induce dissociations of the ions resulting in sig-

nificant depression of the glass transition temperature andin turn, softening of the films containing

PolyILs. The formation of holes and their characteristic size (diameter and depth) could be a result

of electrohydrodynamic instability in fluids39 as seen in other systems with charges.40,41,43,46,47

Overall, the agreement between the theory and experiment has validated a predictive capability

for local structural properties and response of the PolyIL films. We believe that these findings are of

broad interest to the scientific community interested in electrolytes based on PolyILs for different

solid state energy storage applications involving strong electric fields. As an outlook, we envision

studies highlighting the importance of specific nature of counterion in in affecting response of the

PolyIL films to an applied electric field. In principle, changing the counterion should lead to a

change in the dissociation constant of ion-pairs in the absence of applied electric field (i.e.,K(0))

and should affect the current-voltage relations as well as the softening.
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