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Abstract: The emergence of macroscopic self-propelled
oscillatory motion based on molecular design has
attracted continual attention in relation to autonomous
systems in living organisms. Herein, a series of perylene-
diimides (PDIs) with various imide side chains was
prepared to explore the impact of molecular design and
alignment on the self-propelled motion at the air-water
interface. When placed on an aqueous solution contain-
ing a reductant, a solid disk of neutral PDI was reduced
to form the water-soluble, surface-active PDI dianion
species, which induces a surface tension gradient in the
vicinity of the disk for self-propelled motion. We found
that centimeter-scale oscillatory motion could be elicited
by controlling the supply rate of PDI dianion species
through the reductant concentration and the structure of
the imide side chains. Furthermore, we found that the
onset and speed of the self-propelled motion could be
changed by the crystallinity of PDI at the water surface.
This design principle using n-conjugated molecules and
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their self-assemblies could advance self-propelled, non-
equilibrium systems powered by chemical energy.

Introduction

Animate objects transduce chemical energy into mechanical
force, from which emerge autonomous rhythmic motions
and spatial patterns, such as heartbeat and circadian activity.
These autonomous behaviors are realized by a network of
chemical reactions in a dissipative system, where hierarch-
ical self-organized supramolecular assemblies convert mo-
lecular-level events into macroscopic ones.! In the last few
decades, research on supramolecular systems chemistry that
involves chemically-fueled reaction cycles has advanced
tremendously, leading to the development of synthetic
systems that exhibit oscillatory events of, for instance, self-
assembling processes and color changes.”) However, it
remains a formidable challenge to explore synthetic systems
capable of eliciting autonomous oscillatory motion at large
length scales.

Meanwhile, inanimate, self-propelled objects have been
extensively studied as a type of active matter, from organic
to inorganic materials, some of which exhibit oscillatory
motions.®* Representative examples include organic solids,
such as camphor, gels, and droplets containing surfactants
that spontaneously move at the air-water or oil-water
interface due to the Marangoni flow which is attributed to
an anisotropic surface tension gradient in the vicinity of the
objects.”® It has also been reported that the continuous self-
propelled motion of organic objects by the Marangoni flow
is perturbed by a chemical reaction, resulting in oscillatory
motion.!" In the case of organic objects on the water surface,
the driving force for the self-propelled motion is reduced by
the chemical reaction; however, few systems are known in
which the reaction product generates the driving force.
Furthermore, most of these materials have been used in
their bulk state consisting of random molecular orientations,
paying little heed as to how consistent design of molecules,
self-assembling processes, and chemical reactions may be
combined to control macroscopic oscillatory motion.

To address these issues, we have employed a series of
perylenediimide (PDI) molecules as motifs for self-propelled
objects by taking advantage of a few key characteristics.
Firstly, although PDI has a rigid and hydrophobic n-
conjugated backbone, its hydrophilicity can be increased by
introducing hydrophilic imide side chains."! Therefore, we
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Figure 1. Schematic illustration of the reduction reaction of PDI 1-5 at the water surface to form their dianion counterparts, which induces

Marangoni flow.

envisioned that the interfacial properties of aqueous solu-
tions, which govern the Marangoni effect, could be system-
atically tuned by the molecular design. Secondly, PDI is
known to react with a reductant to form anionic species in
water.”®8! Because the anionic species are more water-
soluble than the neutral forms, the Marangoni flow can be
altered by redox reactions. In addition, PDI is a well-known
building block for supramolecular self-assembly,”! therefore,
the effect of molecular alignment of self-propelled objects at
the interface on the autonomous motion could be explored.
Considering these characteristics of PDIs, we report herein
for the first time autonomous, centimeter-scale oscillatory
motion of PDI solid disks induced by a reduction reaction at
the air-water interface, with no background reactions, as
illustrated in Figure 1. Importantly, we found that this
macroscopic oscillatory motion was significantly affected by
the imide side chains and the molecular alignment at the
surface of the PDI disk.

