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interface of ionic liquids studied by total internal
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The translational diffusion coefficients and isomerization reaction rates of N-(4-methoxybenzylidene)-4-
butylaniline (MBBA) dissolved in ionic liquids (ILs) were measured at the sapphire interface using total
internal reflection-transient grating (TIR-TG) spectroscopy. 1-Alkyl-3-methylimidazolium bis(trifluoro-
methylsulfonyllamides ([C,mim][NTf,]) were used as ILs with different alkyl chain lengths. The diffusion
coefficient of MBBA in the bulk did not monotonically decrease with an increase in the solvent viscosity,
and it was maximum in [Cgmim][NTf,]. Based on the radial distribution functions (RDFs) calculated from
molecular dynamics (MD) simulations, we interpreted that the non-monotonicity of diffusion was due to
the fact that MBBA behaves as an amphiphilic surfactant at the interfaces between the polar and
nonpolar domains of the ILs and diffuses selectively along the surfaces of the nonpolar domains. At the
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sapphire interface, the diffusion coefficient of MBBA was almost the same as that in the bulk, whereas
the isomerization reaction rate was significantly accelerated, irrespective of the alkyl chain length. The
DOI: 10.1039/d65sm00321d contact angle measurement revealed that MBBA was significantly concentrated near the sapphire

interface. The above experimental results were discussed in relation to the bulk and interfacial structures
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1. Introduction

Ionic liquids (ILs), defined as salts composed of cations and
anions with melting points lower than 100 °C, show nanoscale
phase separation into polar and nonpolar domains in the bulk
phase when the alkyl chains attached to ions are long."™ Owing
to the heterogeneous structure, the diffusion dynamics of
solute molecules show unique behaviour in ILs.*”” For example,
the diffusion of carbon monoxide (CO) is much faster
than predicted by the conventional Stokes-Einstein theory in
1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide
([C,mim][NTf,]). Furthermore, the deviation from the predic-
tion becomes larger as the alkyl chain length of the cation
increases.® However, the elongation of the alkyl chains per
cation using dicationic ionic liquids, where two charged groups
are connected by alkyl linkages, showed similar diffusion
dynamics to those in the corresponding monocationic ILs
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of ionic-liquid solutions of a liquid crystal molecule.

without alkyl linkage chains.® Therefore, the diffusion
dynamics are affected by the nanoscale construction.

In contrast to the heterogeneous bulk phase, ILs form
layered structures at the interface, as indicated by experimental
and computational studies.>> At the air-IL surface of
[C,mim][NTf,], a monolayer structure with the nonpolar part
protruding toward the surface was observed when the alkyl
chain of the cation was short, whereas a double-layer structure
was observed when the alkyl chain was long, as determined by
sum-frequency generation (SFG) spectroscopy.” Our research
group measured the thermal diffusivity at the air-IL surface of
[C,mim][NTf,] using interface-selective TG spectroscopy.'* The
results indicated that the thermal diffusivity at the surface was
lower than that in the bulk phase when the alkyl chain of the
cation was long, owing to the unique interfacial structure
described above. A similar surface specific structure is found
at the liquid-liquid interface of CCl,, with fewer gauche
defects than at the air-liquid interface owing to the solvo-
philic effect of CCl,.'° At electrode interfaces, multilayer
structures composed of cations and anions have been sug-
gested by X-ray and neutron reflectometry.'>'> Although
such interface specificity of diffusion is also expected for
the translational diffusion of molecules at the interface, to
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the best of our knowledge, no direct measurements have
been performed.

