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ABSTRACT

Non-equilibrium molecular dynamics (MD) simulation was performed on imidazolium-based
ionic liquids of two different alkyl chain lengths, and shear-rate dependent viscosity was evaluated.
Compared with the frequency-dependent linear shear viscosity determined by equilibrium MD
simulation, shear thinning occurs at the shear rate several times lower than that predicted by the
Cox-Merz rule. The deformation of structure factor was also evaluated as the function of shear
rate. The onset of the shear thinning corresponds to that of the nonlinearity in the deformation of
the charge-alternation mode in both ionic liquids, which is in harmony with the result of our
previous work that the shear relaxation of ionic liquid is mainly coupled to the structural relaxation
of the charge-alternation mode. In the presence of the polar-nonpolar domain structure
characteristic to ionic liquids with a long alkyl chain, in particular, the nonlinearity in the domain

mode begins within the Newtonian regime of shear viscosity.
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1. Introduction

Room-temperature ionic liquid (RTIL) is a class of liquid materials that have been studied
intensively for more than a decade. Although RTIL is composed solely of ions, it behaves as a
liquid even near the room temperature. Due to peculiar properties of RTIL such as high ionic
conductivity, high thermal and electrochemical stabilities, and low vapor pressure, it has found
many applications such as electrolytes for electrochemical devices and solvents for organic
synthesis.!?

Lubricant is one of the possible applications of RTIL.>*3¢ In elastohydrodynamic lubrication
regime where both the pressure and the shear rate at the contact point are high, shear thinning
occurs even in RTIL composed of low molecular-weight ions, and the information on the shear
thinning is essential to describe lubrication behavior.

Shear viscosity is defined through the response of shear stress to the shear flow. Shear stress
originates in the anisotropic deformation of the microscopic structure under shear. It behaves in
the Newtonian way when the liquid structure coupled to the shear stress deforms linearly, and the
shear thinning is expected when the response of the microscopic structure saturates. Therefore,
important points are what structure of liquid is coupled to the shear stress and how it behaves under
the shear flow.

In our previous works, we proposed a computational method to extract the coupling between the
microscopic structure and the shear stress from equilibrium molecular dynamics (MD) simulation.”
It was then applied to two imidazolium-based ionic liquids, 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide ([emim][TFSA]) and 1-methyl-3-octylimidazolium TFSA

(fomim][TFSA]).® The static structure factor of ionic liquids with a long alkyl chain, such as
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[omim][TFSA], is known to exhibit a prepeak in low-q region, reflecting the characteristic
mesoscopic structure composed of polar and nonpolar domains.”!%!! Since the domain structure
resembles mesoscopic structure of surfactant solutions that brings about their large structural
viscosity, it has been an interesting question how the domain structure of ionic liquids is related to
its shear viscosity.!? Contrary to the expectation, our previous work showed that the coupling
between the domain mode and the shear stress in [omim][TFSA] is rather small, and the shear
relaxation is dominated by the structural relaxation of the charge-alternation mode in both liquids.?
However, our previous works are limited to the coupling between the domain structure and the
shear stress in the linear regime, and the roles of the domain structure in nonlinear rheology are
yet to be resolved.

In this work, we apply non-equilibrium MD simulation to [emim][TFSA] and [omim][TFSA],
and evaluate the shear viscosity and the structural deformation under finite shear. In particular,
the relation between the nonlinear deformation of the domain structure and the shear thinning of

[omim][TFSA] is focused.

2. Computational methods

The systems we consider were two ionic liquids, [emim][TFSA] and [omim][TFSA], which
were described by united atom models.!3 In this model, the absolute values of the total charges on
an ion are scaled to be 0.8e, where e stands for the charge of a proton, in order to compensate the
retardation of the dynamics associated with the neglect of the electronic polarization. The sizes of

both systems were 1000 ion pairs. The simple shear was applied to the system under NVT
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ensemble with periodic boundary condition. The temperature of the systems was 353 K, and the
densities were fixed to the values at 1 atm determined in our previous work by means of NPT
ensemble MD simulation.® For each shear rate, a run of 10 ns length was performed to establish
steady state, followed by a production run of 100 ns length. All the simulation runs were
performed using GROMACS 2016.4 package.'* Other parameters of the simulation were the same

as the equilibrium MD simulation in our previous work.®

3.  Results and discussion
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Figure 1. Shear rate dependent shear viscosities (open circles) in this work are compared with the
magnitude of the frequency-dependent complex shear viscosities (solid curves). The results of

[emim][TFSA] and [omim][TFSA] are plotted with red and blue symbols, respectively.

