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ABSTRACT: While the dynamic properties of ionic liquids (ILs)
in nanoconfinement play a crucial role in the performance of IL-
based electrochemical and mechanical devices, experimental work
mostly falls short at reporting “solid-like” versus “liquid-like”
behavior of confined ILs. The present work is the first to conduct
frequency-sweep oscillatory-shear rheology on IL nanofilms,
reconciling the solid-versus-liquid debate and revealing the
importance of shear rate in the behavior. We disentangle and
analyze the viscoelasticity of nanoconfined ILs and shed light on
their relaxation mechanisms. Furthermore, a master curve describes
the scaling of the dynamic behavior of four (non-hydrogen-
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bonding) ILs under nanoconfinement and reveals the role of the compressibility of the flow units.

B INTRODUCTION

The dynamics of ionic liquids (ILs) in nanoconfinement and at
the solid—liquid interface has been under continued scrutiny for
its relevance to applications in energy storage' * and
lubrication.® The use of ILs in electrochemical devices, such
as supercapacitors, is hindered by their low conductivity, which
is detrimental to the power density of the device. The
disadvantage of sluggish dynamics may be further exacerbated
by the presence of nanopores in the electrodes intended to
maximize specific capacitance. While reduced mobility of ILs in
nanopores is expected,7‘8 some counter evidence points at an
enhancement of IL diffusivity in nanoconfinement, which
indicates the complexity of the underlying mechanisms.”'® In
the context of lubrication, the rheological properties of the
lubricant trapped between the two sliding surfaces significantly
affect friction and thereby the energy loss.

It has been widely reported that IL ions organize in layers near
a charged surface.’' " Extensive efforts have been made to
investigate structural and dynamic properties of ILs near a solid
interface as well as the influence of nanoconfinement usin
spectroscopy,”’15 X-ray reﬂectivity,16 neutron scattering,1
NMR,"®"” and electrochemical techniques.””*' Nanomechan-
ical methods have provided unique perspectives about the
transition of IL behavior upon nanoconfinement toward elastic
or solid behavior, which is often referred to as solid-like
behavior. For example, the mechanical impedance of 1-butyl-3-
methylimidazolium tetrafluoroborate (abbreviated as [BMIM]-
[BF4]) measured under the excitation of a tuning-fork-based
atomic force microscope suggested that the interfacial film
exhibits a change of properties toward a solid-like phase below a
threshold thickness, pointing to capillary freezing or crystal-
lization in confinement. The threshold is related to the metallic
nature of the confining surfaces, with more metallic surfaces
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facilitating freezing.”” The thickness and the mechanical
impedance of the film are both substrate- and voltage-
dependent.”’ In a different work, the damping of an atomic
force microscopy (AFM) tip excited magnetically in the lateral
direction revealed interfacial ordering and solidification of the IL
ions bound to a biased gold surface.”* Due to the unrivaled
advantages of precisely determining and controlling the
thickness of nanoconfined ILs, the surface force apparatus
(SFA)-based techniques have been re-designed to carry out
nanorheological tests.”> Thus, using the so-called dynamic SFA,
1-butyl-3-methylimidazolium hexafluorophosphate (abbrevi-
ated as [BMIM][PF]) was found to be ordered in layers at
the solid—liquid interface and reciprocal shear revealed an order-
of-magnitude increase in shear stress with decreasing film
thickness of the nanoconfined IL.”® Resonance shear measure-
ments revealed an increase of viscosity of [BMIM][PF,] and
[BMIM][BE,] upon nanoconfinement,”” while in situ X-ray
diffraction discovered a possible transition in the scattering
pattern under confinement that could explain structural and
viscosity changes of the ILs.”® By measuring the squeeze-out
events of nanoconfined ILs, our group has also reported the
remarkable increase of effective viscosity”” and that this increase
can be reduced by the presence of a trace amount of water.*
Despite these and other studies specifically focused on ILs near
mica surfaces,”’ the mechanisms governing the mobility of the
IL ions are still unclear and the relation between molecular
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Figure 1. Schematics of the instrument, ionic liquids, and contact geometry. (A) Chemical structures of investigated IL cations and anions; (B)
schematics of the nanorheometer used in this study; (C) surface profile obtained by scanning the spectrometer around the point of closest approach.
The center of the profile is flattened due to the normal pressure. The radius of the deformed area is estimated and used to calculate the geometrical

factor Q.

structure and dynamic behavior at interfaces and under
nanoconfinement remains elusive.

Frequency-dependent oscillatory shear rheology coupled with
an SFA is a powerful tool for understanding relaxation
mechanisms of fluids.**™*° Here, this method was used to
shed light on the mechanisms governing the dynamics of ILs
under nanoconfinement. We report oscillatory shear measure-
ments with an extended SFA over a frequency range of 3 decades
for five imidazolium IL thin films and reveal significant
differences in the rheological behavior before and after an IL
layer is squeezed out. We propose a master curve with three
distinct regions at low, intermediate, and high Deborah numbers
to describe the rheological behavior of nanoconfined ILs
without strong hydrogen-bonding capabilities.

B EXPERIMENTAL SECTION

The objective of the study was to measure and compare the rheological
behavior of various ILs confined between mica surfaces using an
extended SFA. The use of an SFA is key because it enables to control the
thickness of the IL films with A precision. Five imidazolium ILs were
selected for this study, namely, 1-ethyl-3-methylimidazolium bis-
(trifluoromethyl sulfonyl)imide (abbreviated [EMIM][TFSI]), 1-
butyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide (abbre-
viated [BMIM][TFSI]), 1-hexyl-3-methylimidazolium bis-
(trifluoromethyl sulfonyl)imide (abbreviated [HMIM][TESI]), 1-
ethyl-3-methylimidazolium ethyl sulfate (abbreviated [EMIM]-
[EtSO,]), and 1-ethyl-3-methylimidazolium tris(pentafluoroethyl)-
trifluoro-phosphate (abbreviated [EMIM][FAP]). The selected
imidazolium ILs are some of the most investigated ILs at interfaces
(Figure 1A). The experimental study required to avoid water
contamination during the duration of the experiment.