Results and Discussion

Syntheses of PDI Derivatives and Their Redox Properties.
We designed a series of PDIs (PDI 1-5) having
oligo(ethylene glycol) chains with different terminal moi-
eties at the imide positions, as shown in Figure 1. Compared
to PDI 1 and PDI 3, consisting of triethylene glycol chains,
PDI 4 with longer hexaethylene glycol chains is more
hydrophilic, while PDI 2 with shorter diethylene glycol
chains and PDI 5 with bulky tert-butoxycarbonyl (BOC)
groups are more hydrophobic. All the PDIs were synthe-
sized by a condensation reaction between 3,4,9,10-perylene-
tetracarboxylic dianhydride and the corresponding amines
following a minor modification to a previously reported
method."” Detailed experimental methods and character-
ization data (‘H NMR, C NMR, and high-resolution mass
analyses) are shown in Figures S1-S10 in the Supporting
Information.

First, the redox properties of these PDIs were studied.
Although PDI 1-3 were hardly soluble in water, they
dissolved in a N-cyclohexyl-2-aminoethanesulfonic acid
(CHES) buffer solution at pH=9.4+0.2 containing excess
sodium hydrosulfite (Na,S,0,), a known reducing agent,
yielding a reddish-purple solution. PDI 4 was soluble in
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water both in the absence and presence of Na,S,0,. This
observation coupled with the UV/Vis absorption spectra of
the resulting solutions of PDI 1-4 in the presence of
Na,S,0, (Figures 2 and S11a) were in good agreement with
reports of analogous PDI dianion species, [PDI]*".5!! In
stark contrast, PDI 5 remained almost insoluble in water
despite the presence of Na,S,0,, probably owing to the
hydrophobic and sterically hindered BOC groups at the
terminal of the imide side chains.

It is known that [PDI]*" reacts with dioxygen in air to
revert to its original neutral state.?*! However, when an
aqueous solution of PDI 1 in the presence of excess Na,S,0,
in an open cuvette was stirred at 600 rpm at 25 °C, less than
10 % oxidation of [PDI 1]*~ was observed within 60 min, as
shown in the inset of Figure S11b.'"” Similar results were
also obtained for PDI 2-4 under the same conditions.
Therefore, the re-oxidation of [PDI]* during the self-
propelled motion, as will be discussed in the next section,
did not need to be considered. Additionally, electrochemical
measurements (cyclic voltammetry) of PDI 1-5 showed that
the first and second reduction potentials were almost
identical among the PDIs (Figure S12). Thus, the electronic
effects of the terminal structures of the oligo(ethylene
glycol) imide side chains on the stability of [PDI]*~ may be
negligible.

Absorbance

1 1 1
400 500 600 700

Wavelength / nm
Figure 2. UV/Vis absorption spectra of PDI 1 (60 pM) in the presence

