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Abstract

Using a surface force balance, we measure the force between two crossed-cylinder electrodes for
different electrolyte systems and different geometrical configurations under the influence of an
AC field. When an AC field is applied to concentrated mixtures of an ionic liquid (IL) in a polar
solvent, a force arises that is at least an order of magnitude larger and slower to reach steady state
than the static response of the electrolyte. We demonstrate that this AC field effect persists in con-
centrated electrolytes beyond what has already been observed in pure ILs or aqueous electrolytes.
Furthermore, we show that the magnitude of the electric field force response is dependent on the
electrode radius of curvature. In experiments with pure ILs, a stronger force magnitude is observed
for a smaller radius of curvature, implying that these interactions can be fine-tuned through geo-
metrical design. These observations should guide the application of AC electric fields for the con-
trol of colloids and the design of passive control mechanisms in microfluidics and nanotribology.

1. Introduction

The control of electrolyte systems with electric fields has a plethora of technological applications, ran-
ging from the assembly of colloids [1, 2], AC electroosmosis and pumping in microfluidics [3, 4], to the
control of adhesion and friction [5, 6]. Electric fields are ubiquitous in energy storage and catalysis and
are routinely used in the characterisation of these systems via electrochemical impedance spectroscopy
[7]. Understanding the effect of fields on electrolytes is more relevant than ever as the emerging field of
iontronics seeks to create ionic machines for computation, sensing, and filtration [8, 9].

The surface force balance (SFB) provides a platform for the study of the effects of electric fields on
electrolytes in confinement. In its most standard configuration, a liquid is confined between two atomic-
ally smooth mica surfaces set in crossed-cylinder geometry. The backs of the mica surfaces are coated in
a semi-transparent thin silver layer. Interferometry is used in the silver—mica-liquid—mica-silver stack for
the detection of the interaction forces and distance between the two mica surfaces [10]. The surfaces can
be moved towards and away from each other, allowing the measurement of surface forces as a function
of distance, or sheared against one another, allowing the measurement of friction and shear forces. The
silver mirrors can be used to apply electric fields by connecting them to a power supply. Drummond
[11] was the first to use the silver mirrors simultaneously as electrodes, demonstrating electric field
induced friction reduction and control on polymer brushes deposited on the mica surfaces [11].

Perez-Martinez and Perkin [12] used the SFB to study the effect of AC fields on thin films of ionic
liquid (IL). When an IL is confined between mica surfaces, and the silver mirrors are used as elec-
trodes to apply an AC field, the field induces a force that diverges substantially from the calculated static
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response of the electrolyte [12]. This study found that the magnitude of the force is larger than pre-
dicted, that the force can be either attractive or repulsive, and that the system approached steady state
on timescales of 100—1000s, which is significantly slower than the charging and viscous timescales of the
system [12]. Additionally, it was observed that when the field is turned off, the system relaxes back to its
original state on a similarly slow timescale [12].

In that same work, in order to eliminate any variability arising from specific effects of the
mica surfaces, Perez-Martinez and Perkin [12] replaced the back-silvered mica with gold surfaces.
Characterisation experiments were performed with IL confined between two gold surfaces, with the
gold surfaces acting simultaneously as electrodes and mirrors for interferometry. A similar phenomenon
was observed in the gold—gold setup. It was determined that the magnitude and response time of the
observed force are independent of the separation distance between the surfaces (in the tens of micro-
metres range) or the frequency of the applied electric field [12]. Furthermore, the magnitude of the force
scales with the square of the applied voltage [12].

Richter et al [13] have reported a similar phenomenon in dilute aqueous electrolytes [13]. In their
experiments, the solutions are confined between mica surfaces, and a long-range repulsive force is always
observed when an AC field is applied. As with ILs, the timescale for the response to the AC field of the
aqueous electrolytes is of the order of a few minutes. Similarly to the results in [12], [13], found that the
magnitude of the effect was independent of the surface separation or the driving frequency, and depend-
ent on the square of the applied voltage. In addition, it was found that the magnitude of the effect was
dependent on the difference in the diffusion coefficients of the ions in the aqueous electrolyte, with a
larger effect magnitude observed for more disparate diffusivities [13]. In order to explain the observed
effect in aqueous electrolytes, Richter et al [13] derived a model making use of the Poisson—Nernst—
Planck equations to determine ion concentrations in a 1D capacitor under an electric field. When an
AC field is applied, they found that ‘both cations and anions accumulate on average in the vicinity of
the electrode’ in contrast to the DC case where only counterions accumulate at the charged surface.

