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Self-propelled motion controlled by ionic liquids

Er Hua,*® Jun Gao,? Yu Xu,® Muneyuki Matsuo (2 and Satoshi Nakata (2 *°

We studied the self-propulsion of a camphor disk floating on a water surface using two types of ionic
liquids (hexylammonium-trifluoroacetate (HHexam-TFA) and hexylethylenediaminium-trifluoroacetate
(HHexen-TFA)). Bifurcation between continuous, oscillatory, and no motion was observed depending on
the concentration of the ionic liquid. The bifurcation concentration between oscillatory and no motion
for HHexam-TFA was lower than that for HHexen-TFA. The different bifurcation concentrations are
discussed in relation to the surface tension and Fourier transform infrared spectra of the mixtures of

camphor and ionic liquids. These results suggest that the interaction between the ionic liquid molecules
at the air/water interface is weakened by the addition of camphor molecules and the features of self-

rsc.li/pccp

1. Introduction

Inanimate self-propelled objects have been investigated for
transferring materials or themselves in small spaces."™ There
are two types of driving forces. One is the electrophoresis or
bubbles produced from the surface of noble metals, such as a
nanorod and a Janus particle.”® The other one is the difference
in the interfacial tension around the object."*2° Most inanimate
self-propelled objects exhibit random or uni-directional motion
depending on the initial internal or external conditions, and the
direction and speed of motion are controlled by the external
field, e.g., electro-magnetic field.'”**>* In contrast, animate self-
propelled objects, such as bacteria, exhibit characteristic
features of motion while responding to the environment.”*
Introduction of nonlinearity into the inanimate self-propelled
system is one of the strategies to not only enhance the autonomy
but also induce characteristic features of motion."®>%>*8

On the other hand, ionic liquids (ILs) composed of anionic
and cationic parts have been investigated as solvents or
electrolytes.”®° The nature of the melting point, viscosity, and
electrical conductivity can be changed by the size of the polar
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propulsion vary due to the change in the driving force.

group, length of the alkyl chain, and anionic species.*" E. Hua
et al. previously reported the self-propulsion of a camphor disk
or a camphor boat on water or surfactant aqueous solutions
such as sodium dodecyl sulfate (SDS).’>*” In this paper, we
utilized ILs (hexylammonium-trifluoroacetate (HHexam-TFA)
and hexylethylenediaminium-trifluoroacetate (HHexen-TFA)) to
control the nature of self-propulsion from the viewpoint of the
nature of the solvent and surface activity.*>** The chemical
structures of the ILs are shown in Scheme 1. A camphor disk as
a self-propelled object was placed on an aqueous solution of
HHexam-TFA or HHexen-TFA. Mode bifurcation among contin-
uous motion, oscillatory motion, and no motion was observed as
a function of the IL concentration. The difference in the bifurca-
tion concentration between HHexam-TFA and HHexen-TFA is
discussed in relation to the surface tension, FTIR spectra, and
numerical calculations based on density functional theory (DFT)
with the B3LYP method and the 6-311G(d,p) basis set. These
results suggest that the characteristic features of motion can be
created based on the interaction between the source of self-
propulsion and ionic liquid molecules.

2. Experimental section

Protic ionic liquids HHexam-TFA (CgH;¢NO,F;) and HHexen-
TFA (C10H»;1N,0,F;) shown in Scheme 1 were synthesized based

HoN
CF3C00" H3N  _ A~~~
CF3C00~ HaN A _~\_~
3 2 o)
HHexam-TFA HHexen-TFA (+)-Camphor

