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Abstract

Self-assembly processes are widely used in nature to form hierarchically organized structures,
prompting us to investigate such processes at the macroscopic scale. We report an
unprecedented approach toward the self-assembly of alkyl-fullerene (Cgo) derivatives into a
hexagonal array of hemispherical microparticles akin to the morphology of a compound eye.
The method includes casting solvated alkyl-Ceso compound on an air/water interface followed
by controlled evaporation of the solvent under atmosphere-sealed conditions. This leads to the
formation of a thin film floating on water with a diameter of up to 1.3 centimeters and
exhibiting a hexagonally-packed hemispherical structure with a diameter of approximately 38
um. Various measurements of the formed film reveal that amorphousness is necessary for
suppressing uncontrollable crystallization, which affects the microparticle size and film
formation mechanism. We tested the feasibility of this approach for the self-assembly of a
relatively common Cep derivative, [6,6]-phenyl-Cei-butyric acid methyl ester (PCs:BM),
resulting in the formation of a film with a similar pattern of hexagonally-packed larger
microparticles approximately 152 um in size of diameter.
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Self-assembly processes are ubiquitous in nature [1].
1. Introduction Generally, soft structures in nature reversibly organize into
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hierarchical architectures via various noncovalent
interactions [2,3] and help to fabricate ordered aggregates
from components with sizes from nanometers to micrometers
[1]. The ‘bottom-up’ approach, i.e., the ability of molecules
to selectively interact with neighboring molecules, plays a
crucial role in generating highly organized molecular
assemblies [1,4]. A rapid chemical precipitation method may
sometimes facilitate synthesis and morphology control for
various materials [5]. Two-dimensional (2D)
nanoarchitectures have made substantial progress toward
mimicking nature’s scaffolds via covalent bonding [6-9],
interfacial synthesis [10,11] including surfactant monolayer
assisted interfacial synthesis [12-14], polymeric frameworks
[15] and so forth [16-18]. Several techniques, such as on-
surface polymerization [19], photopolymerization [20], and
crystal engineering tactics [21], were also considered
potentially useful methods for 2D polymer synthesis [22,23].
Nishihara et al. utilized liquid/liquid interfacial synthesis to
create photo-functional nanosheets via three-way dipyrrin
ligand and zinc acetate. A spontaneous reaction at the
liquid/liquid interface developed a single-layered orange film
with a 1-2 nm thickness, transferable to various substrates
with a larger domain size of > 10 um [10]. Dichtel et al. also
demonstrated the interfacial polymerization of polyfunctional
amines and aldehydes in a dioxane-mesitylene/water
interface under the influence of a catalyst, generating a free-
standing covalent organic framework film. The thickness of
the uniform film was 2.5 nm, governed by its initial
monomer concentrations [11]. Despite these significant
efforts, the number of synthetic steps, tedious purifications,
limitations on the accessible size and quantity of the products,
and difficulties in their transfer from a surface to a substrate
have impeded their practical application. The uniformity and
monodispersity of organized 2D structures, incredibly
hierarchical micrometer objects with long-range ordering, are
often template-driven [24-29], such as honeycomb structure
formation using condensed water droplets as template
[17,26], 2D nanorod mesh formation on pre-existing
benzoperylene microsheets [27] via crystal transformation,
and so on. For instance, the formation of honeycomb
architecture involves rapid evaporation of the solvent and
induces the cooling of the solution surface, producing water
condensation under high humidity. Surfactant dissolved
water produces water droplets, which can prevent to fuse
neighboring droplets and result in the hexagonal packing of
the droplets in an energetically favorable on the
molecular/polymeric film surface. Then, after evaporating
water droplets, the resulting film forms a honeycomb
structure [29]. Even metal-organic complexes self-assemble
into randomly aggregated fibers with tunable emission [30].
Perhaps nucleation and growth mechanisms play a
significant role in the self-assembly of small molecules, but
achieving a homogeneous ordering in the entire film is

always tricky. Instead of such difficult controllability of the
perfect nucleation and growth processes, it could be achieved
by an appropriate solvent selection, concentration, spreading
of solvents, rate of solvent evaporation controlled by
constant temperature, and intermolecular interactions
between the organic molecules, even if there are no perfect
crystalline ordering of small molecules. As described above,
some achievements exist, especially regarding forming 2D
molecular films with long-range ordering [31]. Achieving a
3D structure with a sub-centimeter pattern from the self-
assembling of individual molecules remains an
unprecedented challenge. Interfacial assembly of molecules
and nanoparticles might lead to macroscopic films with
ordering at the nanoscale, as shown in the seminal work by
Dong and Murray in binary mixtures of inorganic
nanoparticles [32]. However, such structuring relies on the
patterning of pre-synthesized nanoparticles, and even then,
no periodic structuring with a sub-millimeter pattern can be
attained purely from self-assembly. This limitation arises
mainly from the interactions between the nanoparticles and
molecules during the assembly process, which is restricted to
short range and leads to highly ordered nanostructures [33].
The pattern size will be limited to the template size (e.g.,
nanoparticles).