The magnitude of the ion excess is proportional to the square of the applied voltage. The experimentally
observed force response was explained as resulting from an increase in osmotic pressure, which is gener-
ated as the field drives an excess of cations and anions through lateral transport from adjacent reservoirs.
The model predicts an increase in excess ion concentration and force magnitude with increasing bulk
concentration. However, the model is not expected to hold at high bulk concentrations, and indeed the
experimental data from [13] with aqueous NaNO3 shows initially a stronger response as the concentra-
tion is increased up to 10 mM, but a decrease in response as the concentration is increased further.

The goal of this study is to elucidate if the phenomena observed in ILs and aqueous electrolytes sub-
jected to AC electric fields extends to other systems, and the dependence of the effect on geometrical
parameters. The paper presents measurements on concentrated mixtures of IL in a polar solvent and
compares the effect to the pure IL response. The effect has also been studied for a pure IL in systems of
varying geometry. To the best of our knowledge, the influence of geometry on the observed effect has
not been studied, and this work finds that the effect is dependent on the system’s radius of curvature.
Section 2 describes the experimental setup. Section 3 presents the results, and section 4 reviews the
observations in comparison to additional work from the literature that aims to explain the phenomena.

2. Experimental methods

We use a simplified SFB setup, using gold lenses, to study the dependence of the electric field effect on
liquid composition and geometrical factors. In the SFB, a thin liquid film is confined in between two
hemi-cylindrical lenses, as shown in figure 1(a).

The fused silica lenses are each coated with a 2 nm layer of chromium and a 40 nm layer of gold.
These metals are deposited via thermal evaporation using an Edwards Auto 306 Cryo Evaporator. The
gold layers function both as mirrors for interferometry and as electrodes for applying the AC elec-
tric field. When white light is shone through the setup, interferences in the cavity formed by the two
lenses produce a pattern of fringes of equal chromatic order (FECO) when emerging light is directed
onto a spectrometer grating. The FECO pattern is used to determine the distance between the surfaces,
D, as well as the effective radius of curvature of the setup, R. More details on the FECO calculations
are provided in the supplementary information. The lenses are cleaned in piranha solution, rinsed in
ultrapure water, stored in ethanol, and dried with nitrogen prior to use.

The bottom lens is mounted in a small polytetrafluoroethylene (PTFE) cup, which in turn is moun-
ted on a leaf spring of known stiffness k, as shown in figure 1(b). The deflection of the spring, J, can be
inferred from the FECO pattern, thus giving the interaction force between the surfaces, F = kd.
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Figure 1. (a) SFB experimental geometry. Two hemi-cylindrical lenses are placed facing each other; the lenses have a thin coating
of gold that acts as both an electrode and a mirror for interferometry. The cross-cylinder experimental geometry has an effect-
ive radius of curvature R. White light is shone through the setup, and the resulting pattern of fringes of equal chromatic order
(FECO) can be analysed to determine the minimum separation between the electrodes, D. (b) Photograph of a lens mounted in
the setup. The image corresponds to the bottom lens. The lens sits in a small PTFE cup, which in turn sits on a set of horizontal
leaf springs. The gold surface is connected to an electric field generator via a thin gold wire held in place by a gold clamp.

Electric fields are applied normal to the liquid film. To make the electrical connections, a thin Au
wire is contacted to each lens using a small clamp made of bouillon gold (99.9% purity). The gold wires
(Goodfellow) are 0.125 mm conductor diameter (99.99% purity), with a PTFE coating of 0.016 mm
thickness. A Keysight 33500B signal generator is used to apply the voltages to the electrodes; the bottom
electrode is held at the ground of the chamber through the signal generator, while bias is applied to the
top electrode. The fields are generated by applying a sinusoidal voltage of root-mean-square amplitude
Vo and frequency v. A typical applied frequency was 10 kHz, but frequencies ranging from about 500 Hz
to 1 MHz were also tested. The supplementary information explains why electrochemical reactions are
not expected to affect the measurements reported here at v > 5kHz, and documents conditions under
which degradation was observed and therefore excluded from analysis.