Scheme 1 Chemical structures of the ionic liquids and camphor used in
this study.
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on the previous papers (see Fig. S1 and Table S1, ESIT).>>* The
purity of the protic ILs was identified by ">*C-NMR measurement
with a Bruker 400 MHz spectrometer and CHN elemental
analysis with a Vario EL instrument of Elementar Analysensys-
teme GmbH. (+)-Camphor (C;,H;¢0, purity >96%, CAS 76-22-2)
in Scheme 1 was purchased from Shanghai Macklin Biochemical
Technology Co., Ltd (Shanghai, China). Two types of ILs were
used, as shown in Scheme 1. A camphor disk (diameter: 6.0 mm,
thickness: 1.0 mm, and mass: ~ 30 mg) as a self-propelled object
was manufactured using a pellet die set for Fourier transform
infrared spectroscopy (inner diameter: 6 mm, depth: 15 mm). A
glass Petri dish (inner diameter: 120 mm; depth: 15 mm) was
used as the water chamber. The camphor disk was floated on the
aqueous phase, including HHexam-TFA or HHexen-TFA
(volume: 40 mL, depth: 4 mm). The water was purified using
an ultrapure water system (Ningbo Dansboton Environmental
Protection Technology Co., Ltd, Ningbo, China). At least, three
examinations were performed under each experimental condi-
tion to confirm the reproducibility of the results. The motion of
the camphor disk was monitored using a digital video camera
(Olympus, STYLUS XZ-2, Tokyo, Japan; minimum time resolu-
tion: 1/30 s) in an air-conditioned room at 298 + 2 K and then
analyzed using an image-processing system (Image], National
Institutes of Health, MD, USA). The surface tension at the air/
aqueous interface was measured using a Surface Tensiometer
(BZY-2; Shanghai Heng Ping Instrument Factory, Shanghai,
China). The FT-IR spectra of the ILs were measured using an
FT-IR spectrophotometer (FTIR-650, Tianjin GANGDONG SCI. &
TECH. Co., Ltd, Tianjin, China) at 298 + 2 K. The spectral
resolution was 1 cm ™" and the cumulative number was 100. The
intermolecular interaction energy of the IL-camphor was
obtained by the Gaussian 09W software package®* with DFT
calculations at the B3LYP/6-311G(d,p) level. Justification of the
DFT calculations is described in the ESIL.}

3. Results

First, we observed the self-propulsion of a camphor disk on
water at different concentrations of HHexam-TFA and HHexen-
TFA, as shown in Fig. 1 and 2. The camphor disk exhibited
continuous motion on water without IL (Fig. 1a and 2a). The
oscillatory motion between rest and motion was observed with
3 and 7 mM HHexam-TFA and HHexen-TFA, respectively (Fig.
1b, ¢ and 2b, c). The frequency of the oscillatory motion
decreased with an increase in the concentrations of HHexam-
TFA and HHexen-TFA (Fig. 1, 2 and Fig. S2a, ESIt). The
locations of the oscillatory motion were random for 3 and 7
mM HHexam-TFA and 3 mM HHexen-TFA (Fig. 1b1, b2 and c1).
In contrast, reciprocal oscillatory motion was observed in the
presence of 7 mM HHexen-TFA (Fig. 1c2). The concentration
dependencies of the maximum speed of motion for HHexam-
TFA and HHexen-TFA are shown in Fig. S2b (ESIf). The
Marangoni flow for the IL using a visualization particle was
observed (Movie S1, ESIt). The nature of Marangoni flow was
similar to that for SDS in the place of IL.
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(b1) 3 mM HHexam-TFA
D Ny »7 £

(€2) 7 mM HHexen-TFA

20 mm
Fig. 1 Trajectories on the center position of a camphor disk on (a) water
without additives, (b) HHexam-TFA, and (c) HHexen-TFA at t = 0—-20 min
(top view). The concentrations of the ILs were (1) 3 and (2) 7 mM. The time
interval of the center position was 1/30 s. The movies of motion in (a), (bl),
(b2), (c1), and (c2) are provided in ESIt as Movies S2, S3, S4, S5, and S6,
respectively.
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Fig. 2 Time variation of the speed for camphor motion on (a) water
without additives, (b) HHexam-TFA aqueous solution, and (c) HHexen-
TFA aqueous solution. The concentrations of the ILs were (1) 3 and (2)
7 mM. The data of (a), (bl), (b2), (c1), and (c2) in Fig. 2 correspond to those
in Fig. 1, respectively.

Fig. 3 shows a phase diagram of the self-propelled camphor
disk as a function of the concentration of HHexam-TFA or
HHexen-TFA in the aqueous phase, C;. Here, we considered no
motion when the speed of motion was less than 0.5 mm s~ .
Oscillatory motion was classified when the peak-to-peak ampli-
tude of the speed of oscillation was larger than 10 mm s~ ' and the
speed at the resting state was lower than 1 mm s~ . The bifurca-

tion concentration between the continuous and oscillatory
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Fig. 3 Phase diagram on the features of camphor motion depending on
the concentrations of HHexam-TFA (upper) and HHexen-TFA (lower), C;.
C, O, and N denote continuous, oscillatory, and no motion, respectively.
The dotted points in the phase diagram denote the examined
concentrations.

motions of HHexam-TFA (1-2 mM) was the same as that of
HHexen-TFA. In contrast, the bifurcation concentration between
the oscillatory motion and no motion for HHexam-TFA (10-11 mM)
was lower than that of HHexen-TFA (14-15 mM).

