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ABSTRACT: Careful measurements of the dynamic response of the room -temperature ionic liquid
(RTIL) trioctylmethylammonium bis(trifluoromethanesulfonyl)imide reveal that it exhibits actually a
(low-frequency) solid-like response when solicited at the submillimeter scale with a low shear strain.
The solid-like response is measured away from the glass transition (at around 100 °C above Tg),
ruling out reminiscent transitional effects but suggesting that the dynamic properties of the RTIL are b6

governed by long-range elastic intermolecular interactions.

SECTION: Glasses, Colloids, Polymers, and Soft Matter

Room-temperature ionic liquids (RTILs) consist of a bulky
organic cation and an organic or inorganic anion. Their
remarkably low melting point is mainly due to the symmetry
breaking structure of the cations."” Because they gather ionic,
van der Waals, hydrogen bonding, and electrostatic inter-
actions, their properties such as low vapor pressure,’ 6good
thermal and electrochemical stabilities,” low flash point,” and
low flammability” make them unique. The infinite combination
of anions and cations makes them also versatile. As a result, in
less than a decade, RTILs have emerged as a new and
alternative class of finely chemically tunable molecules suitable
for a wide range of applications of advanced materials for
catalysis, synthesis,”® and lubrication.'® They are also
considered as potential electrolytes for very stringent
specification electrochemical devices such as lithium bat-
teries.”' "> A better understanding of their physical properties
is required to highlight the genuine potential of RTILs and the
prospect for their future applications. A major drawback of
RTILs, when used as electrolytes, is the often noticed high
viscosity, which directly affects the conductivity.”'*~'° Indeed,
RTILs have shown aggregation in the liquid state,"*'” which
increases with the aliphatic group chain length.lé’ls_23
Recently, it was shown, by measuring viscoelastic properties
by ultrasonic spectroscopy, that is, in the MHz frequency range,
that for long alkyl chains, RTILs no longer behave as
Newtonian liquids but instead as interconnected structures.**
Herein, we report on the low-frequency dynamic relaxation
behavior of a standard ionic liquid, the trioctylmethylammo-
nium bis(trifluoromethanesulfonyl)imide, that is examined at
large time scales (Hz) as close as possible to its equilibrium
state. We reveal that this ionic liquid is not viscous but displays
a macroscopic solid-like response even 100° C above the glass
transition. This experimental result is obtained by analyzing the
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behavior of the ionic liquid to a low shear strain stress
solicitation. In this experiment, the boundary conditions are
optimized between the sample and the substrate, whereby the
strain is applied and the stress is transmitted.”>>’

We trust that the identification of solid-like correlations in
RTILs, which imply collective elastic intermolecular inter-
actions and long relaxation time scales,”® will trigger new
debates on the origin of their exceptional properties.

Material. The trioctylmethylammonium bis-
(trifluoromethanesulfonyl)imide (TOMA-TFSI) was purchased
from IOLITEC and was used without further purification. It
corresponds to the chemical formula shown in Figure 1. The
glass transition temperature was measured by DSC and was
—90 °C.

Figure 1. Chemical formula of TOMA-TFSL
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Figure 2. (Left) The input sinusoidal wave corresponds to the imposed strain amplitude (green A), and the ouptut sinusoidal wave corresponds to
the measured torque (orange O) at 22 °C, 7, = 1%, a 90 um gap thickness, and a 40 mm diameter. (Right) Dynamic relaxation spectrum displaying
the elastic G'(w) (red @) and viscous G”(@) (blue O) moduli of TOMA-TESI at 22 °C, y, = 1%, 90 um gap thickness, and 40 mm diameter.
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Figure 3. Elastic G'(w) (red @) and viscous G"(w) (blue O) moduli as a function of the strain amplitude at 1 rad/s and 90 ym gap thickness. The
increasing level of deformation induces a transition from a solid-like (low strain amplitude) to a viscous-like behavior (large strain amplitude). The
upper right satellite displays G’ (red ®) and G” (blue O) at ¥, = 2000%. The viscous modulus G” obeys the w-scale law, with the slope giving the
viscosity. The viscous-like behavior is also illustrated by the out-of-phase torque (orange O) signal versus the strain signal (green A) (lower right

satellite). The phase shift Ag is close to 90°.