B MATERIALS

All chemicals were purchased from Millipore Sigma (MO, USA), and
small aliquots of ~500 uL were dried in vials under vacuum at 50 °C for
48 h before use.

Surface Force Apparatus. A number of improvements for thermal
and mechanical stability and resolution have been implemented in our
SEA, which are detailed elsewhere.*®*” Mica (Optical grade # 1, S&]J
Trading, NY) was manually cleaved into roughly 1 cm by 1 cm sheets
with a thickness of 2—6 pm and back-coated with 40 nm silver using an
e-beam evaporator. Mica sheets of equal thicknesses were glued onto
two curved glass discs with a radius of curvature R of 2 cm using an
epoxy glue (Epon 1004 F). Mica pairs were positioned such that the
principal crystallographic axes are perpendicular to each other. A
volume of ~200 L was injected into the space between the two
surfaces. After equilibrating overnight, surface force measurements
were conducted at a velocity of 0.5 nm/s. All experiments were
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performed at 25 + 0.02 °C and under a protective N, atmosphere with
0% relative humidity, monitored with a humidity sensor (SHT?7S,
Sensirion, Switzerland).

The SFA was modified to perform nanorheological measurements,
and the schematics are shown in Figure 1B. The relative motion in the
lateral direction is enabled using a P754 piezoelectric actuator (Physik
Instrumente, Germany) modulated by a E-754 controller (Physik
Instrumente, Germany). A pair of springs connects the holder of the
glass lens to the piezo, the deflection of which is measured through four
strain gauges (FLK-1-11-3LJCT, Texas Measurements, College
Station, TX) configured into a full Wheatstone bridge. The voltage
output of the full-bridge transducer is measured using a data acquisition
system (Pacific Instrument, Concord, CA) with a time resolution of
0.04 ms. The conversion factor between the voltage and the deflection
on the spring is obtained by connecting the disc holders with a rigid
metal rod and measuring the voltage reading when the piezo driver is
moved by a known distance, and it is K, = 7.1 X 10~ m/mV. The
stiffness of the normal spring (K,) was determined by calibration
against a known weight and measuring the cantilever deflection with a
pocket microscope, yielding K, = 1000 N/m. The constant of the lateral
spring (K, = 356 N/m) was determined by applying a known force on
the spring assembly and reading the voltage and deflection.

In nanorheological measurements, the piezo moves following a
cosine wave. The controller sends a trigger voltage to the data
acquisition system no later than 0.1 ms after the piezo motion starts,
which synchronizes piezo motion and the measurement of voltage
output. Thus, the resolution in time is defined as 0.1 ms, which is
smaller than the time scales probed in this work. The resonance
frequency of the device is ~30—40 Hz, which limits the maximum
experimental frequency; see the calibration data in Figure S1. Hence, in
frequency-sweep tests, the amplitude of the piezo motion, Ay, was set to
1000 nm, while the frequency, v, was varied from 0.01 to 20 Hz.
Amplitude sweeps were conducted at the selected frequencies (0.01,
0.1, 1, and 10 Hz) with A, ranging from 500 to 1800 nm. It is worth
pointing out that the strain applied on the IL is much smaller than the
piezo motion (4,) since the spring deflects.

Rheological Analysis. The goal of the rheological measurements is
to obtain insight into the properties of the nanoconfined ILs, which
requires solving the equation of motion. While our setup was inspired
by Luengo et al.,”® it exhibits certain differences, which are reflected in a
different equation of motion. The equation of motion for the surface
connected to the piezo results from the balance between the spring
force, K, x 6, and the friction force, #7 X Q X V, against the motion of the
surface

K., X6—nxQXV=0 (1)
where 7 is the viscosity of the confined liquid, €2 is a geometric factor
based on Reynold’s lubrication theory (for a sphere moving laterally
along a flat surface or for parallel plates), and V the relative velocity
between the two mica surfaces. The surface displacement x is given as
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Table 1. Frequency-dependent Scaling Behavior”

1L n—G' (D;) n—G”" (D) n—G' (D,) n—G” (D,)
[EMIM][TFSI] 1.660 + 0.120 1.030 + 0.035 0.920 + 0.031
[BMIM][TESI] 1.359 + 0.049 0.828 + 0.027 0.659 + 0.018
[HMIM][TESI] 1.339 + 0.081 0.762 + 0.017 0.569 + 0.030
[EMIM][FAP] 2.098 + 0.204 0.808 + 0.015 1.904 + 0.212 0.729 + 0.015
[EMIM][EtSO,] 0.887 + 0.019 0.746 + 0.048

“Power exponents (n) of the angular frequency (~®") to fit the experimentally determined elastic and loss moduli.

x=z—-296

@)
and the relative velocity between the two surfaces is
Vei-j 3)
Because the second surface is connected to a stiff spring that does not
move laterally, the displacement y is 0, which yields

V=d—jy=a=2-0 4)

©)

This expression gives the viscosity of the nanoconfined liquid with
the measured cantilever deflection and its change with time as
K5

= Glsa
For a purely linear viscoelastic behavior and an input motion being a
cosine function, z = A, cos(wt), the deflection of the cantilever is given
by & = A, cos(wt+¢), where w is the angular frequency (@ = 27v), v is
the frequency, and ¢ is the phase difference. The parameters A; and ¢
are measured and converted to the rheological properties of the system
by solving the equation of motion. Differentiating between real and
imaginary components of the complex viscosity, 7 =’ — i7", this gives

K

LK, feos(d) ~1
®Q f2 + 1 — 2f cos(¢)
K

K fsin(g)
®Q f2 + 1 — 2f cos(¢)

K.X8-nxQx(z=-8)=0

(6)

)

where 7’ is the real component (loss) and #” is the imaginary
component (elastic), f = %, Q = 7r*/D for a plane—plane geometry,
1

with r the radius of the flattened area (Figure 1C) and D the thickness of
the nanoconfined IL film, or Q = 16/5zR’ log(ZR’/D) for a sphere-
plane geometry, where D is the separation at the point of closest
approach and R’ is the radius of the sphere. The magnitude of the
complex viscosity (labeled as effective viscosity here) of the
nanoconfined IL is obtained from