The measurement of the surface tension of the water phase
is important for clarifying the reason for the different bifurcation
diagrams between HHexam-TFA and HHexen-TFA. Because the
driving force in the present system is determined by the difference
in the surface tension around the camphor disk.”® Fig. 4 shows
the surface tension of HHexam-TFA or HHexen-TFA aqueous
solutions, y, mixed with or without camphor, depending on Cj.
Here, we selected 1 and 7 mM camphor as the concentration
regions for continuous and oscillatory motion, respectively (see
Fig. 3). y decreased monotonically with an increase in Cj;. With the
addition of camphor, y increased in comparison with that for
HHexen-TFA and HHexam-TFA only (Fig. 4a). In addition, y for
HHexen-TFA was higher than that for HHexam-TFA at 3 mM < Cj
< 15 mM. The lowest value of C; at y = 20 mN m ™' shifted to a
higher value with increasing camphor concentration. To clarify
the effect of camphor molecules on the bifurcation concentration
between oscillatory and no motion, the relationship between
the lowest value of C; and the camphor concentration at y =
20 mN m ! was plotted, as shown in Fig. S3 (ESIT).

FT-IR was used to evaluate the interaction between the IL
(HHexam-TFA or HHexen-TFA) and camphor at the functional
group level. IR spectra of camphor, HHexam-TFA, HHexen-TFA,
the mixture of HHexam-TFA and camphor, and that of HHexen-
TFA and camphor over the wavenumber range of 500-4000 cm !
are shown in Fig. S4 (ESIt). Table 1 shows the IR absorbance
peaks arising from the N-H stretching vibration mode for
HHexam-TFA and HHexen-TFA, and their mixtures with cam-
phor. Blue shifts in the N-H stretching vibration mode upon the
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Fig. 4 Surface tension of HHexen-TFA (filled circles) and HHexam-TFA
(empty circles) aqueous solutions, 7, mixed with (a) O, (b) 1, and (c) 7 mM
camphor depending on their concentrations, C;. Error bars represent the
standard deviation obtained from three examinations.
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Table 1 Wavenumbers of the IR absorbance peak arising from the N-H
stretching vibration mode for HHexam-TFA, HHexen-TFA, the mixture of
HHexam-TFA and camphor, and that of HHexam-TFA. The molar ratio of
IL and camphor was 1:1. The peak value was obtained from Fig. S4 (ESI)

Sample name Wavenumber of N-H stretching, #/cm ™"

HHexam-TFA 3046
HHexen-TFA 3362
HHexam-TFA + camphor 3444
HHexen-TFA + camphor 3466

addition of camphor were observed for both HHexam-TFA and
HHexen-TFA, and the degree of blue shift for HHexam-TFA was
larger than that for HHexen-TFA.

To understand the blue shift of the N-H group in the IL after
the addition of camphor, the interaction between the IL and
camphor was calculated. The configurations of the two ILs and
two ILs-one camphor molecule were individually optimized
at the B3LYP/6-311G(d,p) level of the DFT calculation, as
shown in Fig. S5 (ESIt). The intermolecular interaction energy
(AES>SE k] mol ) of the configurations of the two HHexam-TFA
molecules was lower than that of the two HHexen-TFA mole-
cules, as shown in Table 2. AEg>SE increased when a camphor
molecule was combined with the 2ILs, but AEg>"F for HHexam-
TFA with the addition of camphor was maintained at a lower
level than that for HHexen-TFA. Details of the DFT calculations
are described in ESL.{

4. Discussion

Based on the experimental results and related papers,'®2%*” we

discuss the mechanism of self-propelled motion of a camphor
disk floating in an aqueous phase with HHexen-TFA or
HHexam-TFA. The driving force of a camphor disk is the
difference in the surface tension around the disk as a one-
dimensional system, i.e., Ay =y, — Yer, Where 7y, and y.r are
the surface tensions at the left and right sides of camphor disk,
respectively.”® In addition, the difference in the surface tension
between near and apart from the camphor disk induces Mar-
angoni flow. The difference in the surface tension generally
induces Marangoni flow.>>*° We have reported Marangoni flow
in the camphor system.>**°™** Observation of Marangoni flow
in continuous motion suggests that the difference in the sur-
face tension around the camphor disk occurs as the driving
force of motion.