The simple shear of the shear rate y was applied to xy-direction, that is, the flow vector is parallel
to the x-direction and its magnitude linearly depends on y, and the statistical average of the xy-

component of the pressure tensor, (ny)y, was evaluated, where (---); stands for the non-
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equilibrium average under shear of the shear rate y. The shear-rate dependent viscosity, n(y), was

defined as

(ny)}',
v (1)

n) =
and calculated as the function of y. The results of both ionic liquids are shown in Fig. 1.
Newtonian regimes are observed around y = 10 ps-!, and shear thinning is observed at higher
shear rates. Comparing [emim][TFSA]and [omim][TFSA], the Newtonian viscosity of the former
is lower, and the onset shear rate of the shear thinning of the former is higher than that of the latter.
The frequency-dependent complex shear viscosity, 77*(w), is related to the equilibrium time
correlation function of Py, as
1" (@) = 1l dt 6Py (t = 0)Py (D)), @)
where , kg, T, and V" are angular frequency, Boltzmann constant, absolute temperature and the
volume of the system, respectively, and <...>,, denotes the equilibrium ensemble average. The
zero-frequency limiting value of 7*(®) in principle corresponds to the zero-shear limiting value
of n(y), denoted as 7. In this work, 7*(w) of the two liquids are calculated from the time
correlation function (ny(t = O)ny(t)>eq obtained in the equilibrium MD simulation of our
previous work.?
Cox-Merz rule is an empirical rule that relates 7*(w) and n(y) as'>
n@) =" (@l aty= w. (3)
It was originally proposed on polymer melts and solutions, and it works well on these systems. In
Fig. 1, we plot [ * (w)| of both liquids together with () based on Cox-Merz rule. The horizontal

axes are w and y for the former and the latter, respectively, so that they agree with each other when

Cox-Merz rule holds.
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In both liquids, the low-frequency limiting values of |5 * (w)| are equal to (y) in the Newtonian

regime, which indicates that the values of 77 obtained by both equilibrium and non-equilibrium
MD simulations are consistent with each other. The onset shear rate of the shear thinning is several
times lower than that predicted by |n * ()|, which means the breakdown of Cox-Merz rule in these
two ionic liquids.

Comparing frequency-dependent linear viscosities, |n*(w)|, of [emim][TFSA] and
[omim][TFSA] at fixed angular frequency, although |1 * (w)| of the former is smaller than that of

the latter at @ < 0.1 ps’!, the relation is inverted at higher @. The higher |n* (w)| in the high-

frequency region means the larger plateau modulus of [emim][TFSA], which is ascribed to the
larger ionic density.'®!7 The similar inversion is also observed in 7(y) at y > 0.01 ps-!, which
suggests that the viscosity under high-shear rate reflects the strength of the instantaneous
intermolecular interaction rather than the relaxation dynamics of microscopic structures.

In recent works, we examined the validity of Cox-Merz rule in two representative low molecular-
weight liquids as the Lennard-Jones (LJ) liquid!® and liquid n-hexane.!® The latter follows Cox-
Merz rule whereas the former does not. The difference in the validity of Cox-Merz rule in these
liquids was ascribed to the difference in the microscopic structure that governs the slowest
viscoelastic relaxation. The shear relaxation in LJ liquid was assigned to the anisotropic shift of
the peak of the static structure factor, while that of liquid n-hexane was to the translation-
orientation coupling. Due to the sharp shape of the peak of the static structure factor, small amount
of the peak shift results in the deviation of the liquid structure from the equilibrium one, leading
to the strong nonlinearity in the shear stress. On the other hand, the distribution of molecular

orientation is broad, and its deviation from the equilibrium one requires high shear rate.
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We also studied the coupling between the microscopic structure and shear stress of
[emim][TFSA] and [omim][TFSA] by means of the cross-correlation analysis of equilibrium MD
simulation.® The analysis showed that the principal part of the shear viscosity of both ionic liquids
originates from the coupling with the charge-density mode. The charge-density modes of both
ionic liquids show sharply-peaked structure around 8 nm-!, which suggests the strong nonlinearity
of their deformation under shear. We hereafter examine the structure factors of both ionic liquids
under shear from our present non-equilibrium MD simulation.