2 ”
Mg =Mt = )

Storage and loss moduli are determined from the complex viscosity
as

K.?C
mQ(fz +1-2f cos((;ﬁ))l/2

ro_ "
G = on

©)
(10)

They are attributed to the moduli of the nanoconfined IL due to the
negligible influence of other components as discussed later.
The strain rate is given as

Ay — A exp(igh)
w—-
D

"o ’
Gy, = on

y = o exp(iwt) (1)

and its maximum value is

B a)\/(A1 sin p)> + (A, — A, cos )

0 D

(12)

The maximum shear stress is thus determined from 6, = .47,
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We estimated the contribution of the glue to the viscoelastic
response of the system by performing reference measurements in
mica—mica contact.”® The rheological characteristics of the glue layer
underneath mica are shown in Figure S2a. This plot shows a viscoelastic
behavior at low frequencies, while the behavior is mostly elastic at
frequencies higher than 0.05 Hz. To explicitly consider the influence of
the glue, the mathematical treatment by Granick et al.>* was applied to
treat the experimental results. This approach demonstrates the
negligible viscous contribution of the glue, in agreement with other
works™® and deviating from Granick’s results, likely due to the much
thinner glue layer in our experiments (see details in the Supporting
Information). Since the glue is predominantly elastic, its contribution is
accounted for by including its influence in the gauge factor of the spring
determined in mica—mica contact: z = Ay, + A =K' Vipring The
calibration provides K, = 8.2 X 10~° m/mV.

In each experiment, the measured deflection is first analyzed via
Fourier transform to filter out the frequency of interest and to evaluate
the signal-to-noise ratio. Only if the latter is higher than 4, the results are
further analyzed. The Fourier transform analysis also serves to search
for higher-order harmonics that are characteristic of nonlinear
behavior.”® Data processing is conducted using a code developed in
MATLAB. Figure S3 illustrates the applied piezo motion and the
measured deflection. The filtered signal is then synchronized with the
piezo motion by accounting for a consistently 8 ms lag between the
commencement of piezo motion and the time zero of the measurement.

The main sources of error are discussed next. If the signal-to-noise
ratio is not sufficiently high, the data filtering and fitting procedure can
lead to a maximum error in phase shift of ~0.5 ms, which is determined
in calibration tests using a perfectly rigid metal cylinder holding the
springs together. This error can be remarkable in the high-frequency
regime. The geometry of the contact is roughly approximated by a
Couette flow, although the real contact is not perfectly given by parallel
plates, as shown in Figure 1C. This inevitably leads to an error in the
magnitude of the estimated viscosity and moduli. However, we chose
not to consider Reynold’s model of lubrication for a sphere-flat contact
because this model assumes uniform viscosity around the semisphere,
and it has been shown that the increase of viscosity of the ILs only
occurs in the confined region.

Statistical Analysis. Error bars have been determined as standard
errors unless otherwise indicated. The standard error of the power
exponent # is given in Table 1. The exponent and the standard error
were determined from the fits of the linearized power law @" to the
logarithm of the measured values of G’ and G”, where n is the slope. A t-
test of the slope n was carried out, and the p-value (for N between 10
and 20) is much smaller than 0.01 for each of the ILs. The error bars of
the relaxation time and of the flow unit size were determined from the
standard error of the cross point between G’ and G”. The error bars of
the relaxation time were determined from the standard error of the
cross point between increasing G’ and the initial plateau. The error bars
of A were determined from the standard error of the fitting parameter in
Eyring’s model. The models were applied to N between 10 and 20 for
each of the ILs. The regression analysis of all the models applied
provides regression coefficients R? better than 0.96.

spring

B RESULTS

Five ILs were selected (Figure 1A), all of them with imidazolium
cations, albeit with different alkyl chain lengths, and three
different anions. To perform nanorheological measurements,
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Figure 2. Surface forces and rheological measurements. Surface forces (left column), storage and loss moduli (G{ and Gfj, middle column), and
effective viscosity (right column) of (A—C) [EMIM][TFSI], (D—F) [BMIM][TFSI], (G-I) [HMIM][TESI], J—L) [EMIM][FAP], and (M—O)
[EMIM][EtSO,], measured at D, (square) and D, (diamond). The lines show the fits to G’ and G” according to a power law ", and the power
exponents are shown in Table 1. The approximate positions of D, and D, are shown in the force—distance curves. The dashed lines were determined as
o/, with shear stress ¢ = K,V,,;,K,/A,, where V, ;. is the precision of the strain gauges, roughly 0.00015 mV, and A_ is the area of contact. The force
curves in the left column were adapted from ref 29. The bulk viscosity of the ILs is 33 mPa-s for [EMIM][TFESI],** 61 mPa-s for [BMIM][TFESI],** 81
mPa-s for [HMIM][TESI],* 71 mPa-s for [EMIM][FAP],* and 115 mPa-s for [EMIM][EtSO,].** The data points with less intense colors are those
close to the detection limit and hence less reliable. The error bars for moduli and effective viscosity are often smaller than the marker size and therefore

not visible.
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Figure 3. Characteristic times and lengths. (A) Characteristic relaxation time scale, 7, = 1/@, at the cross point between G’ and G” for the selected ILs
at D, and for [EMIM][FAP] also at D, (dashed bars); (B) size of the flow unit, 4, calculated assuming diffusion-driven relaxation; (C) estimation of the
shear-activation length 4 based on Eyring’s model to fit shear thinning behavior. The relaxation time 7, = 1/, at which the elastic modulus G’

transitions from a plateau to G’ ~ @ is shown in Figure S7.

our extended SFA was modified to a nanorheometer; the
schematics are shown in Figure 1B and details of the instrument
can be found in the Experimental section.