Dynamic Relaxation Measurements. Prior to experiment,
TOMA-TFSI was vacuum-dried at room temperature to get
rid of residual water and microbubbles that are detrimental for
the quality of the measurement. The experiment was then
performed under an argon atmosphere. The sample was placed
in the gap between two coaxial disk-like fixtures (40 mm
diameter). The zero gap was set by contact without the sample.
The error was positive and less than 0.005 mm. The sample was
probed at room temperature (22 °C, i.e.,, 112 °C above to the
glass transition) in the low-frequency domain (typically from
0.1 up to 100 rad/s). We used small-amplitude oscillatory shear
and improved boundary conditions between the sample and the
substrate.”® The strong interaction was satisfied by using
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alumina surfaces where the wetting of the sample was total.
This allowed one to avoid the slipping at the liquid/substrate
boundary to optimize the transmission of the imposed
deformation from the surface to the sample.

A shear strain of amplitude ¥, is transmitted to the sample by
imposing a sinusoidal motion of variable frequency (@) by
contact with one disk. The second disk is immobile and
coupled to a sensor to measure the stress transmitted by the
sample. Simultaneously, a voltmeter measures the voltage of the
motor imposing the oscillation, that is, the strain amplitude,
while another voltmeter measures the voltage associated to the
sensor, that is, the torque. This setup allows the simultaneous
measurement of the shear strain and the shear stress signals.

dx.doi.org/10.1021/jz401938y | J. Phys. Chem. Lett. 2013, 4, 37753778
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The dynamic relaxation profile is determined using the
relationship 6(w) = Gyyysin(wt + Ag), where o(w) is the
shear stress, G, is the shear modulus, ¥, is the strain amplitude,
defined as the ratio of the displacement to the sample thickness,
and Ag is the phase shift between the input and the output
waves. This equation can be also expressed in terms of shear
elastic (G) and viscous (G”) moduli, 6(w) = y,(G' (@) sin(wt)
+ G"(w) cos(wt)), with G’ as the component in phase with the
strain and G” as the out-of-phase component.

Figure 2(left) displays the input sin strain wave and the
output stress wave versus time of TOMA-TFESI at low strain
amplitude (y, = 1%), with a 90 ym gap thickness. Input and
output sin waves are nearly superimposed. The ionic liquid
responds instantaneously to the solicitation; this is the signature
of a solid-like response.

The dynamic relaxation spectrum showing the frequency
dependence of the elastic (G') and viscous (G”) moduli is
displayed in Figure 2(right). The shear modulus G’ is
significantly higher than the viscous modulus G”, and both
are weakly frequency-dependent in the explored frequency
range. This typical solid-like response is in agreement with the
in-phase stress output illustrated in Figure 2(left).

Strain Amplitude Effect. We analyze the effect of an increasing
deformation rate on the solid-like response of TOMA-TFSL
Figure 3. displays the evolution of G’ and G” as a function of
the strain amplitude y, at @ = 1 rad/s.

Figure 3 shows that up to ¥, = 2%, G’ is higher than G”,
almost independently of the strain amplitude defining the linear
domain of the solid-like response. Above ¥y, 2%, the
viscoelastic response is nonlinear; G’ becomes strongly strain-
dependent, while G” is much less affected. The sample exhibits
a predominant elastic response up to y, & 40%. Above y, =
40%, G" becomes significantly higher than G’; the viscous
contribution becomes predominant for high strain amplitude.
The strong lowering of the elastic contribution with the strain
amplitude gives rise to a flow behavior, as shown in the upper
right satellite of Figure 3. It follows that G” obeys the
conventional w-scaling behavior with a slope of 7 = 380 mPa-s,
which is in agreement with the tabulated values for similar
RTILs.'">" The lower right satellite displays the corresponding
input sin strain wave and the output torque wave, which are, as
expected, significantly out of phase. The 90° phase shift at high
strain amplitudes indicates the loss of the elastic component
and thus the recovery of a viscous behavior. Therefore, the
ionic liquid displays a flow behavior at high strain amplitude
only; it is plastic, characterized by a stress/strain threshold.