of Na,S,0, (46 mM) in a CHES buffer solution under air at 25°C. The
inset shows a photograph of the sample solution.
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Swimming and Resting Motion of PDI 1. When a bulk
solid of PDI 1 was floated on a CHES buffer solution (pH=
9.4+0.2) containing Na,S,0, (23 mM), periodic movements
of swimming at a speed of less than 2 mms™' and resting
were observed for over 30's as shown in Movie S1."! Upon
closer inspection, a dark purple solute corresponding to
dissolved [PDI 1]*~ could be seen diffusing from the bulk
solid, eventually accumulating below the interface before
the motion ceased. Similar behavior was also observed for a
bulk solid of PDI 3 (Movie S2). To study such macroscopic
rhythmic motion in detail, we prepared PDI disks of uniform
size (2mm diameter with 0.5 mm thickness) to eliminate
differences in motion dependent on the shape of the solid.""
Because the PDI 1 solid itself was too brittle to be molded
by pressing, it was mixed with a polystyrene-isoprene
elastomer and molded to obtain PDI 1 elastomer disks (see
Supporting Information for details). When placed on a
CHES buffer solution containing Na,S,0, (23 mM) in a
Petri dish (diameter: 60 mm, solution depth: 3 mm), the
PDI 1 disk exhibited oscillating self-propelled motion at a
maximum speed of 2.0 mms ' and a frequency of 0.14 s on
average for over 300 s before coming to rest (Figure 3c and
Movie S3). Unreacted PDI 1 still remained in the disk after
the disk was stopped, indicating that the amount of PDI 1
(ca. 2mg per disk) was sufficient and does not affect the
self-propelled motion. The appearance of oscillatory motion
of the PDI 1 elastomer disk was similar to that of the PDI 1
bulk solids, although the frequency and speed were differ-
ent. Such oscillatory motion was not observed for a disk of
pristine polystyrene-isoprene elastomer (Movie S4). Addi-
tionally, no motion of the PDI 1 disk was observed in the
absence of the Na,S,0,, as shown in Movie S5. These results
indicate that the motion was induced by the formation of
[PDI 1> at the solid-liquid interface. Note that we also
compared the self-propelled motion of the PDI 1 disk at
different depths of buffer solutions in a Petri dish (depths of
3 mm and 6 mm) and found no significant difference in the
speed and duration. This result indicates that the main
driving force of the PDI disks is the Marangoni flow, rather
than other types of flow such as density-driven flow.

Spatiotemporal dynamics of the PDI 1 disk could be
altered by varying the concentration of Na,S,0,. At low
reductant concentrations, such as 2.3 mM, there was almost
no movement (Figure 3a); when increased above 10 mM,
slight but distinct self-propelled motion began to emerge
(Figure 3b). Discontinuous intermittent motion was ob-
served at both 23 mM and 46 mM, albeit with different
behavioral consequences depending on the concentration.
Unlike the slow, consistent oscillations over 300 s observed
with 23 mM (Figure 3c), the 46 mM case saw significantly
faster (maximum speed of 19 mms™') yet shorter-lived, disk
speeds that ceased within the first 100 s (Figure 3d). After a
PDI 1 disk on a Na,S,0, buffer solution (46 mM) came to a
halt, a second PDI 1 disk was added. No motion was
observed for this second disk, however when the original
disk was transferred to fresh reductant solution, self-
propelled motion resumed as illustrated in Figure S13.
When placed on an aqueous phase containing 92 mM of
Na,S,0,, the disks moved vigorously with a maximum speed
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of more than 11 mms™" only for the first few seconds before
coming to a stop (Figure 3e). These results indicate that the
rhythmic motion of PDI 1 disks are highly dependent on the
concentration of Na,S,0, and the cessation of motion is
owed to the accumulation of [PDI]*~ and possible oxidation
to the insoluble PDI on the surface of the buffer solution.
After the PDI 1 disk had ceased moving, deposition of a
thin film was observed at the surface of the buffer solution,
and transmission electron microscopy (TEM) and electron
diffraction confirmed that this material formed sheet-like
crystals (Figure S14), indicating that [PDI]*~ dispersed at the
air-water interface tend to aggregate.

Autonomous Motion of the Other PDIs. We next
investigated how the reduction-driven self-propelled motion
of PDI elastomer disks changes depending on the imide side
chain. Disks of PDI 2 and PDI 5§ moved only slightly at a
speed of less than 2 mms™" for the first few seconds and then
stopped (Figures S15b and S15¢). We infer that the low
water solubility of [PDI 2]* and [PDI 5> may have
prevented sufficient reduction reactions and diffusion at the
interface to induce self-propelled motion. A PDI 3 disk
exhibited intermittent swimming motion similar to PDI 1, as
shown in Figure S15c and Movie S6, and a PDI 4 disk swam
slowly with ca. 0.5 mms™" for 15min, as shown in Fig-
ure S15d and Movie S7. The apparent color change in the
solution around the PDI 4 disk attributed to the formation
of [PDI 4]* is presumably due to the significantly higher
water solubility of [PDI 4]*~ compared to the other PDIs.I"”
These results suggest that designed solubility may be used to
modulate the self-propelled motion.