The SFA was first operated in the usual fashion to measure
surface forces between mica surfaces in the five ILs. All
measurements were conducted at 25 + 0.02 °C. Representative
surface forces are shown in Figure 2 (left column) for the five
ILs. The force—separation curves show steps characteristic of
the squeeze-out of layers of IL jons while the mica surfaces are
approached. Such steps in force—separation curves have been
reported for several ILs previously (see review and refs. herein)
and reflect the arrangement of IL ions in layers. This step size is
not strictly equal to the true layer thickness but to the change in
the film thickness when a layer is squeezed out of the thin film A;
we call this the layer thickness for conciseness. Although force
measurements cannot reveal the layer composition, the average
size of the steps in ILs with [C,C;Im] and [C,C,Im] cations
(specifically, A~0.76 nm for [C,C,Im][TFSI], A~0.73 nm for
[C4,C,Im][TESI], A~0.77 nm for [C,C,Im][FAP], and
A~0.72 nm for [C,C,Im][EtSO,]) is consistent with a
monolayer structure composed of both cations and anions
alike (abbreviated as “monolayer”). MD simulations have
reported similar values for A for [C,C,Im][TFSI] and
[C,C,Im][TESI].**** For instance, the molecular volume Q
of [C,C,Im][TFSI] and [C,C,Im][TFSI] yields a length of
Q'3 of ~0.74 and 0.75 nm, respectively. The larger size of the
steps in [C4C,Im][TFSI] has been attributed to the squeeze-out
of cation bilayers before;*" here, the hexyl chains of two cation
monolayers face each other forming a bilayer structure with
intercalated counterbalancing anions (abbreviated as “bilayer”).
The bilayers are quite compressible since the hexyl chains can
interdigitate under applied compression, which justifies the
smaller step size compared to the ion pair dimensions. Fewer
layers are resolved in [BMIM][TFSI] and [HMIM][TFSI]
(Figure 2D, G, respectively), compared to the ILs with [EMIM]
cations. This suggests that either the longer alkyl chains disturb
the layered arrangement of the IL ions or a slower approach
velocity is needed to resolve these layers.””*°

After these measurements, the IL was allowed to equilibrate at
two different surface separations. First, the mica surfaces were
approached to D, just before the last layer was resolved in the
force—separation curves. To achieve this film thickness, a load
needs to be applied, and the epoxy glue underneath the back-
silvered mica deforms, leading to a smaller surface curvature.
The radius of curvature (R’) can be measured by scanning the
glazing point of the spectrometer in two perpendicular
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directions in the XY plane, while the thickness of the confined
IL is continuously measured by the SFA. Two scan profiles in the
X-direction are shown in Figure 1C. The flattened area is
represented by the deviation from the spherical profile. After the
nanorheological measurements at D,, the load was increased to
approach the surfaces to a smaller distance, D,, and frequency
and amplitude sweeps were repeated at this position. The
thicknesses of the IL films (D, and D,) were thus selected before
and after the squeeze-out of the last resolved IL layer in surface
force measurements. At the beginning of the rheological
measurements at D,, the surface separation slightly varied, but
it stabilized at the positions shown in Figure 2 just before the
strong repulsion started. Repetition of the measurements led to
slightly different values of D, and D,, but the results were
consistent. For these reasons, we do not refer here to specific
values of D, and D,, but the lines in Figure 2A,D,G,J,M indicate
the approximate film thicknesses D; and D,, at which the
rheological measurements were performed. The film thickness
at which these measurements were conducted is thus different
for each IL. Note that the films investigated with film thicknesses
D, and D, are composed of more than one layer of IL ions.

In frequency-sweep tests, the frequency, v, was varied from
0.01 to 20 Hz. The rheological analysis applied to these
experimental data relies on the linear viscoelastic behavior of the
nanoconfined ILs. Figure S4a shows the Fourier transform of the
measured strain, which indicates the presence of higher-order
harmonics at three times the applied frequency. The ratio of the
intensity of the third harmonic to that of the first harmonic can
be used to quantify the nonlinearity.*> A differentiation between
the two intensity peaks is however only unambiguously possible
at frequencies higher than 0.05 Hz. Figure S4b—f shows that this
ratio is smaller than 10% for most of the data in films with a
thickness of D,. Furthermore, amplitude sweeps were performed
at four different frequencies. Figure SS in the Supporting
Information shows representative results for the selected ILs.
The results demonstrate that the linearity varies with frequency
and film thickness. The analysis discussed here corresponds to
the data with an intensity ratio below 5%, which is assumed to be
predominantly linear.

The middle column in Figure 2 shows the storage Gy, and the
loss moduli Gy;, of the five nanoconfined ILs at D, and D,. Both
Gy and Gy of the five investigated ILs show clear dependence
on the thickness of the confined film. For [EMIM][TFSI] at D,
~ 2 nm (squares), Figure 2B shows that G, remains almost
constant below a frequency of v; ~ 2 Hz (relaxation time 7, = 1/
®,; = 0.08 s), after which G| increases with frequency as
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G{.~®"*, while G| increases according to Gfj~w"%, that is,
almost linearly, with @ being the angular frequency. Similar
trends with slightly different values for the power exponents and
v, are observed for [BMIM][TFSI], [HMIM][TESI], and
[EMIM][FAP] at D, in Figure 2EHK, respectively. The
respective power exponents are summarized in Table 1. Hence,
over a range of frequencies, these ILs exhibit a close-to terminal
behavior characterized by G” ~ w and G’ ~ w? with G” > G/,
representing a viscoelastic fluid.

The frequency at which G{ and G{j equal each other (1) is
obtained by either directly reading the cross point (e.g, for
[HMIM][TFSI] and [EMIM][FAP]) or extrapolating the two
curves (e.g., for [EMIM][TESI] and [BMIM][TFSI]). For each
IL, a relaxation time scale, 7y, is calculated by taking 1/w,,
leading to 7, = 0.002, 0.010, 0.095, and 0.141 s, for
[EMIM][TESI], [BMIM][TFSI], [HMIM][TESI], and
[EMIM][FAP] at D, respectively; see Figure 3a. Above v,
the elastic behavior of [HMIM][TFSI] and [EMIM][FAP]
exhibits predominantly a solid-like behavior (G’ > G”). We
believe that in the case of [EMIM][TFSI] and [BMIM][TFSI],
Uy is beyond the measurable range of our instrument, and
therefore, we cannot examine their elastic behavior.