The pv-part of the static structure factor under shear, )(("e)(q;)'/), is defined as

A7) = oy (@ou(@); (4)

where x and v are indexes for the groups of interaction sites, and the asterisk here indicates the
complex conjugate. The weighted number density of 1, denoted as p,(q), is given by

pu@ =X b, (5)
where b; and r; stand for the weighting factor and the position of the site j, respectively. In this
work, we employ as b; the X-ray scattering length in the low-g limit, which is proportional to the
number of electrons on the site ;.

Although the equilibrium static structure factor, )((e‘”(q) )((”e)(|q| ;v = 0), is isotropic, that is,

independent of the direction of the vector q, it becomes anisotropic under shear flow. The

orientational dependence of )((""’)(q;)’/) can be expanded over the spherical harmonics as

X8 (qy) = x% 0 (q V)+ X9, (q:7) +0(7), (6)

where g = |q|. The isotropic part, {7 W(q y), 1s equal to )((e‘” (q) in the low-shear limit, and the
deviation from the equilibrium structure is O(y?). The xy-component, )(,(C’;,Iegv(q ;¥), 1S proportional

to y in the low-shear limit, and other anisotropic components behave in nonlinear ways.
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Figure 2. The isotropic components of the anion-anion part of the structure factors, )(l(?(i) (@),
of (a) [emim][TFSA] and (b) [omim][TFSA]. The values of the shear rate are 104 ps! (red), 10-3
ps! (blue) and 102 ps! (green), respectively. The equilibrium static structure factors, y$(q),

taken from Ref. 8 are also plotted with black curves.

The equilibrium static structure factor, determined in our previous work,? is plotted in Fig. 2.
Only the anion-anion part, y{¢f(q), is shown here. A strong peak is observed around g = 8 nm!
in both ionic liquids, which is assigned to the charge-density mode, that is, the cation-anion charge
alternating structure. In addition, a prepeak is observed at ¢ =3 nm! in the case of [omim][TFSA],
which reflects the characteristic intermediate-range structure composed of polar and nonpolar
domains. The charge-alternation mode is characterized by the strongly negative cross-correlation
between the cationic and anionic groups accompanied with their positive self-correlations.??! On

the other hand, both the self- and cross-correlations of both ionic groups are positive at the prepeak.
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Therefore, the anion-anion part of the structure factor is positive at both the charge-density mode

and the prepeak.
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Figure 3. The xy-components of the anion-anion part of the structure factors, )(,(C’;?)AA(q;)‘/), of (a)
[emim][TFSA] and (b) [omim][TFSA]. The values of the shear rate are 10 ps'!' (red), 1073 ps’!

(blue) and 102 ps! (green), respectively.

The xy-components of the structure factor under shear, )(,({;,,e)A 4(q;7), at three different shear rates
are plotted in Fig. 3. In both ionic liquids, derivative-shaped structure is observed at the peak of
the static structure factor, 8 nm-!. It indicates the anisotropic shift of the charge-density mode, that
is, the peak shifts to lower-¢g along the extension axis of the shear deformation while it shifts to
higher-q along the compression axis. In the case of [omim][TFSA], a strong positive peak at 2.5
nm-!' and a weak basin at 4 nm! are also observed, which means that the prepeak of [omim][TFSA]

also shifts in the anisotropic way.
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The structural deformation increases with increasing the shear rate. It is theoretically expected
to behave linearly in the limit of y—0. Considering that the variation of the shear rate is of the two
orders of magnitude in Fig. 3, however, the increase in the structural deformation is much smaller
than the expectation of the linear response. Provided that the highest shear rate in Fig. 3, 10~ ps-
I, is within the shear thinning regime of the shear stress in both ionic liquids as is demonstrated in
Fig. 1, the nonlinearity in the structural deformation in Fig. 3 is consistent with that in the shear
stress.

The nonlinearity in the structural deformation is also observed in )(g‘;’) 44(q;y) shown in Fig. 2.
Since its variation is proportional to 2 in the low-shear limit, its deviation from the equilibrium
one, ¥ (q), indicates the nonlinear deformation. In both liquids, ¥ 44(q;¥) almost agrees
with &0 (q) at 7 = 10 ps'! where 1(}) behaves in the Newtonian way in Fig. 1. The broadening
and the decrease in the peak height are observed in both liquids at both peaks in the shear thinning
regime, as was reported on the main peak of simple atomic liquids.?