Liquid crystals (LCs) are mesophases between the solid and
liquid states, having liquid-like fluidity and crystal-like aniso-
tropy, and are basically composed of rod-shaped or disc-shaped
molecules. The bulk structures of LCs are well understood and
vary widely depending on the LC molecules, such as nematic,
smectic, and columnar phases."*™” Owing to orientational
anisotropy, several diffusion anisotropies in the LC phase
have been observed.'®?° For example, in the bulk of N-(4-
methoxybenzylidene)-4-butylaniline (MBBA), the ratio of the
self-diffusion coefficient parallel to the director D; to that
perpendicular to it D, is 1.3."° The diffusion anisotropy of
the solute molecule methyl red in the nematic phase of 4-
pentyl-4’-cyanobiphenyl (5CB) was also estimated to be D|/D |, =
1.5 using forced Rayleigh scattering.?® The interfacial structure
of LCs has also been investigated.>'>* For example, a smectic-
like double layer forms at the surface of nematic 5CB, whereas
surface-induced smectic multilayers with a much longer pene-
tration depth form at the surface of smectic 4-octyl-4'-
cyanobiphenyl (8CB).”*> Furthermore, atomic force microscopy
(AFM) studies revealed that isotropic MBBA forms a smectic-
like monolayer at the interface of silanated glass.>® Diffusion
coefficients at LC interfaces have been scarcely investigated.
There is a study in which the diffusion coefficient of a fluor-
escent molecule, AlexaFluor 647, was measured at the interface
between nematic 5CB and sapphire using single-molecule total
internal reflection fluorescence microscopy.>* This experiment
revealed that the diffusion coefficient at the interface also
exhibits anisotropy, and its degree is identical to that of the
self-diffusion coefficient of 5CB in the bulk phase.

The physicochemical properties and structures of ionic-
liquid solutions of a liquid crystal molecule are extremely
intriguing: heterogeneous and/or oriented? However, to the
best of our knowledge, previous research studies on the system
are limited and have mostly focused on their thermal proper-
ties and optical anisotropy.>®>>” Dan et al. reported that when
an Fe-based paramagnetic ionic liquid existed at several mol%
in MBBA, the phase transition from nematic to isotropic
changed from an entropic to an enthalpic activation barrier.
The main cause of the conversion was interpreted as a decrease
in the conformational entropy due to the suppression of out-of-
plane distortions of the benzene rings of MBBA by the IL. As
described above, the presence of ILs significantly affects LCs;
therefore, it is expected that unique anomalies will also appear
in the diffusion dynamics of LCs in ILs.

In this study, we investigated the translational diffusion and
isomerization reaction of MBBA in imidazolium-based ILs with
different alkyl chain lengths ([C,mim][NTf,]) using TG
spectroscopy.*® By total internal reflection (TIR) of the probe
light, we evaluated the translational dynamics at the solid-
liquid interface. The TG method has several advantages over
conventional techniques for estimating diffusion coefficients,
such as FCS, including high time-resolution, no requirement
for fluorescent probes, straightforward signal interpretation,
simultaneous estimation of diffusion coefficients and reaction
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rates, and ease of application at solid-liquid interfaces. The
principle of the measurement is as follows: at first, interference
fringes are generated by crossing two pump pulses within the
sample solution. The molecules on the interference fringe
undergo photoreactions to form a sinusoidal modulation of
the refractive index change, which behaves as a diffraction
grating. This modulation disappears due to molecular diffusion
processes and thermal reactions. The diffusion coefficients and
reaction rates can be evaluated by diffracting the probe beam
and observing the time evolution of the diffracted light inten-
sity (TG signal). In the case of interface-selective TG methods,
diffracted light is generated from the evanescent wave caused
by the TIR of the probe beam.?**' To reduce the constraints of
TIR, sapphire, with a refractive index of 1.77, was used as the
solid substrate because the critical angle of TIR depends on the
difference in the refractive indices of the surface materials. In
this system, the refractive index changes during the MBBA
isomerization from the trans- to cis-form, behaving as a species
grating, so that the TG signal indicates the diffusion of MBBA
and the isomerization reaction rate. We found that the diffu-
sion coefficient of MBBA in the bulk did not change mono-
tonically with viscosity and reached a maximum value at a
certain viscosity. In addition, the isomerization reaction of
MBBA was anomalously accelerated at the sapphire interface.
These anomalies are attributed to the unique structure of the
ionic-liquid solutions of MBBA as will be discussed later.