The quality of the electrical connections was checked in air prior to injection of the liquid. The mag-
nitude of the spring deflection in air when subjected to either DC or AC fields checks well with the pre-
diction from the model developed in [12], without need for fitting parameters.

Experiments were then performed with the following test liquids:

(i) A pure IL, 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([C4C;Pyrr][TFSI],
Tolitec 99.5%)
(i) A 2moll™! (M) mixture of [C,C,Pyrr][TFSI] with Propylene Carbonate (PC, Sigma-Aldrich,
anhydrous, 99.7%).
(iii) A 0.7 moll~! mixture of [C4C,Pyrr][TFSI] with PC

Prior to experiments, the IL is dried in vacuo (<5 x 107> mbar) at 80 °C for at least 12 h. Propylene
carbonate is taken from freshly opened bottles for each experiment, and mixtures with IL are swiftly pre-
pared to minimise water uptake prior to experiments. The supplementary information includes some
additional notes on the mixture preparation, the molarity and molality calculations, and the refractive
indices of the solutions used in the FECO analysis.

Approximately 100 pl of test liquid is injected in between the lenses, which is sufficient to ensure the
liquid completely bridges the gap between the lenses and a small excess overflows onto the surrounding
PTFE cup. After injection, a small amount of desiccant (phosphorous pentoxide, Sigma Aldrich, 99%) is
introduced into the chamber and the chamber is sealed.

Experiments with a given set of lenses and injected liquid are conducted over a span of one to
3d, during which the chamber remains sealed. Evaporation is not a concern with pure ILs, but may
occur with the IL/PC mixtures. The supplementary information provides further details on the specific
experiments reported and notes small variations observed for the measurements with the 0.7 M mix-
ture over the span of the experiment, which may be due to some limited evaporation. At the end of an
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experiment, the chamber is opened, the test liquid is rinsed away with ethanol, and the lenses and hold-
ers are cleaned with solvents and acid baths prior to use in another experiment.

A typical run measuring the response of the system on the application of the electric field involved
placing the surfaces at a chosen starting separation, Dy, using a mechanical or piezoelectric drive. The
distance was recorded for at least 30 s before applying a voltage at t =0. The response of the system
was recorded until steady state was reached. Once the surface separation was constant, the voltage was
turned off, and the relaxation of the system was recorded. The recording period for each experimental
run is one to two hours, and drift is likely to occur over this timescale due to thermal fluctuations of
the instrument, despite the room being temperature controlled and held at 21 °C. Therefore, some of the
D(t) data have been corrected to subtract a linear drift where necessary.

3. Results

3.1. AC field effect on IL/PC systems

When an AC electric field is applied to mixtures of [C4C;Pyrr][TFSI] in PC in the Au—Au SFB setup, a
response similar to that reported in [12, 13] is observed. Figure 2(a) shows several experiments where
an AC electric field is applied to the 2 M solution of [C4C,Pyrr][TESI] in PC. The figure shows the
force F, normalised by the surface radius of curvature R, as a function of time, for four different runs
where the applied voltage V, was varied whilst keeping the starting distance and driving frequency con-
stant (Dy ~ 16 um, v =10kHz). In figure 2(a), the electric field is turned on at + =0 as indicated by
the dotted line, and turned off as indicated by the short dotted lines along each experimental curve.
When the field is turned on, the surfaces approach each other, D(t) decreases, giving rise to a negative
F (overall attractive force). As shown in this figure, the force reaches steady state in a timescale of several
hundred seconds. We denote the force between the surfaces at steady state in the applied AC field as F.
When the field is turned off, the process is reversed, and the surfaces return to their original separation
on a similar timescale. The process may not always be exactly symmetric as it can be difficult to com-
pletely remove thermal drift from experimental runs spanning about two hours. The data showing the
micrometer level displacement of the surfaces, D(¢), for the experimental runs shown in figure 2(a), is
shown in the supplementary information.

Additional onset phenomena—here referred to as transients, consisting of quick attractions/repul-
sions before the strong, slow effect—have been reported previously but are not as obvious for the par-
ticular experimental run reported in figure 2(a). These onset processes have been observed in other
experiments with this same liquid (see supplementary information) and for the other liquids used in
this study, however, the onset transients are small compared to the overall phenomenon and this work
focuses on the largest effect observed.