Films with only one more IL layer (D,) display a drastically
different behavior. In the case of [EMIM][TFSI], [BMIM]-
[TFSI], and [HMIM][TFESI], Gj, is still seen to increase almost
linearly with frequency, but it stays smaller than Gy at D;. Gy,
remains constant until a specific frequency, beyond which Gy,
drops into the error range. This response points toward a more
predominantly viscous behavior of the ILs at D,, in contrast to
their evident viscoelastic behavior at D,. The constant value of
Gy is intriguing, and it has been related to a nonlinear response
(see Luengo et al.”) or to shear banding™ for other systems.
However, the shear stress in these measurements is close to the
detection limit of our dynamic SFA (see Figure S$6), and hence,
we need to consider these results with caution.

In the case of [EMIM][FAP] at D,, G{, ~ @* beyond a
frequency of 0.06 Hz, and hence, the response is still viscoelastic.
We expect the cross point between Gy and Gy, to happen at
frequencies beyond the measurable range (v, ~ 25 Hz by
extrapolation), with a less significant solid-like behavior at D,
compared to D. The relaxation time scale 7, is determined to be
~6 ms for [EMIM][FAP], that is, smaller than that at D,. Longer
relaxation times with a decrease in the number of layers have also
been reported for a molecular liquid under confinement®” and
associated with a more prominent solid-like behavior.

Finally, the behavior of [EMIM][EtSO,] (Figure 2N) at both
selected film thicknesses D; ~ 2 nm and D, ~ 4 nm is similar: Gy,
remains constant before becoming immeasurable with an
increase in frequency, while Gy increases linearly with
frequency, with Gy, at D, being smaller in magnitude than that
at D,. In other words, this IL remains a viscous fluid under
nanoconfinement under the same conditions as the other
imidazolium ILs. Note that [EMIM][EtSO,] has the highest
bulk viscosity among the selected ILs.

The right column in Figure 2 shows the effective viscosity 7 ¢
as a function of the strain rate amplitude y. The effective viscosity
of the nanoconfined ILs is several orders of magnitude larger
than the bulk viscosity; see bulk values in the figure caption.
Overall, the drainage of one IL layer leads to a prominent change
of the effective viscosity, and the change depends on the strain
rate amplitude. The effective viscosity of [EMIM][TFSI]
remains approximately constant at strain rates larger than
~1000 s™" at both D, and D, (Figure 2C). This corresponds to
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the predominantly viscous behavior described earlier (G” > G').
The initial decrease of the effective viscosity with strain rate
follows 7.4 o 7', corresponding to the range where G’ is
constant. This range falls close to the detection limit of the strain
gauges (dashed line), and hence, it needs to be considered with
caution; nevertheless, we discuss later a potential physical origin
for this behavior. The behavior of [EMIM][EtSO,] is similar, as
shown in Figure 20. For [BMIM][TESI], a constant effective
viscosity is measured at D,, followed by shear thinning as the
strain rate increases (Figure 2F). The Newtonian plateau is less
prominent at D,. In [HMIM][TFSI], the effective viscosity is
found to decrease, plateau, and continue to decrease, as the
strain rate amplitude increases, at both D, and D,. In
[EMIM][FAP], the effective viscosity is constant at a low strain
rate at Dy, and then, it decreases significantly with an increase in
the shear rate amplitude. At D,, an initial decrease is seen around
the detection limit, followed by a plateau in #.¢ Shear thinning
behavior is also observed at a high strain rate amplitude as in the
case of D, with a different decay rate.

Comparing the results for [EMIM][TFSI], [BMIM][TFSI],
and [HMIM][TFSI], it appears that longer alkyl chains lead to
an overall higher effective viscosity under confinement and to a
change of the scaling behavior, as described above. A correlation
between higher effective viscosity at the plateau (or close to the
plateau) and longer relaxation time 7, is observed. Interestingly,
while [EMIM][EtSO,] exhibits the highest bulk viscosity
among the selected ILs, it has the lowest effective viscosity
under confinement. [EMIM][FAP] shows the highest effective
viscosity and a scaling behavior (as a function of strain rate)
closer to that of [HMIM][TFSI] but very different from the
other three ILs with [EMIM]* cations. Note that although the
effective shear viscosity in this work is intrinsically different from
the viscosity in squeeze-out experiments,” we also observed an
increase in viscosity in that earlier work for the same ILs.

B DISCUSSION

Terminal Behavior at v; <7 <. As shown in Figure 2, a
behavior close to terminal flow—G}; « @, G, x @? and Gj; <
G{{— is obvious for [EMIM][TFSI], [BMIM][TFSI],
[HMIM][TESI], and [EMIM][FAP] at D; ~ 2—3 nm in an
intermediate frequency range v, < v < 1. Here, each structural
unit in the confined IL film is able to relax within the
experimentally relevant time scale. Using the relaxation time
scale, 7o = 1/w, (Figure 3A), it is possible to roughly estimate the
dimensions of the structural flow unit in the nanoconfined IL
films. Assuming that translational diffusion is the main
mechanism for relaxation in the shear direction,”” the diffusion
coefficient D is related to the lattice size given by the structural
unit of size a

D=—
41,

(13)

On the other hand, the diffusion coefficient D can be estimated
via the Stokes—Einstein relation™*®

kyT
D=2
47na

(14)

where kg is the Boltzmann constant and T is the absolute
temperature. This yields the size of the structural units
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Figure 4. Illustration of the proposed flow behavior inferred from frequency-dependent shear rheology. The cations and anions are represented by blue
and green circles, respectively. Oscillatory shear rheology suggests that IL ions form clusters with a characteristic length scale, g, similar to the film
thickness. Under the theoretical framework proposed by Eyring, the shear-activation length, 4, represents the length scale over which shear stress works
on the flow units to raise their energy level by Aa’s, which helps overcome the energy barrier and thereby promotes motion. As a result, the three ILs
exhibit a shear thinning behavior at intermediate frequencies. The molecular dimensions of [BMIM][TFSI], [HMIM][TFSI], and [EMIM][FAP] are
determined in their unconfined states by molecular mechanics with the Avogadro software; the layer size A was reported in previous works> and is
believed to be composed of ion pairs to preserve electroneutrality. The compressibility of the ionic structures is revealed by the difference between the
ion-pair dimensions and the layer size. It is hypothesized that the shear-activation length, 4, is related to the compressibility. With similar sizes of flow
units (a), 4 is the governing factor for the effective viscosity of the nanoconfined ILs.