2. Methods

2.1. Materials

[C,mim][NTf,] (r = 3, 4, 6, 8, 10, and 12; Scheme 1) was
synthesized according to a previously reported method.** The
purity of the anion (> typically 99.6%) was confirmed by '°F
NMR spectroscopy (JEOL, JNM-ECA300). MBBA (Scheme 2) was
purchased from Sigma-Aldrich and used as received. After
purifying the ILs by drying under vacuum at 60 °C for at least
12 hours, the ionic-liquid solutions of MBBA (20 mol%) were
prepared by dissolving MBBA into the ILs for 10 min at 60 °C
under vacuum. Hereafter, we abbreviate the solution of MBBA
in [C,,mim][NTf,] as IL,LC. Although we attempted to prepare
IL,LC using the same procedure, MBBA did not completely
dissolve into [C,mim][NTf,].

2.2. TG spectroscopy for the bulk

The experimental setup of the TG method for the bulk phase
has been described elsewhere.® Briefly, the third harmonic
output from a pulsed Nd:YAG laser (Continuum, Minilite,
Jpump = 355 nm) was used for the excitation pulse. The pulse
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Scheme 1 Chemical formulas of [C,mim]* and [NTf,]".
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Scheme 2 Photoisomerization reaction of MBBA.

was split into two with a beam splitter and simultaneously
introduced into the sample (the solution in a 1 cm path length
quartz cell) at an angle 0. The continuous-wave (CW) output of a
633-nm He-Ne laser (LASOS, LGK-7654-8) was then introduced
into the sample at a Bragg diffraction angle. The diffracted light
(TG signal) was detected using a photomultiplier, transferred
to an oscilloscope (Keysight Technologies, DSOX 2014A),
and integrated over 2° times to reduce noise. The repetition
frequency of the excitation pulse was 0.2 Hz. The grating
wavenumber g was determined by the decay rate kg, of the
thermal-grating signal from the bulk methanol solution of
bromocresol purple using the following equation:

ki = Dng® (1)

where Dy, is the thermal diffusivity of methanol. All measure-
ments were performed at room temperature (298 K).

2.3. Total internal reflection-TG (TIR-TG) spectroscopy for the
interface

The experimental setup of the TIR-TG method for the solid-
liquid interface was constructed referring to previously
described methods.?**" The sample solution was poured inside
an O-ring placed on an optical parallel and covered by a
sapphire trapezoidal prism (Fig. 1). Two pump pulses
(355 nm) were simultaneously introduced into the sample from
the top. The TG signal was detected by diffraction of the CW
output of a 642-nm diode laser (Spectra-Physics, Excelsior)
introduced into the side of a sapphire prism to satisfy the
TIR conditions (Fig. 1). Under the TIR conditions, the

Pump pulses

TIR-TG signal
from the interface
>

Probe beam ,,/

O-ring

Sample
Optical parallel

V4

Fig. 1 Optical setup for the TIR-TG method.
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penetration depth of the probe beam, d, is given by the
following equation:

_ Aprobe
u 2m/n sin’ 0; — n)2 @
where /b is the wavelength of the probe beam, n; and n; are
the refractive indices of the solid and liquid, respectively, and 6;
is the incident angle of the probe beam. In this work, the
refractive index of the sapphire was ns = 1.77, and the incident
angle was 0; = 76°. The amplitude of the probe beam decayed as

E = Ej exp (—i) (3)
dy
Considering that the intensity of the diffracted light is propor-
tional to the probe beam intensity, the TIR-TG signal can
monitor the averaged molecular dynamics from the interface
to half of the penetration depth d,/2. The TIR-TG signal was
detected by a photomultiplier and transferred to an oscillo-
scope (Keysight Technologies, DSOX 2022A) and integrated
more than 2° times to reduce noise. The repetition frequency
of the excitation pulse was set to 0.2 Hz. The other measure-
ment conditions were the same as those for the bulk samples.
The water content of the sample solution was determined using
Karl-Fischer titration (Kyoto Electronics Manufacturing Co.
Ltd., MKC-501) after the TIR-TG measurement (Table S2).