We will proceed to argue that the magnitude of the effect, F;, is several times larger than what
would be expected from the electrolyte were it to behave as a perfect dielectric fluid. In [12], the the-
oretical value of the steady-state force Fey s Of a perfect dielectric liquid, of relative permittivity €, sub-
jected to a high-frequency AC field in the SFB, for separations D < R, was derived as

2
em V;

2Dy (1)

Fcalc,ss/R =

The dielectric constant of the mixture of IL in PC is not available in the literature; however, the
extremes of the dielectric behaviour for the mixture can be taken from the pure liquids to use in
estimating F.,c s/R from equation (1). The relative dielectric permittivity of [C4C,Pyrr][TFSI] is 14.7
(25° [14]) and for PC, the value is approximately 66 (25° [15]). In the strongest possible response, if the
liquid dielectric constant was taken to be the maximum value for PC, the value of Fc /R would be
0.7 and 5.5mNm™! for V; = 2.5 and 7 Vrus, respectively. The observed values of Fg /R, as shown in
figure 2(a) are at least an order of magnitude larger than the upper bound theoretical estimation from
the perfect dielectric scenario.

Similar experiments were performed with the 0.7 M mixture of [C4C;Pyrr][TFSI] in PC, at two fre-
quencies, 10kHz and 1 MHz. A strong overall attractive response was observed for this more dilute sys-
tem, as well as a dependence on the applied voltage at both applied frequencies. The runs for the 0.7 M
mixture of [C4C;Pyrr][TFSI] in PC are included in the supplementary information.

Two additional experiments of the neat [C4,C;Pyrr][TFSI] in the Au—Au SFB are reported in this
work. The previously reported experiment for this liquid in [12] had shown an overall repulsive force
upon application of the electric field, and the two new experiments reported here display an overall
attractive force. An example voltage sweep for the neat IL is shown in the supplementary information,
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Figure 2. (a) Response of 2 M mixtures of [C4C Pyrr][TFSI] in PC to an AC electric field. The traces show F/R as a function

of time, measured for a range of different driving voltages V (in RMS values) as indicated next to each curve. The electric field
is turned on at t = 0 as indicated by the dotted line. Before the field is turned on, there is no net force. With the field on, an
overall attractive force arises. The field is turned off at the point indicated by the shorter dotted line along each curve (after 7200s
for the 2.5V run, and 4500 s for the other runs). (b) Steady-state force, Fs normalised by the radius of curvature R, measured
upon application of the electric field to the pure ionic liquid [C4C; Pyrr][TFSI] and to mixtures of this ionic liquid in propylene
carbonate. For both panels in this figure, Dy = 16 um, R =~ 1cm, and v = 10kHz unless noted otherwise.

alongside a comparison to the predicted theoretical model from [12], showing the steady-state force
magnitude is at least an order of magnitude stronger than predicted by the model.

From the four runs shown in figure 2(a) for the 2 M mixture, it is evident that the magnitude of
the electric field response, Fg, depends on the applied voltage magnitude V. This dependence was also
observed in the 0.7 M mixture and the neat IL. The dependence of Fi/R as a function of V3 for the
three test liquids is plotted in figure 2(b). For simplicity and consistency, we limit our comparison to
experiments showing an overall attraction. As can be observed, for a given voltage, the response of the
2 M solution is usually strongest, albeit not significantly different from the 0.7 M solution, and both
of these are greater in magnitude to the response of the neat IL. For each test liquid, the magnitude of
the response seems to scale with the square of the applied voltage, in agreement with previous measure-
ments in pure ILs and dilute aqueous solutions [12, 13].