(TOkBT )1/3
a=|——
G (15)

The assumed value for 7 is determined as < in the plateau
a

0

region (48, 314, 2840, and 4150 Pa-s for [EMIM][TFSI],
[BMIM][TESI], [HMIM][TESI], and [EMIM][FAP] at D,,
respectively; 239 Pa-s for [EMIM][FAP] at D,). Figure 3b
shows that the length scale a is similar for the selected ILs,
despite the remarkable differences in effective viscosity and
moduli and molecular structure. This indicates that the flow
units of the ILs under nanoconfinement are similar in size.
Counterintuitively, the size a exceeds that of individual ion pairs
resolved by SFA and AFM for these ILs, suggesting the
formation of supramolecular flow units. Such collective motion
of molecules has been reported for molecular fluids and
water.>>***> In these works, the energy of Brownian motion,
kg T, was normalized by the critical modulus G, in the assumed
Maxwell element to obtain a volume, kzT/G. which is
equivalent to tens or hundreds of molecules/ions. We note
that this approach is equivalent to eq 15 because at a low
frequency, & G_.1, using the Maxwellian approach.

While our simplified model only provides the order of
magnitude of the flow unit size, it is noteworthy that a is close to
D,. The length scale a is determined from the relaxation by
translation diffusion in the shear direction, and hence, it is less
influenced by the dimension of the flow units in the
perpendicular direction, which must be smaller than D,. It is
thus possible that the flow units are anisotropic as a result of the
one-dimensional confinement, but more precise information
cannot be obtained from this model. We are aware that the
validity of the Stokes—Einstein equation in confinement has
been challenged”*™" and that the assumption of translational
diffusion could deviate from the true physics, and hence, this
model provides a rough estimation of the effect of the molecular
structure on the rheological behavior of the confined IL films. A
fractional Einstein—Stokes law has been proposed to better
describe imidazolium ILs in the bulk phase, with the viscosity
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raised to a power of 0.9.”> However, this could not be verified to
apply for ILs in their nanoconfined states.

Shear-Thinning Behavior and Liquid-Like Behavior.
The effective viscosity of the nanoconfined IL films was often
observed to decrease with strain rate beyond a plateau.
Interestingly, MD simulations have shown such a decrease of
the viscosity at much higher shear rates for another imidazolium
IL (10’-10° 1/s for [C,C,Im][TFSI] in the range of
investigated pressures and temperatures”) compared to the
results for the nanoconfined ILs investigated here. This relation
was modeled as a shear thinning behavior using Eyring’s
model.”*>> Eyring’s model states that the shear thinning
behavior originates from the shear-promoted flow as the work
done by the applied shear stress reduces the energy barrier that
needs to be surpassed for the flow unit to move to the next
equilibrium location, illustrated in Figure 4. Eyring’s model gives
the following expression for the viscosity

2k sinh ' (t,7)
Vet v (16)

where t, = 1/}y is the characteristic relaxation time, j; is the
critical shear rate for the onset of shear thinning, and V, is the
shear-activation volume, which decreases the energy barrier by
0V, with o being the shear stress. Eyring introduced a shear-
activation length 4, which represents the distance over which the
shear force works on a flow unit. The relaxation time ¢, is related
to a molecular relaxation time involved in the shear response.
The fits of eq 16 to the experimental results are shown for
[BMIM][TESI], [HMIM][TESI], and [EMIM][FAP] in
Figure 2F,LL by lines with matching colors. We cannot exclude
that [EMIM][TFSI] and [EMIM][EtSO,] may exhibit shear
thinning behavior at higher shear rates, but this was not probed
here due to the limitation of the frequency range. Based on the
previous discussion about the collective motion of the IL ions
and the supramolecular structures, we assume the size of these
structural units as a” and the shear-activation length as 1 ~ V,.,/
a*. Note that A, and 4, in Eyring’s model are the dimensions of
the flow unit parallel to the shear plane (see Figure 4), which are
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assumed to be equal to a. The calculated values of A are shown in
Figure 3C. In the case of [HMIM][TFSI] and [EMIM][FAP] at
D), good agreement is only achieved at the initial decay, while
significant deviations are observed with increasing shear rate. In
this region, the data follow roughly a slope of —1 in the log—log
plot, that is, 7. & 7', which happens because the behavior is
predominantly elastic (G’ > G”). This was labeled as the “pure”
tribological response of nanoconfined polymer melts by Luengo
et al.>> Hence, the values of A have been obtained only in the
region where the model fits well the experimental results.

The magnitude of A is of similar order of magnitude as the
estimated size of the structural unit based on translational
diffusion, which gives us confidence that our interpretation of
the collective motion of IL ions under confinement is correct.
[HMIM][TESI] and [EMIM][FAP] exhibit larger A (~1.09
nm) compared to [BMIM][TFSI]. Using the framework of
Eyring’s model, a large activation length A makes the flow unit
capable of being strained to a larger extent before overcoming
the energy barrier, that is, before flow happens. Interestingly,
[HMIM][TESI] has been shown to organize as cation bilayers
(with anions to counterbalance charge) close to the mica
surface, with the hexyl groups facing each other.”® Under an
applied load, the cation bilayers are significantly compressed.
The [FAP]™ anion also bears flexible fluoroalkyl chains that may
collapse under pressure. Furthermore, the smaller value of A for
[BMIM][TFSI] at D, suggests that smaller values of 1 are
associated with a more liquid-like behavior. This is also
consistent with the smaller 4 with an increase in film thickness
for [EMIM][FAP] (1.09 vs 0.77 nm). The high ion
compressibility of [EMIM][FAP] and [HMIM][TFSI] is
supported by the size of the IL layers measured by SFA for
the five ILs,” which is smaller than the unconfined dimensions
of [HMIM][TFSI] and [EMIM][FAP] (as shown in Figures 1A
and 4). Based on this, we propose that the ion compressibility
and the size of the structural flow units (a) are crucial in
determining the transition from liquid-like to solid-like behavior
in the response to shear of the confined ILs. The comparison of
the relevant length scales is shown in Figure 4.