Comparing [emim][TFSA] and [omim][TFSA] in the same range of the shear rate, the
nonlinearity of the deformation of the charge-density mode at 8 nm'! is stronger in the latter, which
is clearly observed by comparing Figs. 3a and 3b. The stronger nonlinearity of [omim][TFSA] is
consistent with its lower onset shear rate shown in Fig. 1.

As is shown in both Figs. 2b and 3b, the nonlinearity in the deformation of the prepeak of
[omim][TFSA] is larger than that of the charge-density mode. Neutron quasielastic scattering
experiments?>?* and MD simulation® demonstrated that the relaxation of the intermediate
scattering function at the prepeak is much slower than that of the charge-density mode. We thus
consider that the stronger nonlinearity of the deformation of the prepeak is ascribed to its slower

dynamics.
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Figure 4. The xy-components of the anion-anion part of the structure factors, )(,(C’;?)AA(q;)’/), are
divided by the shear rate, y, and plotted as the functions of the shear rate. The function of
[emim][TFSA] averaged over 9.5 < ¢ < 10.0 nm'! is plotted with blue circles in panel (a), whereas
those of [omim][TFSA] averaged over 2.5 < ¢ <3.0 nm™' (green) and 9.0 < ¢ < 9.5 nm™! (blue) are
shown in panel (b). The shear-rate dependent viscosities, n(y), of the corresponding liquids are

plotted with red circles in both panels for comparison.

The nonlinearity in )(,(C’}’,?)A 4(q;y) of the two ionic liquids with respect to y is compared with that
of the shear stress in Fig. 4. The average of )(%‘,,6)14 4(q;y) in the g-range of 9.5-10.0 nm,
corresponding to the position of the negative peak in Fig. 3a, is employed as the measure of the
anisotropic shift of the charge-alternation mode of [emim][TFSA]. In the case of [omim][TFSA],
the g-ranges of 2.5-3.0 nm!' and 9.0-9.5 nm-! are used for the prepeak and the charge-alternation

(ne

mode, respectively. | Xxy, aa( @) |/)'/ is calculated as the function of y, and plotted together with n

(y) for comparison.
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In both liquids, | )(,(fy‘,e)A 2(qy) |/)'/ at the charge-alternation mode, plotted with blue circles, shows

a plateau in the low-shear region, and it decreases with y at higher shear rate. Compared with n
(¥), the onset shear rate of the nonlinearity in the deformation of the charge-alternation mode is
close to that of the shear thinning. Provided that the deformation of the charge-alternation mode
is strongly coupled to the shear stress as was demonstrated in our previous work,? the nonlinearity
in the shear stress is naturally ascribed to that in the deformation of the charge-alternation mode.

The decreases in | )(,(Z},,e)AA(q;]'/) |/]'/ of both liquids at the charge-alternation mode is stronger than
those of n(y) in the shear-thinning regime. We consider it is ascribed to the contribution of the
microscopic structures other than the charge-alternation mode to the shear stress. Although the
contribution of the charge-alternation mode decreases proportionally to | )(,(C’},?)AA(q;)'/) |/)'/, the
nonlinearity of other modes may be weaker, and its relative contribution to the shear stress can be
larger at higher y, leading to the weaker nonlinearity of the shear stress.

In Fig. 4b, | )(,(C’;,e)AA(q;)'/)V)'/ of [omim][TFSA] at the prepeak is a decreasing function of y, and
the plateau is not observed in the range of y studied in this work. In principle, )(,(CT;?)A 4(q;y) must
be proportional to y in the low-shear limit, and we consider that the plateau should appear in the
range of the shear rate lower than that studied in this work. Although we tried non-equilibrium
MD simulation of [omim][TFSA] at lower shear rate, we could not obtain statistically reliable
results because the absolute values of both shear stress and the structural deformation are small.

An important point on the deformation of the prepeak of [omim][TFSA] is that the shear stress
behaves in the Newtonian way at the shear rate where )(,%lf)A 4(q;y) at the prepeak exhibits
nonlinearity. It is in harmony with the result of our previous work that the coupling between the
domain structure and the shear stress is weak.® The nonlinearity in the deformation of the prepeak

hardly appear in n(y) because of the weak coupling. Since the coupling is weak but non-zero,
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weak shear thinning may be present at y < 10 ps’!, although we could not detect it within the

statistical uncertainty of our MD simulation.
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Figure 5. The xy-components of the anion-anion part of the structure factors, )(,(C’;_e)AA(q;)'/), of
[omim][TFSA] divided by the shear rate, y, (filled circles) are compared with the spectra of the
square of intermediate scattering functions, |I§12‘2 (q,w)| (solid curves). The formers are averaged
over 2.5 < ¢ < 3.0 nm™! (green) and 9.0 < g < 9.5 nm! (blue), whereas the latter functions are
plotted at the peaks of both modes, ¢ = 3.7 nm™! (green) and 8.1 nm™! (blue), respectively. Both

the blue and the green circles are identical to those in Fig. 4b.