Besides studying the dependence of the response of the different liquids to changes in V), this
work has also determined that the effect seems to be independent of Dy or v for the liquids studied.
Experimental sweeps were performed with the pure IL and the 0.7 and 2 M IL/PC systems, where the
effect was measured whilst varying Dy or v and keeping other parameters constant. The measured
responses are included in the supplementary information, where it can be observed that the measured
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Figure 3. (a) Steady-state force, Fy; normalised by the radius of curvature R, measured upon application of the electric field to
the pure ionic liquid [C4C; Pyrr][TFSI], as a function of applied voltage, in setups of different R. The data points were taken with

Dy = l6pmand v = 10kHz. (b) Radius dependence of the measured effect. The steady-state force Fss is normalised by RV(Z) to
decouple the effect of the applied voltage from the effect of R.

effect is independent of Dy (typically varied in the range 8-70 um < R) and v (ranging mostly between
5kHz and 1 MHz). The observation that the AC electric field response is independent of D, or v is also
consistent with previous work [12, 13].

3.2. AC field response dependence on R

Geometry dependence studies were performed with the IL [C4C;Pyrr][TFSI] confined between lenses
with radius of curvature R = 0.50,0.98,1.00 and 2.58 cm. The overall shape of the electric field
response for the R = 0.50 and 2.58 cm is very similar to that observed with the R = 1 or 0.98 cm
setups (see supplementary information for full traces of F(t)/R). When the electric field is turned on,
there is a transient of a few tens of seconds, consisting of an attraction and a repulsion, that then gives
way to an overall, larger, attractive force which develops over a slower timescale (hundreds of s). When
the electric field is turned off, the phenomenon is reversed. A quick, small repulsion is followed by a
quick attraction, before the force becomes overall repulsive and restores the system back to its original
state.

The magnitude of the overall response is compared at different set voltages V (and fixed starting
distance and frequency) while varying R. Figure 3(a) shows F/R as a function of V3 for the different
experimental R considered. The magnitude of the response increases with V3 for all R. Furthermore, it is
evident that for a given voltage, Fs,/R is greater the smaller R. Interestingly, for a dielectric liquid in the
SFB, the normalised force F/R should be independent of R (equation (1)). The calibration tests in air
prior to IL injection do in fact obey the dielectric model. However, when an AC field is applied to the
IL, the magnitude of the effect increases with decreasing R.
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The dependence of the electric field response on R is even more striking when one normalises Fys/R
by V3, and plots the measurements as a function of R=2. As shown in figure 3(b), the data points group
together for each value of R. There is some uncertainty in the value of Fy, measured in each experiment
due to thermal drift over the long timescales required for reaching steady state; however, it is clear from
the data that the geometry plays an important role in the measured effect. Note that the effective radius
R, rather than the electrode surface area, is believed to be the main geometrical factor; in fact, the areas
of the gold surface are 1, 0.79 and 0.81 cm?, for R = 0.5,1 and 2.58 cm respectively (calculated using
Solidworks software) and do not vary greatly between experiments.

The dependence of the AC field response to other parameters (frequency and starting separation)
was studied at R = 2.58 cm, and is shown in the supplementary information. These experiments indic-
ate that the effect is not dependent on starting distance or driving frequency. The experiments with the
smaller radius were limited to a voltage sweep, as increasing the voltage beyond 3.75 Vyys led to degrad-
ation of the gold surfaces.

4. Discussion

The main conclusions from the experiments reported are as follows:

e An AC electric field applied to pure ILs or to mixtures of IL with polar solvent in the crossed-cylinder
configuration of the SFB results in a force that is stronger in magnitude than the calculated static
response of the electrolyte.

e For all liquids tested, the effect magnitude scales with the square of the voltage, but appears to be
independent of the starting separation Dy between the surfaces or of the driving frequency.

e The strength of the electric field response is highly dependent on the radius of curvature of the sur-
faces, with a stronger response for a smaller radius of curvature.

o The response of the system to the AC electric field takes place over a timescale of several 100s.

The long relaxation times observed may suggest diffusive transport over meso or macroscopic lengths-
cales. The RC charging time of the double layer depends on the Debye length, cell geometry, and effect-
ive diffusivity [16-18], and is only of the order of 10~%s [12]. This fast timescale is not resolved in our
measurements, and the measured hundreds-of-seconds dynamics cannot be attributed to RC charging.
Recent theoretical works hint at longer timescales in play. Balu and Khair [19] considered the charging
of a cell with a concentrated electrolyte in between parallel electrodes separated by a distance L under