Continuous motion of both HHexen-TFA and HHexam-TFA
at C; < 1 mM suggests that the camphor disk successively
developed to the water surface from the disk to obtain

Table 2 Intermolecular interaction energies for the ILs with or without
camphor

Configurations AEGSE (k] mol ™)
(HHexam-TFA)-(HHexam-TFA) —78
(HHexen-TFA)-(HHexen-TFA) —63
2(HHexam-TFA)-camphor —17
2(HHexen-TFA)-camphor —12

This journal is © the Owner Societies 2024
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continuous driving force of motion (Fig. 1a, 2a, 3 and 4). In fact,
y at Cj < 1 mM was greater than or equal to that of the
saturated camphor aqueous solution (~ 55mN m™'). The
initial direction of motion of the camphor disk is determined
by the asymmetric floating state of the disk on the aqueous
phase. If the camphor disk starts continuous motion, the
difference in the surface tension around the disk remains,
and therefore continuous motion is maintained, as indicated
in Fig. 2a.%°

In contrast, no motion was observed at C;; > 11 mM for
HHexam-TFA or C; > 15 mM for HHexen-TFA (Fig. 3), suggesting
that the camphor disk could not obtain the driving force of
motion. In these concentration ranges, y is significantly lower
than that of the saturated camphor aqueous solution, ie., y <
20 mN m~ ', Marangoni flow is suppressed by the IL molecular
layer. Actually, Marangoni flow was not observed in the range of
no motion.

Fig. 5 shows the schematic illustration of (a) the interaction
between HHexen-TFA molecules and the effect of the addition
of camphor molecules at the air-aqueous interface and (b) the
mechanism of oscillatory motion. The effect of IL on self-
propulsion of a camphor disk is clearly different from that of
a surfactant, such as SDS.2° That is, the surface tension of the
mixture of SDS and camphor reduces the surface tension rather
than that of SDS or camphor only, and therefore the driving
force of oscillatory motion is due to the decrease in the surface
tension of the mixture. In contrast, the surface tension of the
mixture of IL and camphor increases the surface tension rather
than that of IL only (Fig. 4 and 5a), therefore the driving force of
oscillatory motion is due to the increase in the surface tension
of the mixture. In other words, oscillatory motion of the IL-
camphor system is generated by the recovery to the surface
tension of pure water.

In the IL concentration range (2 < C; < 10 mM for
HHexam-TFA or 2 < Cj < 14 mM for HHexen-TFA) of oscilla-
tory motion, y without camphor was lower than that of the
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Fig. 5 Schematic illustration of (a) suggested interaction between

HHexen-TFA molecules (al) and the effect of the addition of camphor
(a2) at the air—aqueous interface and (b) oscillatory motion of a camphor
disk between state |, rest (b1), and state Il, motion (b2).
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saturated camphor aqueous solution (~7 mM), that is, 20 < y
< 55 mN m™ " (Fig. 1b, ¢, 2b, c, 3 and 4). Fig. 4 suggests that
camphor molecules are easily localized at the air/aqueous
interface rather than IL. Camphor molecules are dissolved into
the aqueous phase, resulting in the formation of aggregates by
the IL with an increase in IL concentration (Fig. 5a). Although
similar oscillatory motion was observed in other already
reported systems,'®2%?” the following different mechanism is
suggested due to the effect of the IL.

During the resting state, the disk is suppressed by the lower
surface tension of the IL than that of camphor, ie, an IL
molecular layer exists around the disk (state I, see Fig. 5b1). In
this stage, no Marangoni flow occurs. The surface tension
around the disk is increased with an increase in the concen-
tration of camphor since adsorbed IL molecules on water
around the disk are dissolved into the aqueous phase together
with camphor molecules dissolved from the disk (state II, see
Fig. 5b2). Then, the camphor disk is accelerated by a slight
difference in the surface tension around the disk, and Mar-
angoni flow is generated. As the camphor disk moves to the
other aqueous surface, the system returns to state I. Thus,
oscillatory motion is generated by the repetition between States
I and II. The decrease in the frequency of oscillatory motion
with an increase in Cj (Fig. S2a, ESIt) also guarantees this
mechanism because the duration time for reaching a threshold
value of Ay to accelerate from the resting state is decreased with
an increase in Cj due to the mixture of camphor and IL
molecules. The similar frequency of HHexam-TFA and
HHexen-TFA in the oscillatory motion is consistent with this
mechanism because the surface tension of HHexam-TFA with-
out camphor was similar to that of HHexen-TFA without
camphor (see Fig. S2, ESIt and Fig. 4a).