Interfacial release of dianion species of PDI 1-4 into the
aqueous phase over time was followed by UV/Vis absorp-
tion spectroscopy to investigate the difference in the
dissolution rate. For each of the PDI compounds, a 2 mm
diameter PDI elastomer disk was placed on the surface of a
stirred CHES buffer solution containing Na,S,0, (23 mM)
in a cuvette. The dissolution kinetics could be monitored by
the time profiles of the absorbance change (see Figure S16).
The dissolution rate constant could be obtained by fitting to
the Noyes-Whitney equation, which is a typical expression
for the dissolution rate at the solid-liquid interface (see
Supporting Information for details).'® The resulting values
are summarized in Table 1. We found that [PDI 1]** and
[PDI 3]* had modest solubilities of 75 uM and 117 pM,

Table 1: Dissolution rate constant (k) and solubility of [PDI*” in CHES
buffer solutions, and surface tension (y) of the solutions.

Compound  k/s™' Solubility/uM ~ y /mNm™"®
[PDI 1> (3.674£0.04)x10*  75.040.3 62.7+0.6
[PDI 2]~ N/AE 0.36+£0.01 64.3+1.7
[PDI 3] (5.054£0.03)x10*  116.84+0.3 51.3+2.9
[PDI 41 (5.20£0.11)x10*  341.5+£2.38 54.6+0.1
[PDI 5] N/AH N/A 69.4+0.6

[a] The dissolution rate constant could not be calculated for [PDI 2]*
and [PDI 5]° because they are nearly insoluble in water. [b] The y
values were measured for solutions containing PDIs (60 pM) and
Na,S,0, (23 mM). The vy value of a CHES buffer solution with Na,S,0,
(23 mM) was 69.6+0.4 mNm™".
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Figure 3. Top view of the trajectory (left) and speed profile (right) of PDI 1 disks on a CHES buffer solution containing various concentrations of
Na,S,0,: (a) 2.3 mM, (b) 11 mM, (c) 23 mM, (d) 46 mM, and (e) 92 mM. The color of the trajectory indicates the speed of the disk in mm s~

respectively, while [PDI 2]*~ reached a poor solubility of
0.36 uM. No dianion spectral peaks could be observed for
PDI 5 owing to its insolubility under these conditions. On
the other hand, [PDI 4]*~ exhibited the highest solubility of
342 uM, which was consistent with the appearance of an

intense reddish-purple solution as shown in Figure S15d and
Movie S7. The respective dissolution rate constants followed
a similar order as the solubility, although it was not possible
to accurately determine the rate constants for [PDI 2]*~ and
[PDI 5> due to their poor solubility. These results, coupled
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with our observations of different swimming behaviors,
indicate that there is an optimum region of solubility, or
dissolution rate, in water where the self-propelled motion of
the disk is maximized.

We have also studied the extent of surface tension
change upon formation of the respective [PDI]*" in buffer
solutions, because the self-propelled motion of the PDI disk
is induced by the Marangoni flow, which is attributed to the
surface tension gradient around the disk. As shown in
Table 1, the surface tension (y) of CHES buffer solutions of
PDI 1, PDI 2, PDI 3, and PDI 4 dianion species (60 pM)
was found to be significantly lower than that of pristine
buffer solution at 69.6 mNm™. The y value of a [PDI 2]*
solution at 60 uM (64.3 mNm ') obtained by sonication was
comparable to that of a [PDI 1]* solution (62.7 mNm™).
However, the low solubility at the solid-liquid interface did
not result in a sufficient surface tension gradient; conse-
quently, PDI 2 disks showed little self-propelled motion.
PDI 5 and its dianion could not be effectively dissolved even
by sonication. As a result, its y value (69.4mNm™') was
measured to be almost the same as that of the CHES buffer
solution (69.6 mNm™). The y values were also measured as
a function of [PDI]*~ concentration for PDIs 1-4. As shown
in Figure S17, the y value tends to decrease linearly with
increasing [PDI]*~ concentrations. Inflection points were
observed at 70 uM and 2 uM for [PDI 1]* and [PDI 4]*,
respectively, as critical aggregation concentrations were
reached. These results are consistent with the TEM results
(Figure S14), in which aggregate formation derived from
[PDI 1]*~ was observed at the air-water interface.