a suddenly applied DC voltage (small in magnitude compared to the thermal voltage). The authors
included Stefan—Maxwell fluxes in the derivation of modified Poisson—Nernst—Planck equations, and dis-
covered that there are two charging timescales: the standard RC time, and a longer timescale, L?/ Z,,
where &, is the ambipolar diffusivity of the salt. Ma et al [20] used dynamic density functional the-
ory to study the charging of a planar electrode capacitor with concentrated electrolytes after a square-
step voltage is applied to the electrodes. Their model assumes both the cations and anions have equal
diffusivities and sizes, but does take into account ion—ion correlations, packing effects, and dispersion
forces, which are relevant in concentrated electrolytes. As in the work of Balu and Khair, the electrode
charge forms exponentially with two timescales, first, the RC charging time, and then the diffusion time
L/ 9, with 2 the diffusivity of the electrolyte under consideration.

What is the relevant lengthscale L for diffusion in the setup presented in this paper? For curved sur-
faces, one could expect that the radius of curvature of the system should play a role, and a timescale
~RA/2 could be plausible, with A a lengthscale that will be discussed shortly. There is a limited set of
data for comparing the effect of R on the timescale needed for reaching steady state, namely, the runs
with Vo = 2.5Vrums, Do = 16 um, v = 10 kHz, where R has been varied. The data for these runs have
been fitted with exponential functions of the form F(t) = F(1 — exp —t/7ss), as shown in the supple-
mentary information, to obtain the time needed for the system to reach steady state, 7. For R = 0.50,
1.00, 0.98 and 2.58 cm, 75, = 495, 655, 678 and 899 s, respectively. Although these numbers seem to
indicate some correlation of 7 with R, this observation should be interpreted with caution, as the expo-
nential fits are not of optimal quality due to drift and there is limited data to support this conclusion.
Whilst R could play a role in the system dynamics, there is still the question of the other relevant length-
scale A. The effect being independent of starting distance suggests that this A is not related to Dy, and
that this quantity is more or less constant for the experiments considered here. Given the timescale for
relaxation of ~500s, an IL diffusivity of 5x 107" m?s™! [21], and a typical R of 1cm, A should be
about 2.5 ym—a dimension of about a tenth of the gap sizes considered in the experiment.
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Recent works provide some possible explanations to account for the mechanism of the response of
electrolyte systems to AC fields. As explained in the introduction, the model from Richter et al shows a
build-up of excess ion concentrations under the AC fields [13], and even though the assumptions of this
model may break down at the concentrations reported in this work, the concentration build-up mech-
anism may be at play in the systems under consideration. Hashemi et al [22] have found that applying
an oscillatory field in a cell with parallel planar electrodes across a liquid containing ions with unequal
mobilities generates a long-range steady electric field, which they call asymmetric rectified electric field,
and which scales with the square of the applied voltage. Mahdisoltani and Golestanian [23] studied the
dynamics of an electrolyte confined between two neutral walls and subjected to an electric field running
parallel to the walls. In this scenario, the field pushes the positive and negative ions in opposite direc-
tions, creating fluctuations in ion density that are long-ranged. These long-range correlations give rise
to a fluctuation-induced force between the neutral walls. This fluctuation induced force can be either
attractive or repulsive, depending on the strength of the applied electric field or the relative dielectric
constants of the electrolyte and the confining wall material. Balu and Khair in 2020 [24] have also stud-
ied the dynamic double layer force for planar parallel electrodes separated by a dilute monovalent elec-
trolyte. The system is subjected to a time oscillating voltage, but the magnitude of the applied voltage
is small when compared to the thermal voltage. They find the force sign can depend on the driving
frequency. For the step voltage, they find two charging scales, the RC and the diffusion timescale that
accounts for unequal diffusivities.

The response we are studying involves concentrated, strongly correlated electrolytes, with ions of
unequal diffusivities, in a scenario that is challenging to treat analytically or computationally: the applic-
ation of an AC electric field with an applied voltage several times larger in magnitude than the thermal
voltage kg T (kg is Boltzmann’s constant, T the system temperature), on a curved, non-planar, geo-
metry. Crucially, the strong dependence of the effect on the radius of curvature suggests that the effect
is dependent on field gradients, so the geometry of the system plays a key role in the explanation of this
phenomena. Future theoretical works should focus on the role of geometry in the observed AC effect.
The work reported here should help inform the design of systems that take advantage of geometry for
the control of colloids, microfluidics, and iontronics.
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