Here, we report a novel approach that can form a film
with macroscopic ordering over a centimeter scale via a
single procedure. A compound eye-like morphology was
obtained by restricted evaporation of solvent from a drop-
cast solution of an alkyl-fullerene (Ceo) derivative at an
atmosphere-sealed air/water interface without using any
template. Here, we have systematically investigated and
optimized the conditions required for obtaining the
homogeneous architecture throughout the film. The
kinetically controlled assembly is initiated via the formation
of crystalline nano-aggregates and the growth of amorphous
phase; in fact, the sequential growth represented by the
amorphousness in the assembly is the critical factor to
forming such well-defined hexagonally-packed
hemispherical microparticles.

2. Experimental Section

2.1 Assembly at air/water interface

Unless otherwise noted, the experiments have been carried
out at a controlled temperature (15 + 1 °C, utilizing an
incubator). All solvents wused in this study were
spectroscopic-grade reagents. Descriptions of fullerene
derivative synthesis are available elsewhere [34]. Deionized
water (>18 MQ) was used throughout the experiment. A 50
mL vial was occupied by 36 mL of deionized water. The
surface area of the water is 9.62 cm?. 140 L of 1 (3 mM in
benzene, toluene, m-xylene, dichloromethane (CHCly), or
chloroform (CHCIs)) was gently introduced onto the water
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surface by micropipettes. After casting, the vial was capped
and aged. The film formation depends on the evaporation
rate of the solvent. With CH,Cl, or CHCI3, 1 precipitate
within a few hours. The film formation requires up to 48
hours for relatively slow evaporating solvents (benzene,
toluene, or m-xylene).

2.2 Film transfer process

The film formed at the air/water interface was transferred by
dipping a glass substrate attached to double-sided carbon
tape on the surface, into the water and picking the film by
sticking on the carbon tape.

2.3 Scanning electron microscopy

For scanning electron microscope (SEM) images, Philips
XL30 electron microscope and JEOL NeoScope JCM-5000
were used at an accelerating voltage of 3 kV and 10 kV,
respectively. All the microparticle arrays were lifted onto a
silicon wafer (1 x 1 cm?) or conductive carbon tape attached
to the glass substrate from the water surface. After air-drying,
samples were sputtered with gold prior to the measurement.

2.4 Small- and wide-angle X-ray scattering

The films obtained from various conditions were collected,
dried (removal of adsorbed water), and powdered prior to
filling in the glass capillary. The capillary was sealed by
blowing from a fire gun and applied for Small- and wide-
angle X-ray scattering (SWAXS) measurement. SWAXS
measurements were performed using the Anton Paar
SAXSess mc? instrument.

2.5 Focused ion beam and scanning ion microscopy

The aperture was milled on Mo foil using a focused ion beam
(FIB) system (JEM-9310FIB, JEOL Ltd.). In both FIB and
scanning ion microscopy (SIM) systems, the acceleration
voltage was 20 kV.

2.6 High resolution-cryo-transmission electron
microscopy

A sample dispersed in alcohol was deposited on a carbon-
coated copper grid and then dried. A cryo-transmission
electron microscopy (cryo-TEM) (JEM-2100F(G5), JEOL
Ltd.) was used for high-resolution observation of the
specimen to reduce sample damage by electron beam (cryo-
protection). The acceleration voltage is 200 kV, and the
sample stage is kept at 4.2 K by liquid helium.

2.7 Langmuir study

Experiments have been carried out in PTFE Langmuir
troughs. A Wilhemy microbalance using a filter paper plate
has monitored the surface pressure. An aliquot from 20 to 40
microliter of 1 mM solution of 1 has been cast onto the air-
water interface. After a waiting time of 30 minutes for
solvent evaporation, the layer was compressed with a barrier
speed of 5 cm? min™.