Mechanism of Rhythmic Motion of PDIs. We have
demonstrated the interfacial reduction of PDI can be
applied to induce rhythmic self-propelled motion. Unlike
typical self-propelled systems, such as camphor, where the
disk itself is composed of surface-active species, our system
requires an activating process that converts surface-inactive
PDI molecules to surface-active [PDI]*". We attribute
variations in the type of self-propelled behavior to local
concentration conditions around each disk; thus, the mecha-
nism can be described by considering three main cases
relating to dianion supply. As depicted in Figure 4a, at lower
supply rates of [PDI]*~ (Case 1), the net force acting on the
disk is too small to induce an observable degree of motion.
At moderate supply rates of [PDI]*~ (Case 2), the PDI disk
obtains a sufficient driving force from the resulting surface
tension gradient. At higher supply rates of [PDI]*~ (Case 3),
the gradient around the disk is too low to induce motion,
because all sides are saturated with [PDI]*".

We surmise that the rhythmic self-propelled motion of
PDI 1 and PDI 3 disks was observed in a state of delicately
balanced conditions between Case 1 and Case 2. At the
beginning, the disk starts to move via a positive feedback
process, where the inhomogeneity of [PDI]*" induces a
surface tension gradient that causes Marangoni flow
(swimming).*! The motion of the disk also induces inhomo-
geneity as a relatively higher concentration of Na,S,0,
emerges in front of the moving disk as a consequence of
local reductant consumption behind the disk. Eventually,
the production rate of [PDI]*” at the front becomes
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Figure 4. (a) Schematic diagram depicting three [PDI]*~ concentration
profile scenarios. (b) Mechanism of the oscillatory motion of PDIs on
water upon reduction.

sufficiently high, which decreases the surface tension,
resulting in restored symmetry of the forces acting on the
disk as it slows to a stop (rest). During the rest, [PDI]*-
concentration increases over time and the disk starts to
move again, as depicted in Figure 4b. Here, the slight
inhomogeneity of [PDI]*~ might remain, thus the movement
direction becomes almost the same as the previous
motion.!

Minimal self-propelled movement of PDI 2 with its short
diethylene glycol side chains and PDI 5 with its bulky,
hydrophobic BOC moieties can be described by Case 1,
where the concentrations of their dianion species are not
high enough to induce a sufficient surface tension gradient.
By contrast, [PDI 4]*", possessing high solubility coupled
with low surface tension values, exhibited only slow self-
propelled motion, which corresponds to Case 3. These
results demonstrate how the parameters governing the
supply of surface-active species, such as variations in the
chemical structure of the imide side chains of PDIs and
reductant concentrations, can be used to control the
behavior of self-propelled PDI disks.

Effect of Molecular Alignment of PDIs on Self-Pro-
pelled Motion. Finally, we investigated how the molecular
alignment of PDIs could affect the self-propelled behavior.
As a representative example, we prepared thin films of PDI
1 by drop-casting chloroform solution onto 3 mm diameter
(0.2 mm thick) polyimide disks, followed by an annealing
treatment (Figure 5a; see Supporting Information for
details)."® Thermogravimetric (TG) analysis showed that
PDI 1 is thermally stable up to 310°C (Figure S18a) and
differential scanning calorimetry (DSC) results indicated
isotropic melting at 303°C (Figure S18b). Crystalline do-
mains were formed upon heating to 305°C and subsequent
cooling of the drop-cast PDI 1 coated polyimide disks;
Meanwhile, those left at room temperature maintained a
mostly isotropic phase, as observed by polarized optical
microscopy (POM; Figure 5b). The difference in crystallinity
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Figure 5. (a) Schematic illustration of the assembled structure of PDI with and without annealing. (b) POM images of PDI 1 coated polyimide disks
with (left) and without (right) annealing at 305 °C. (c) XRD profiles of PDI 1 drop-cast onto polyimide with (red line) and without (blue line)
annealing. (d) Typical trajectory and (e) The corresponding speed profiles of PDI 1 disks with and without annealing on a CHES buffer solution
containing Na,S,0, (23 mM). The color of the trajectory indicates the speed of the disk in mm s™'. (f) Time profiles of the absorbance changes at
538 nm upon addition of PDI 1 disks with (red crosses) and without (blue squares) annealing on a stirred CHES buffer solution containing