The nonlinear response of the anisotropic parts of the structure factor of [omim][TFSA] at two
modes is compared with the dynamics of the intermediate scattering function in Fig. 5. Since the
equilibrium dynamics of the two-body density mode is proportional to the square of the
intermediate scattering function under the factorization approximation,® the comparison was

performed with the spectrum of the square of the intermediate scattering function defined as

oo . 1, 2
1Ba(qw) = [7dt e [5{pi (@t = 0)pa(@b),,| - %)
The absolute value of I} 4(q,w) was used in Fig. 5 based on the idea of the Cox-Merz rule. The

values at two wavenumbers, ¢ = 3.7 nm-!' and 8.1 nm™!, are chosen as the peak tops of the domain
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mode and the charge-density mode, respectively. The intermediate scattering functions are taken
from our previous work.® As is demonstrated in Fig. 5, the nonlinearity of the response of both
modes are stronger than that predicted from the equilibrium structural relaxation at the
corresponding modes.

Our theoretical work by means of interaction-site based mode-coupling theory demonstrated that
the presence of the domain structure increases the shear viscosity of ionic liquids in two different
ways.? The first one is the direct coupling, which is shown to be small in the present model of
[omim][TFSA]. The second one is that the domain dynamics is coupled to the structural relaxation
at the charge-alternation mode in a nonlinear way, which leads to the increase in the shear viscosity
through the retardation of the dynamics of the charge-alternation mode. Although we expected in
the beginning of this work that the nonlinear deformation of the domain structure may cause shear
thinning through the second indirect mechanism, our present MD simulation shows that the effects
of such a mechanism are rather weak. We consider it is because the nonlinearity in the isotropic
part is small at y < 10 ps’!, as is demonstrated in Fig. 2b.

Cosby and coworkers experimentally demonstrated the presence of a weak and slow relaxation
mode in linear viscoelasticity of some ionic liquids that was assigned to the relaxation of the
domain mode.?® The existence of the domain mode had already been predicted by our mode-
coupling theoretical calculation,? although it was not detected in our equilibrium MD simulation
within the statistical relevance.® We thus expect that weak shear thinning associated with the
nonlinear deformation of the domain structure may be detected by precise measurement of the
shear-rate dependent viscosity.

The structure factor under shear, )(,S?,e)(q;)'/), can be determined experimentally by measuring

small-angle X-ray or neutron scattering (abbreviated as “SAXS” or “SANS”, respectively) of a
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sample under shear. Such measurements, called “Rheo-SAXS” or “Rheo-SANS”,?” have been
applied to rheology of soft materials such as colloidal solutions, polymers, and surfactant systems.
The xy-component, )(,(C’;fﬁv(q;]V), is accessible by the irradiation of the incident beam in parallel to
the rotational axis in the case of Taylor-Couette flow, for instance. The shear thinning can also be
measured using conventional viscometer. Our present work suggests that the comparison between
)(,(C’;,,egv(q;]'/) and n(y) will give us information on the microscopic structure that governs shear

viscosity.

4. Summary

The shear-rate dependent viscosity and structural deformation of two ionic liquids,
[emim][TFSA] and [omim][TFSA], were evaluated by means of non-equilibrium MD simulation
as the functions of the shear rate. The transition between Newtonian and shear-thinning regimes
was observed in both ionic liquids. Compared with the frequency-dependent linear complex
viscosity, the onset shear rate of the shear thinning was several times lower than the prediction of
the Cox-Merz rule.

The deformation of the structure factor under shear was determined as the function of the shear
rate. The onset of the nonlinearity in the anisotropic shift of the charge-alternation mode
corresponded to that of the shear thinning in both ionic liquids, which was in harmony with our
previous equilibrium MD simulation that demonstrated the strong coupling between the charge-
alternation mode and the shear stress. The nonlinearity in the deformation of the domain structure

was scarcely reflected in the shear thinning, because its coupling with the shear stress was weak.
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