2.8 Langmuir-Blodgett deposition

The layer on the water surface was transferred onto a silicon
wafer (for SEM measurements) or TEM grids, using the
vertical dipping procedure (LB method) under constant
pressure of ca. 30 MmN m™ and a lifting rate of 5 mm min™,

2.9 UV-Vis absorption and reflection spectroscopy

UV-Vis absorption of a homogeneous solution (1 in n-
hexane) [34] and solid state were measured on a JASCO V-
670 spectrophotometer. For solid-state measurement, we
have used BaSO;, as the matrix. UV-visible reflection spectra
at normal incidence as the difference in reflectivity (AR) of
the dye film-covered water surface and the bare surface were
obtained with a Nanofilm Surface Analysis Spectrometer
(Ref-SPEC2 supplied by Accurion GmbH, Géttingen,
Germany). Each reflection spectrum was acquired using an
average of 10 spectra and an acquisition time of 20
milliseconds. Kinetic measurements were performed,
recording a different reflection spectrum every 15 seconds
for a total time of 10 minutes. Kinetic measurements on the
formation of the monolayer were recorded for a total time of
10 minutes. The surface pressure was 0 mN m™ for the
whole experiment.

2.10 IR and IRRAS spectroscopy

Infrared spectroscopy of 1 in the solid state obtained under
various solvent conditions was recorded on a Thermo
Scientific Nicolet iS5 FT-IR spectrometer using the KBr
method. Infrared Reflection Absorption Spectroscopy
(IRRAS) detects molecular vibrations associated with
changing molecular dipole moments. The signal is thus
sensitive to the conformation and orientation of ordered alkyl
lipid chains and to the structure of the headgroups. IRRAS
spectra were collected by using an IFS 66/S FT-IR
spectrometer (Bruker, Karlsruhe, Germany) equipped with a
liquid-nitrogen-cooled MCT detector (narrow band mercury-
cadmium-telluride detector) and a germanium coated KBr
beam splitter. Spectra were recorded at a resolution of 8 cm™
by using a Blackman—-Harris four-term apodization. The IR
beam from the spectrometer was focused onto the water
surface of the Langmuir trough at an incidence angle of 428
(with respect to the surface normal). Parallel (p) polarization
was used by using a KRS-5 polarizer. The experiments were
performed in a trough containing two compartments
connected by small channels. One compartment contained
the buffer as a reference, and the second one contained the
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sample with the monolayer. The reference signal was taken
as background and was used to calculate the reflection—
absorption spectrum of the monolayer under investigation to
eliminate the water vapor signal. A constant water vapor
level was achieved by placing the setup in a hermetically
sealed box. The experiments were conducted at a constant
temperature of 22 °C using a Lauda thermostat.

3. Results and discussion

3,4,5-Tri(eicosyloxy)phenyl N-methylfulleropyrrolidine (1
[34,35], Figure 1) is intrinsically hydrophobic, and its self-

assembly relies on van der Waals forces of alkyl chains and
n-1 interactions of Cgo moiety [35-37]. Therefore, 1 act as a
unique hydrophobic amphiphile. As a result of self-assembly
in organic solvents, 1 produced various self-assembled solid
superstructures of nanometer and micrometer size [36-38]. In
particular, nanoflaked surface microparticles, which can be
fabricated onto a substrate, exhibited a superhydrophobic
property [36]. However, the uniformity of microparticle size
was very poor. Therefore, the quality of a single layer of a
microparticle array at the air/water interface was also low
[36]. This low quality causes serious problems when we
apply the fabricated surface for sensing and fine analytical
purposes.

controlled evaporation of solvent

benzene
solution

’ macroscopic e
’ \
‘/ self-assembly

Figure 1. a) Solution of 1 (3 mM in benzene) cast on a water surface, upon restricted evaporation of solvent, precipitates a
film at the atmosphere-sealed air/water interface at a controlled temperature of 15 °C; b) Precipitated floating film on water;
¢) transferred onto glass substrate, with measured diameter of approximately 1.3 cm; and d) an SEM image of the film
exhibiting hexagonally-packed microparticle structure akin to compound-eye morphology.