2.4. Density, viscosity, refractive index, surface tension, and
contact angle measurements

The density was measured using a densitometer (Anton Paar,
DMA 4100M). Viscosity measurements were conducted using a
DV-II + Pro (BROOKFIELD). The refractive index np was mea-
sured by an Abbe refractometer (Atago Co., Ltd, NAR-1T). The
surface tension and contact angle on the sapphire were mea-
sured using a contact angle meter (Kyowa Interface Science,
DMs-401), according to previously reported procedures for IL/
solid interfaces.*® The sapphire prism used for the TIR-TG
measurements was used for the measurement. Prior to each
contact angle measurement, the bottom surface of the sapphire
prism was cleaned to remove contamination from droplets
used in previous trials by wiping several times with anhydrous
methanol, rinsing with the same solvent, and allowing the
residual solvent to evaporate using an air blower. 10 droplets
were measured for each sample, and then the values were
averaged.

2.5. Molecular dynamics (MD) simulations

The structure of the IL,LC (n = 4, 8, and 12) system was
calculated using molecular dynamics (MD) simulations. The
model of [C,,mim][NTf,] developed by Lopes et al. was utilized"
by scaling the charge to 0.8 times its original value. The
structure of MBBA was optimized using Gaussian16*
with the B3LYP functional and 6-31G(d) basis set. Then, it
was converted to the OPLS-AA force field using the
LigParGen webserver,>™” and the charges were rewritten to
restrained electrostatic potential (RESP) charges®® calculated by
AmberTools.**
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The initial structure was created using the Packmol
package.*® The IL,LC was inserted into an isotropic box with
a length of 10 nm to reproduce the experimental density (see
Table S4 for details). MD simulations were performed using the
GROMACS software.”’ The bond length was fixed using the
LINCS algorithm, and the electrostatic interaction was calcu-
lated using the particle mesh Ewald (PME) method with a real-
space cutoff radius of 1.2 nm. The same cutoff radius was used
for Lennard-Jones interactions. First, the initial structure was
energy-minimized and untangled for 100 ps in the NVT ensem-
ble at 300 K. Second, after running for 5 ns in the NPT
ensemble at 500 K, it was annealed to 298 K over 5 ns. Finally,
equilibration was performed for 5 ns in the NPT ensemble at
298 K. The product run was simulated for 500 ns in the NPT
ensemble using the V-rescale method for temperature control
and the C-rescale method for pressure control, and the trajec-
tory was recorded every 5 ps. We extracted the last 450 ns of the
product run and calculated the radial distribution function
(RDF) using the ANATRA package.** The diffusion coefficients
were calculated from the mean square displacements (MSDs).
Specifically, we divided the last 450 ns of the product run into
50 ns intervals, calculated the MSD for each interval, and
determined the diffusion coefficient by fitting a straight line
to the data between 10 ns and 20 ns at each interval.

3. Results

3.1. Physicochemical properties

The density and viscosity of IL,LCs are listed in Table S1. With
an increase in the alkyl chain length, the density decreased,
and the viscosity increased monotonically. The tendency was
consistent with the pure [C,mim][NTf,], but the density of the
IL,LC was approximately 6.6% lower for n = 4, 4.4% lower for
n =8, and 3.7% lower for n = 12.** In contrast, the viscosity of
the IL,LC was approximately 27% higher for n = 4, 14% higher
for n = 8, and 11% higher for n = 12 than that of the pure
ILs.**™*® The origins are discussed in Section 4.1. The refractive
index np is listed in Table S2. From eqn (3), half of the
penetration depth d,/2 was 56 nm for IL,LC (n = 4 and 8) and
58 nm for IL;,LC. The surface tension and contact angle on the
sapphire are summarized in Table S3. As shown in Fig. 2, the
contact angle decreased monotonically with the alkyl chain
length.