High-Frequency “Solid-like” Behavior (v > vg). At
frequencies v > v, two of the ILs, [HMIM][TFSI] and
[EMIM][FAP], display predominantly elastic behavior (Gj, >
Gr) at D), with Gy steadily decreasing. This indicates that
[EMIM][FAP] and [HMIM][TFSI] are not capable of fully
relaxing at high shear frequencies; note that these are the ILs
with the longest relaxation time, 7, (Figure 3A). This suggests
that the two ILs behave “solid-like” in this frequency range.

Low-Frequency Behavior. At small frequencies, the
effective viscosity shows a power of ~ —1 dependence on strain
rate, indicating that the shear stress ¢ = 77,7 remains constant.
This coincides with the range over which G’ remains
approximately constant at low frequencies (Figure 2, middle
column). Figure S6 shows the relaxation time 7, at which G’
starts increasing with frequency. It is evident that the time scale
increases with the length of the alkyl chain in the imidazolium
cation and is higher for [EMIM][FAP], thus in agreement with
the relaxation time 7,. While the low-frequency measurements
could be influenced by the precision of the instrument, the
differences observed across the investigated ILs indicate that
there might be a physical origin for this behavior.

Plateaus for G’ and G” preceding the terminal behavior have
been observed for nanoconfined polymer thin films,”” similar to
the phenomenon observed in the present work. Such behavior
was attributed to the presence of a yield stress above which the
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thin film flows. For confined polymers, the yield stress increases
upon a stronger confinement, that is, with a decrease in D.”* The
yield-stress behavior of confined ILs has been reported before
with a tuning-fork based rheological measurement.”” In our
experiments, however, the sinusoidal input always leads to a
sinusoidal output at such low frequencies, without any sign of
truncation, although higher-order harmonics are detected with
low intensity. This supports the absence of yield.

Shear banding is the observation that a complex (non-
Newtonian) fluid under shear can undergo an instability that
leads to a steady-state velocity profile with two different shear
rates, a high shear rate linear profile near one wall coupled via an
abrupt transition zone to a second lower shear rate linear profile
near the other wall. The two regions are connected through an
interfacial layer within which the shear stress is constant.*®
Experimental observations have shown unambiguous evidence
of shear banding in solutions of worm-like micelles—namely,
solutions of surfactants that have self-assembled into highly
elongated, flexible structures that are entangled at concen-
trations where shear banding is observed. For worm-like
micelles, it is shown that the shear stress does not increase
monotonically with the increase of the shear rate but that there is
a range of shear rates where the shear stress decreases. The
unstable region appears in experiments often as a stress plateau.

Figure S6a,b shows the stress versus shear rate and the
monotonic increase in stress with shear rate above a shear rate
that depends on the IL, which coincides with the increase in G”.
Below this shear rate, the shear stress seems to decrease with
shear rate for [EMIM][TFSI] and [EMIM][EtSO,], while a
quasi-plateau is observed for the other ILs, supporting both flow
instability and shear banding. Furthermore, the shear stress
appears often to oscillate between two values below the critical
shear rate, and we speculate that this could be related to the
instability of the flow. Therefore, the observed behavior could be
related to shear banding. Shear banding has also been associated
with birefringence. Figure S8 shows the refractive index and
surface separation D for the five ILs during shear oscillation at
0.05 Hz compared to no oscillation at the same film thickness.
The change in the refractive index does not unambiguously
indicate the presence of birefringence during oscillatory shear
though.

Master Curve. Figure S shows Gjp and Gy for the
investigated imidazolium ILs at D, and for [EMIM][FAP]
also at D, as a function of the Deborah number Dy, = wz,. The
results for [EMIM][EtSO,] are not shown here because 7, is
unknown. The plot shows a good superposition of Gy and Gy
and represents the proposed master curve for IL nanorheology.
The high data scattering at low Deborah numbers correspond to
the data points for G’ and G” obtained when the shear stress is
close to the detection limit (less intense colors in Figure
2B,C,E,F). Note that this practice is analogous to the time—
temperature superposition common in macroscopic rheology.

The master curve suggests that the rheological behavior of ILs
exhibits three regimes under nanoconfinement: regime 1, at
Deborah numbers (D,) smaller than 0.01, where the storage
modulus is seen to plateau; an intermediate regime charac-
terized by a terminal behavior (regime 2); and regime 3 at
Deborah numbers larger than 1, where the mechanical
perturbation occurs on a time scale faster than the material
can relax most of the stress. In regime 2, the IL behavior is
prominently liquid, and the ion clusters relax under shear
through translation diffusion. Comparison of the results for
[EMIM][FAP] at D, and D, shows that squeezing out one IL

https://doi.org/10.1021/acs.langmuir.1c03460
Langmuir 2022, 38, 2961-2971


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03460/suppl_file/la1c03460_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03460/suppl_file/la1c03460_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03460/suppl_file/la1c03460_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c03460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

10°

10*

¢, 6" (Pa)

Figure 5. Nanorheology master curve. G’ and G” vs Dy, constructed
with data from [EMIM][TFSI] (blue), [BMIM][TESI] (green),
[HMIM][TESI] (yellow), and [EMIM][FAP] (red) at D;, shown with
red squares, and [EMIM][FAP] at D,, shown with red diamonds. The
superposition of the data is achieved by defining the Deborah number
as Dy, = w1, As described in the text, three regimes with distinct
nanorheological behavior are distinguished (labeled as 1, 2, and 3). The
error bars are not shown for clarity but are the same as those shown in
Figure 2 (middle column). The black lines in Figure S are intended to
guide the eye.

layer promotes solid-like behavior. Note that the solid-like
behavior can also be probed for [HMIM][TFSI], but it remains
unexplored for the other ILs in the range of investigated
frequencies. In the intermediate regime 0.01 < Dy, < 1, the ILs
exhibit shear thinning, except in the case of [EMIM][TFSI].
However, we cannot exclude that the onset of shear thinning was
not probed because it happens at higher frequencies.