The aggregation between IL and camphor molecules as
described in the mechanism is revealed by not only surface
tension measurements but also FTIR measurements and DFT
calculations. No significant change in N-H bending vibration
mode for both HHexam-TFA and HHexen-TFA with the addi-
tion of camphor (~3000 cm ™" in Fig. S4, ESIT) suggests that the
global structure of the hydrogen-bonding network formed by
the hydrophilic group remained after the addition of camphor
molecules. In contrast, the significant blue shift of the N-H
stretching vibration mode in Table 1 means that the hydrogen
bonding interaction between HHexen-TFA molecules (or
HHexam-TFA molecules) is weakened by the penetration of
camphor molecules into the HHexen-TFA molecular layer (or
the HHexam-TFA molecular layer) on water. It suggests that
camphor molecules influence the hydrophobic region of the ILs
and weaken the N-H stretching vibration without a change in
the global structure of the hydrogen-bonding network. The DFT
calculations indicate that the intermolecular interaction ener-
gies for both HHexam-TFA and HHexen-TFA are destabilized by
the addition of camphor (Table 2). The results agree with FTIR
measurements.

The difference between HHexen-TFA and HHexam-TFA is
also verified by surface tension measurements, FTIR measure-
ments, and DFT calculations as follows. The higher surface
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tension of HHexen-TFA in comparison with HHexam-TFA upon
the addition of camphor is due to its hydrophilicity (see Fig. 4).
The stronger hydrophilicity of HHexen-TFA molecules than that
of HHexam-TFA molecules leads to easy removal of HHexen-
TFA molecules rather than that of HHexam-TFA molecules at
the air/water interface after the addition of camphor molecules.
The wavenumber of the N-H stretching vibration mode of
HHexam-TFA was lower than that of HHexen-TFA (Table 1).
The difference is derived from hydrogen bonding formation.
The difference in the wavenumber between them is reduced
by the addition of camphor because hydrogen bonding between
the HHexen-TFA molecules (or HHexam-TFA molecules) is
reduced by the addition of camphor. The higher value of N-H
bending vibration mode for HHexam-TFA (~ 1530 cm ™! in Fig.
S4, ESIt) than that for HHexen-TFA (~1470 cm™ ' in Fig. S4,
ESIT) suggests that HHexam-TFA has a network structure
composed of their molecules rather than HHexen-TFA. The
FTIR measurements (Table 1) and the DFT calculations
(Table 2) agree that camphor molecules can easily replace
HHexen-TFA molecules rather than HHexam-TFA molecules
at the air/water interface.

5. Conclusions

In this study, self-propulsion of a camphor disk was found to be
sensitive to two types of ionic liquids (HHexam-TFA and
HHexen-TFA). In particular, the period of oscillatory motion
decreased with increasing concentration. The bifurcation
concentration between the oscillatory motion and no motion
for HHexam-TFA was lower than that for HHexen-TFA. These
different bifurcation concentrations are discussed in relation to
the experimental results of the surface tension, FTIR for the
mixture of camphor and HHexam-TFA (or HHexen-TFA), and
numerical calculations. If we select camphanic acid as the self-
propelled object in the place of camphor, different features of
motion will be observed since the carboxylic acid ion in
camphanic acid may interact with the cation in HHexen and
HHexam. On the other hand, if the size of the camphor disk is
changed, the nature of motion does not change but the max-
imum speed of motion will be changed since the amount of
camphor molecules developed from the disk depends on the
diameter of the disk. These examinations will be performed in
future work. The experimental results in this paper suggest that
the nature of motion of a self-propelled object, whose driving
force is the difference in surface tension, can be designed
depending on the physicochemical properties of the ionic
liquid; for example, the combination of cationic and anionic
compounds, electrical conductivity, and viscosity.
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