3.2. TG signals from the bulk

The TG signals from the bulk were measured for all IL,LCs.
Fig. 3(A) shows a typical TG signal obtained from IL,LC at ¢* =
1.4 um~>. The shapes of the TG signals were similar for all
IL,LCs. Under the assumptions that there is no significant
difference in the diffusion coefficients of trans- and cis-form of
MBBA and that no contribution of absorption at the probing
wavelength, the TG signal was fitted by the following
equation:*°

Irg(t) = of3n exp(~k0)J (4)
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Fig. 2 Plots of the contact angle on the sapphire against the alkyl chain
length.
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Fig. 3 Typical (A) TG signal at g> = 1.4 um~2 and (B) TIR-TG signal at g =
0.84 pm~2 from IL4LC. The intensity of these signals is normalized at t =
0.25 ms.

where « is a proportional constant, én is the refractive index
change, and k™ is the decay rate constant of species grating,
respectively. The superscript (b) denotes the value in the bulk
phase. The fitting accuracy was kX = 44.3 + 0.1 s~ for the
signal in Fig. 3(A), as an example. By changing the crossing
angle 0 of the pump pulses, TG signals were obtained at various
grating wavenumbers ¢* (= 4 sin(60/2)/Apump). The decay rate
constants kK were plotted against g2 (> plot) as shown in Fig. 4
and Fig. S1. The decay of the TG signal was theoretically
attributed to the diffusion and isomerization reaction of MBBA,
and the diffusion coefficient was determined using the follow-
ing relationship:

K = D + 1) )

where D® is the diffusion coefficient of MBBA and kgi) is the
isomerization reaction rate in Scheme 2, respectively. Since kgg)

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Plots of the decay rate constants k) against g2 for IL,LC (n = 4, 8,
and 12). Plots for the other IL,LCs (n = 3, 6, and 10) are shown in Fig. S1.

is sufficiently small compared to the decay of the TG signal,*

k(cli) was treated as zero. As shown in Table S1, the diffusion
coefficient of MBBA did not decrease monotonically with the
alkyl chain length and reached its maximum value in ILsLC.

3.3. TIR-TG signals from the interface

The TIR-TG signals from the sapphire interface were measured
for the IL,LCs (n = 4, 6, 8, and 12). Fig. 3(B) shows the typical
TIR-TG signal obtained from IL,LC at ¢* = 0.84 pm®. The shape
of the TIR-TG signal was different from that of the TG signal,
and the shapes were similar for the other IL,LCs. The TIR-TG
signal was simulated using the following equation:

Ing(t) = a[dneexp(—ket) + dngexp(—kst) + dnexp(—kV)*  (6)

where k¢ and k& are the additional decay rate constants, and .
is the decay rate constant corresponding to the diffusion
component of MBBA, respectively. The superscript (i) denotes
the value at the interface. The fitting accuracy was k¢ = (3.06 +
0.02) x 10> s, kg = (1.72 + 0.01) x 10*s %, and k¥ =39.8 + 0.2
s~' for the signal in Fig. 3(B), as an example. The ¢* plots of k¢
and kg are shown in Fig. S2 and S3. As shown in the figures, k¢
and k, were found to be independent of g*. These components,
independent of ¢, also appear when measuring solutes requir-
ing consideration of back reactions, such as spiropyran and
benzophenone.” Furthermore, similar ones have been reported
at the interface between sapphire and organic solvents and
have been interpreted as interface specific interactions between
MBBA molecules.®® Although the accurate assignments of k;
and ks were unclear only from this measurement, since all
observed components were fitted, the influence of these addi-
tional components onto k) was almost negligible.