Na,S,0, (23 mM).

between the annealed and non-annealed disks was also
supported by X-ray diffraction (XRD) measurements (Fig-
ure 5¢). The annealed sample displayed a peak at 20=4.3°
(2.04 nm) which roughly corresponds to the length of PDI 1
along the long axis, indicating vertical lamellar stacking.!"”’
On the other hand, the intensity of the respective peak of
the non-annealed film was much smaller, indicating that
PDI 1 is disordered in the film.

Distinct differences in self-propelled motion emerged
when we compared the behaviors of annealed and non-
annealed PDI 1 films on polyimide for at least 8 different
samples (Figures 5d and Se). Disks coated with annealed
PDI 1 film displayed self-propelled motion with maximum
speeds averaging 33 mms~' upon contact with Na,S,0,
buffer solution (Movie S8). By contrast, non-annealed disks
exhibited faster self-propelled motion (44 mms™ on aver-
age), depositing a thick, dark purple solution indicative of
the rapid release of [PDI 1]* around the disk (Movie S9).
We also observed that the onset of motion took longer for
annealed samples (34 s) than for their non-annealed coun-
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terparts (22 s). This observation was reinforced by UV/Vis
absorption spectroscopy of [PDI 1]*~ release rate (Fig-
ure 5f), which was monitored by placing a PDI 1 disk on the
surface of a stirred CHES buffer solution containing
Na,S,0, (23 mM). The time profile of [PDI 1]* generated
from the annealed sample displayed a considerable waiting
period for ca. 40s before the absorbance increased, in
addition to the lower absorbance during the first 300
seconds compared to the non-annealed sample. Large, rod-
like domains were observed when the annealed sample was
viewed under scanning electron microscopy (SEM) as shown
in Figure S18c. Therefore, the altered self-propelled behav-
ior is probably due to the higher crystallinity of the annealed
sample that significantly decreased the total concentration
of [PDI 1]* released into the bulk phase. The annealed
sample exhibited minimal oscillatory motion, likely because
the low concentration of [PDI 1]** around the disk fell
under Case 1, where a sufficient surface tension gradient for
Marangoni flow was not induced (Figure 4a). These results
demonstrate how molecular alignment of PDI molecules at
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the interface with water, even a partial alignment, can be
used to modulate macroscopic self-propelled motion by
influencing the supply rate. The effect of longer-range,
anisotropic PDI alignment on their direction and speed of
self-propelled motion of the disk is currently under study in
our groups.

Conclusions

In summary, we have shown an autonomous, centimeter-
scale oscillatory motion induced by the generation of
surface-active dianion species of perylenediimide (PDI)
through an interfacial reduction reaction. We demonstrated
how the solubility, and hence the supply rate, of surface-
active species, as well as the surface tension of the buffer
solution, could be modulated by variations in the side chains
of the PDI n-scaffold and in the reductant concentration.
Further modulation of the self-propelled motion on water
was achieved by changing the molecular alignment of PDI
films at the solid-water interface through an annealing
treatment. The design principle of self-propelled objects
based on n-conjugated molecules and their self-assemblies
presented here will pave the way to create supramolecular
systems under non-equilibrium conditions that achieve
desired motion using chemical energy.
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