For a molecular liquid, octamethylcyclotetrasiloxane, it was
possible to superpose the frequency-sweep measurements of
confined films composed of up to seven layers onto a master
curve.” This is only possible here for [EMIM][FAP] with two
different film thicknesses. For the other ILs, we found a change
of behavior, which hinders this superposition; for example, for
[EMIM][TFSI], [BMIM][TESI], and [HMIM][TESI], G’ was
not seen to increase in the range of investigated frequencies, and
hence, the behavior remained overall viscous and 7, could not be
determined. X-ray scattering has suggested that the Coulombic
ordering of IL ions is partially disturbed under confinement,
which alters the energetically preferred arrangement of the IL
ions.”” The anomalous capacitance of ILs in nanopores also
suggests a confinement-induced change of the interionic
interactions.”*” Tt is thus possible that ILs behave differently
from molecular liquids, in that the squeeze-out of a layer
essentially affects the interionic interactions, the nanostructure,
and thus the rheological behavior.

[EMIM][EtSO,] deserves special mention as the IL seems to
remain a Newtonian liquid (Gj, ~ 0, G{i ~ ®) even upon
confinement to films with a thickness of 2 nm and despite its
high bulk viscosity. Note that the hydrogen bonding capability in
[EMIM][EtSO,] is strong.60 This behavior was not observed for
the other ILs, where hydrogen bonding is less prominent and
interionic Coulombic, solvophobic, and steric forces dominate.
It is thus possible that the prominent hydrogen bond network
prevents the ions from rearranging upon nanoconfinement and
helps maintain the fluid behavior. If this is the case, the
enhancement of Gy induced by the drainage of layers of the
other four ILs could be associated with enhanced interionic
interactions (electrostatic, steric, and solvophobic), promoting
the formation of clusters. The fact that the supramolecular
cluster size (a) is similar for these ILs is also intriguing. We

2969

hypothesize that this stems from the similar interionic
interactions that drive the formation of the ion clusters (despite
the different anion and/or alkyl length of the imidazolium
cation) along with the compressibility of the ILs and the
imposed confinement in the normal direction to a similar film
thickness (D; ~ 2—3 nm).

The remarkable change of behavior in response to the applied
frequency highlights the relevance of flow rates of ILs in
nanopores and other confining geometries. For example, it has
been reported based on simulations that fast charging leads to
overall slower kinetics in ILs" due to ions being trapped in the
transient crowded states, suggesting insufficient relaxation of the
confined IL. This can be justified by the solid-like behavior
reported in this work at a high frequency. We have also identified
the IL compressibility to significantly influence the rheological
behavior under confinement, and hence, this is a potential design
parameter to achieve a targeted flow behavior. This new
understanding from frequency-sweep measurements is also
useful in reconciling reported measurements. For example,
previous AFM- and SFA-based rheological studies were
conducted around a single frequency””™>**"**°" and the
existence of a “solid-like” layer near the IL-solid interface
could be induced by the high excitation frequency adopted in
these instruments. We demonstrate here that there is a
frequency threshold for the onset of the solid-like behavior
and that it depends on the IL molecular structure.

B CONCLUSIONS

In summary, we have studied the dynamic properties of five
different imidazolium ILs under nanoconfinement via oscillatory
shear measurements across 3 decades in frequency. The
rheological properties change drastically as a function of the
thickness of the nanoconfined ILs, as reflected in the distinct
dependence of the storage and loss moduli on frequency and the
remarkable increase of the effective viscosity. Through scrutiny
of the rheological results, we show that [EMIM][TFSI],
[BMIM][TFSI], [HMIM][TESI], and [EMIM][FAP] form
supramolecular clusters of similar sizes under strong confine-
ment, and the compressibility of the ions seems to be responsible
for the increase in viscosity in the confined state. A master curve
for the storage and loss moduli of these ILs is obtained as a
function of the Deborah number, suggesting the universality of
the behavior of the nanoconfined ILs. A deviation from this
behavior is observed in the case of [EMIM][EtSO,], in which
strong hydrogen bonding exists, which seems to restrict the
reorganization of the confined IL in clusters and the slowdown
of the dynamics.

We believe that this work advances the knowledge needed for
the design of ILs with adequate rheological properties and
thereby helps expand the range of applications of ILs in
electrochemical devices and as lubricants. Further, the work calls
for attention in the design and the choice of the best flow/
charging rate for IL-based energy storage devices as well as the
optimal tribological conditions for IL lubricants to achieve
optimal lubrication. Nevertheless, several questions remain to be
answered, including the influence of trace amounts of solvents
on the nanorheological properties of ILs. While the nano-
rheological studies were performed on selected imidazolium ILs,
we expect the results and conclusion to hold true for other ILs
with similar molecular structures and hence ion—ion inter-
actions. Surface properties should play a role in the ion—surface
interactions and thereby in the nanorheological properties. In
the present work, the confining surface, mica, becomes
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negatively charged in contact with the IL, and hence,
electrostatic interactions between the IL and the surface are
expected to influence the results. Extension of these studies to
other dielectric surfaces (e.g, neutral, positively charged, or
different chemical compositions) will provide insight into the
role of ion—surface interactions on the nanorheological behavior
of confined ILs. For electrochemical applications, studying the
effect of a surface potential applied to metallic confining surfaces
will be necessary. Furthermore, this work has focused on the
one-dimensional confinement of several ILs, while the confine-
ment in the nanopores of electrodes can also be two- and three-
dimensional, and hence, additional confinement effects on the
nanorheology of ILs are waiting to be unveiled.
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