The diffusion coefficient and the isomerization reaction
rate at the interface were determined from the following
relationship:*°

k(‘) = D(l)qz + kE:lt) (7)

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Plots of the decay rate constants k" against g for IL,LC (n = 4, 6, 8,
and 12).

Fig. 5 shows the plot of k9 against ¢°. In contrast to the g> plot
for the bulk phase, non-negligible interceptions appeared. This
indicates that the isomerization of MBBA was accelerated at the
sapphire interface. Table S2 summarizes the diffusion coeffi-
cient DY and reaction rate k) obtained from eqn (7). Similarly
to D®, 1 and k) did not change monotonically with the alkyl
chain length.

3.4. RDF calculated by MD simulations

The densities obtained from the MD simulations and their
relative deviations from the experimental values are listed in
Table S5. The simulated densities show good coincidence,
although they are slightly higher than the real values. Fig. S4
shows the snapshots of MD simulations. Following the method
reported by Lopes et al., we color-coded the polar and nonpolar
regions of the ILs (red and green, respectively).! MBBA is
indicated in blue.

Fig. 6 shows the atom-atom RDFs based on the N atom
on the Schiff base of MBBA with the N atom of the imidazolium
ring attached to the methyl group, the terminal C atom of
the cation, the N atom of the NTf, anion, and the N atom of
MBBA itself. As shown in the figure, the RDFs between
the N atoms showed no significant difference between the
cations with different alkyl chain lengths. However, while no
significant dependence was observed on the first peak of the
RDF for the terminal C atom of the cation, the second
peak appeared at approximately 9 A as the alkyl chain
length increased. Fig. 7 shows the atom-atom RDFs based on
the terminal C atom of the butyl group of MBBA. The RDFs with
the N atoms in the imidazolium ring and the N atom of the
anion were not dependent on the alkyl chain length of the
cation.

Table S6 shows the diffusion coefficients of MBBA, cations,
and anions calculated from the MD simulations. It has been
theoretically proved that the diffusion coefficient calculated
from MD simulations is affected by the box size.*” Therefore,
Table S6 also shows the diffusion coefficients of MBBA
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Fig. 6 Atom-atom RDFs based on the N atom of Schiff base of MBBA for
the N atom of the imidazolium ring attached to the methyl group (N,,,), the
terminal C atom of the alkyl chain on ILs (Cy), the N atom of the NTf, anion
(NnTe2), and the N atom of the Schiff base of MBBA (Nmgga)-

corrected for the effect of box size using viscosity. The box size
for each system was 9.75 nm for IL,LC, 9.82 nm for ILgLC,
and 9.84 nm for IL;,LC. Viscosity values were approximated
using experimental data. However, the corrected diffusion
coefficient of MBBA was one order of magnitude smaller than
the experimental and did not reproduce the
experimental trend.

values
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Fig. 7 Atom-atom RDFs based on the terminal C atom of the butyl chain
on MBBA for the N atom of the imidazolium ring attached to the methyl
group (Njm), the terminal C atom of the alkyl chain on ILs (C+), the N atom
of the NTf, anion (Nytr2), and the terminal C atom of the butyl chain on
MBBA (Ct_mgga)-

4. Discussion

4.1. Correlation of diffusion coefficient with viscosity

First, we discuss the viscosity and density of the IL,LC system.
It has been reported that increases in the viscosity of pure ILs
with elongation of the alkyl chain length are mainly due to
van der Waals interactions, hydrogen bonding interactions,