Sample Thickness Effect. Figure 4 displays the evolution of the
low-frequency shear elasticity measured at low strain amplitude
as a function of the sample thickness. (G') is the value of the
elastic modulus G’ averaged on the frequency plateau (0.2 up
to 10 rad/s). The solid-like behavior is reinforced at low sample
thicknesses and collapses by increasing the sample gap. For
larger thicknesses, the standard viscous behavior is recovered.
The thickness dependence of the moduli has been already
reported by different authors in different liquids and complex
fluids from glass-formers®”>° to liquid water.*® Similar
multiscale effects are well-known for foams,*! clays, or cement
pastes®> and might be here related to a scaling effect due to a
loss of the correlation range of intermolecular interactions.

The strength of the elasticity seems to be linked to the nature
of the intermolecular interactions (van der Waals, ionic,
Coulomb interactions, H-bond), which is a function of the
sample chemistry and molecular architecture.”® Indeed, the
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Figure 4. Average value (G’) of the elastic modulus G’ as a function of
the sample thickness. Above 220 pm, the elastic response is no longer
measurable; the viscous response is recovered.

elasticities measured for polypropylene glycol, ortho-terphenyl,
glycerol, water, and the RTIL 1-ethyl-3-methylimidazolium
bis(trifltuoromethylsulfonyl)imide [emim][Tf2N] were, respec-
tively, 250, 200, 40, 2, and 1 Pa. The elasticity measured for
[emim ][ Tf2N] was about 10 times lower than that for TOMA-
TESL The stronger TOMA-TESI elasticity is explained by the
strongest van der Waals intermolecular interactions involved for
TOMA-TESI, whose cation is grafted by three long alkyls
chains.

Solid-like shear elasticity has been highlighted at the
submillimetric scale by low-frequency mechanical solicitation
in the liquid phase (at room temperature) of the TOMA-TFSL
This macroscopic property can be revealed provided that the
liquid is solicited with small strain amplitudes and is strongly
anchored on the substrate. Both conditions are required to
enable the transmission of mechanical stress to the sample and
to keep the liquid close to a nonperturbed state (linear
conditions). We demonstrate that the ionic liquid displays a
standard flow behavior under perturbative conditions (obtained
by applying large strain amplitude oscillation) or at large
sample thicknesses. These particular conditions might explain
why the solid-like behavior is hardly detectable in conventional
experimental conditions (i.e., for gap thicknesses on the order
of 1 mm or more). In the present study, the thicknesses probed
(from 60 up to 220 pm) exceed greatly the molecular scale,
indicating that the shear elasticity is a macroscopic property
that cannot be related to surface-induced effects such as liquid
crystallinity (the coherence lenégth in the isotropic phase of
liquid crystals is around 200 A*).

The finite shear elasticity of RTILs*® shows that these
molecular liquids behave as yield stress fluids that flow up to a
critical shear strain/stress. Because the long-range elastic
correlations are related to long relaxation time scales, the role
of the shear elasticity has to be considered for a better
understanding of odd properties such as the non-Arrhenius
evolutions of the viscosity and conductivity with temperature,
the deviation from the Nernst—Einstein equation and the
variation of the Walden product recently ascribed to the
variation in the high-frequency shear modulus with lengthening
alkyl chain.>® The solid-like behavior, showing that the
aggregation state is not restricted to several molecular lengths
but extended to the macroscopic scale, calls for further

dx.doi.org/10.1021/jz401938y | J. Phys. Chem. Lett. 2013, 4, 37753778
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theoretical developments and simulations, taking into account
the wide panel of length and time scales. Therein, it is
interesting to emphasize that the ability of RTILs to form
strongly interconnected molecular interactions is evidenced
with at least 6 orders of magnitude separating the dynamics
probed by ultrasonic spectroscopy (MHz range)** from the
dynamic measurements reported here (Hz range).
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