This journal is © The Royal Society of Chemistry 2026
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molecular weight, and chain tangling.***° However, the visc-
osity of IL,LC was higher than that of pure [C,mim][NTf,], even
though the molecular weight of MBBA (267.4 ¢ mol ') is lower
than that of [C;mim][NTf,] (405.4 ¢ mol™"). This is probably
due to the enhancement of the intermolecular interactions
between ions and/or liquid crystals resulting from the addition
of MBBA, a molecule with a dipole moment. On the other hand,
the lower density of IL,LC is mainly due to the fact that the
density of MBBA (1.049 g cm?) is lower than that of the pure
ILs; the alkyl chain dependence likely follows the same mecha-
nism as in pure ILs, where packing efficiency decreases as the
alkyl chain length increases.***

According to the Stokes-Einstein relation (D = kzT/Cnry), the
diffusion coefficient monotonically decreases with increasing
viscosity 7. Here kg is the Boltzmann constant, T is the absolute
temperature, C is the constant depending on the boundary
constant, and r is the molecular radius, respectively. However,
as shown in Fig. 8, D® showed a maximum value in ILsLC. This
non-monotonicity can be explained by the orientation of the
MBBA molecules in ILs. As mentioned in the introduction, as
the alkyl chain length of the cation increases, continuous
polar and nonpolar domains develop in the bulk." Because
[C,mim][NTf,] is almost a homogeneous solvent,’® MBBA sim-
ply aggregates and homogeneously diffuses. However, as the
alkyl chain length increased beyond that of a hexyl group, local
domain structures are developed.*® As shown in Fig. 6, because
the RDFs between the N atom of MBBA and the N atoms of the
imidazolium ring and of the NTf, anion did not depend on the
alkyl chain length, the Schiff base and benzene ring of MBBA
were selectively oriented toward the polar domain. Further-
more, because the RDFs between the terminal C atom of the
MBBA butyl group and the terminal C atom of the cation are
similar for ILgLC and IL;,LC, the butyl group selectively dis-
solves in the nonpolar domain. In other words, MBBA orients at
the interface between polar and nonpolar domains and behaves
like an amphiphilic surfactant for these domains. Therefore,
the faster diffusion of MBBA in IL¢LC than in IL,LC is probably
attributed to the selective diffusion of MBBA along surfaces on
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the polar domains. With alkyl chains longer than the hexyl
group, the diffusion coefficient may have decreased owing to
the viscosity. In addition, as shown in Fig. 6 and 7, the MBBA
molecules are oriented such that their Schiff bases and term-
inal C atoms align with one another, similar to a liquid crystal.
Hence, the fact that MBBA is dissolved at 20 mol% is one of the
key points in understanding the behavior of the system.

The diffusion coefficient of MBBA calculated from the MD
simulations, as shown in Table S6, did not reproduce the trend
shown in Fig. 8. This discrepancy is probably due to an over-
estimation of solvent-solute or solute-solute interactions. It is
known that force fields with fixed point charges in MD simula-
tions tend to underestimate diffusivity in ionic liquids.>* An
improved treatment of electrostatic interactions that accounts
for polarizability®® may be essential to reproduce the experi-
mentally observed trends, including quantitative agreement.

4.2. Comparison of diffusion coefficients at the interface and
in the bulk

Fig. 9 shows the ratio of the diffusion coefficient at the interface
to that in the bulk against alkyl chain length n. The ratio D/
D®) was almost 1.0, regardless of the alkyl chain lengths. The
result may be attributed to the probing depth of the evanescent
wave. As shown in eqn (2), the evanescent wave decays expo-
nentially from the boundary (z = 0) in the normal direction.
Therefore, since we evaluated the diffusion coefficient not only
on the boundary but also slightly offshore, no significant
difference could be observed between DY and D). In other
words, the blurring of the interfacial nature of the diffusion
coefficient was due to the limitations of the experimental
method.

4.3. Acceleration of the reaction rate at the interface

The isomerization reaction rate k%) probed by TIR was larger
than that in the bulk. Similar experimental results, in which
reaction rates (e.g., radical generation, fluorescence lifetime,
and dimerization processes) accelerate at the interface, have
also been reported in studies using spectroscopic techniques

1.6 14
141 % i J4s
— 12 “\ 4"
a s 238 =1
% - B 10 ;
= 1o—-§.£-§ =
Q “‘ . 7]
| —48 4
0.8 b
i Jde
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alkyl chain length

Fig. 9 Plots of DY/D® (red) and kY (blue) against alkyl chain length n of
IL,LC.
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other than TIR-TG.>*”*° In all IL,LCs measured by TIR-TG, the
reaction rate accelerated at the interface, suggesting that the
sapphire surface might catalyze the isomerization of MBBA. If
the sapphire surface acts as a catalyst, the isomerization reac-
tion should be accelerated in all solvents, including conven-
tional organic solvents. However, Terazima’s research group
reported no acceleration of the MBBA reaction at the sapphire
interfaces in acetonitrile, hexane, and acetone.®® Therefore, we
interpreted that the acceleration was attributed to the inter-
facial structure inherent to IL,LC. Based on the results of the
contact angle measurements, we can propose a rough picture of
the interfacial structure. As shown in Fig. 2, the contact angle
was significantly affected by the addition of MBBA, despite its
molar ratio being only 20 mol%. Ignoring the nonlinear effects
of mixing, the effective molar fraction of the contact angle,
estimated from the angles of pure ILs and MBBA, was approxi-
mately 0.44 for IL,LC, 0.66 for ILgLC, and 0.80 for IL;,LC. That
is, MBBA may be significantly concentrated near the sapphire
interface; the longer the alkyl chain, the greater the effect. This
is probably the main cause of acceleration. In other words, for
IL,LC, the interfacial structure is dominated by ILs, whereas for
IL,,LC, it is dominated by MBBA, that is, the liquid crystal
properties. The switching of the interface structure may appear
as a non-monotonic acceleration, as shown in Fig. 9.

Although the specific interface structure is unclear only
from the present measurement, AFM measurements revealed
that isotropic MBBA strongly adsorbs onto silanated glass
substrates and forms a monolayer-like smectic phase.”® In
addition, as mentioned in the introduction, ILs form ordered
multilayer structures at the solid-liquid interface.'™"'* Hence, a
similar ordered structure is expected at the sapphire interface
of IL,LC. Because the cis-form is bulkier and less orientable
than the ¢rans-form, the isomerization reaction rate is probably
accelerated.

5. Conclusions

We investigated the translational diffusion and isomerization
reaction of MBBA at the sapphire interface of IL,LC using TIR-
TG spectroscopy. In the bulk, the diffusion coefficient of MBBA
did not monotonically decrease with increasing viscosity,
reaching a maximum value in IL;LC. We interpreted this non-
monotonicity in diffusion as resulting from the fact that, based
on the RDFs calculated from MD simulations, MBBA behaves as
a surfactant at the interface between the polar and nonpolar
domains of the ILs and diffuses selectively along the surface.
The diffusion coefficient at the sapphire interface was almost
the same as that in the bulk, which was due to probing the
interfacial value using the evanescent wave. In contrast, the
isomerization reaction rate at the sapphire interface was signifi-
cantly accelerated. We interpreted that the acceleration was
caused by the unique interfacial structure of IL,LC and sap-
phire. The contact angle measurement suggested that MBBA
was significantly concentrated near the sapphire interface. The
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present study of ionic-liquid solutions of a liquid crystal
molecule will spice up solution chemistry.

In this study, the TIR-TG measurements were performed
only at the sapphire interface; replacing the sapphire substrate
with an electrode may significantly affect the isomerization
reaction rate. As mentioned in the introduction, ILs form ionic
multilayers at the electrode interface, and the structure is
sensitive to the electrode potential. In addition, MBBA exhibits
negative dielectric anisotropy, and its orientation changes
when an electric field is applied to it. Therefore, it would be
worthwhile from a physicochemical perspective to conduct the
TIR-TG measurement at the IL,LC/electrode interface.
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