The formation of a hexagonal array of hemispherical
microparticles, akin to a compound eye-like structure
exhibiting centimeter-scale ordering, is completely self-
driven and requires a simple but careful procedure. One
general approach is to cast solvated 1 onto the air/water
interface, followed by reasonably slow solvent evaporation

under atmosphere-sealed conditions over 48 h (Figure 1).
However, diverging from the narrow preparatory condition
will result in a different structure. Since they are formed
under non-equilibrium conditions, i.e., air/water interface,
and the molecules are situated only in the benzene phase,
they are hemispherical (Figure 2). Although the local
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monodispersity of the hemisphere is superior, as is evident
from fast Fourier transform (FFT) analysis (Figure 2a), the
dome size varies slightly depending on the radial area of the
film. This is because the concave meniscus at the
solute/water interface causes a surface concentration gradient
of 1. The micro-domes are composed of shaggy nanoflakes
(Figure 1d) where the backside, which is in contact with the

water surface, is relatively smooth, though the circular
contour of the convex microparticles can be observed (Figure
2b). The cross-section of the microparticles, which was
exposed by modification with a focused ion beam (FIB),
proved that the microparticles are not hollow but are filled,
as shown in the scanning ion microscope (SIM) image
(Figure 2c).

"»%7 x1,800

Figure 2. Self-organized hemispherical microparticle arrays of 1. SEM images: a) top view in mm scale with FFT patterns; b)
backside of the microparticle arrays; and c) SIM image of a cross-section of the microparticles prepared through FIB

treatment.

To obtain a kinetically controlled macroscopic film on a
centimeter scale (Figures 1b and 1c), we cast 140 pL of
benzene solution of 1 (3 mM) over the water surface (surface
area: 9.62 cm?) and kept it at 15 °C for 48 h under
atmosphere-sealed conditions, allowing slow evaporation of
the solvent. The uniformity of the film solely depends on the
type of solvent chosen. In addition to benzene, we
investigated the film formation of 1 over the water surface
with various solvents such as m-xylene, toluene, CH,Cl;, and
CHCIls. We kept all the conditions for film formation the
same, but the resulting morphologies differed (Figure S1). A
uniformly hexagonally-packed hemispherical array of
centimeter length was best obtained from the benzene or
toluene solution (Figures 1 and Sla). On the other hand,
films were relatively featureless and appeared flatter from
CHCI, and CHClI; solutions (Figures S1c and S1d). More
curved features were present with those assembled from
toluene and m-xylene (Figure S1b), but the monodispersity
of the microparticle diameter and quality of the film were not
comparable with those via benzene. 1 dissolve well in all
solvents employed here; therefore, the solubility difference is
negligible with the concentration (3 mM). The other factor is
the solvent evaporation rate. The films shown in Figure 1

only arise with relatively slow evaporation under
atmosphere-sealed conditions (see methods for experimental
details); an open environment without the lid of the glass
bottle does not produce such well-ordered structures.
Similarly, the evaporation rates of solvents differ and likely
influence the film formation. Relative to n-butyl acetate (n-
BuAc), CH,Cl,, CHCI3, benzene, toluene, and m-xylene have
evaporation rates of 27.5, 11.6, 5.1, 2.2, and 0.6, respectively.
Although there is no quantitative measure to relate the
concentration profile during solvent evaporation, it is known
that the concentration gradient will be steeper upon quicker
evaporation [39]. Upon fast evaporation, the local
concentration 1 might be greater at the air/solute interface
than at the solute/water interface. This kinetic parameter
would play a delicate interface in the non-equilibrium
process of solvent evaporation and 1 self-assembly. The
different organizations obtained depend on the solvent
evaporation, affecting self-assembly kinetics. It is known that
different self-organized superstructures of alkyl-fullerene
derivatives can be achieved by changing the conditions of
assembly, like changing solvents leading to the formation of
various assemblies with different morphologies, as shown in
the literature [37]. For example, a fulleropyrrolidine with
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3,4,5-(hexadecyloxy)phenyl showed various self-organized
superstructures in various solvents; for instance, 2-
propanol/toluene mixture generated vesicular aggregates, 1-
propanol resulted in 1D fibrous structure and an equimolar
mixture of water/THF yielded cone-shaped structure [37].

Applying solvents with different evaporation rates helps us
conclude that only benzene and toluene are suitable matches
for fabricating a film with a distinct hexagonal array of
hemispherical morphology and macroscopic ordering.
Therefore, to control the microparticle size (diameter) in the
film, we carefully designed an experiment where 1 was
dissolved in binary solvent (benzene/toluene system) with
different volume ratios (75:25, 50:50, 25:75) and in neat
benzene and toluene. The macroscopic film obtained under
experimental conditions was subjected to SEM analysis. The
film formed solely from benzene had a shorter microparticle—
microparticle distance (37.6 = 2.7 um) in comparison to the
film formed from toluene (52.2 + 2.3 pum). Under binary
solvent conditions, a benzene-toluene ratio of 75:25 does not
significantly influence the microparticle-microparticle
distance. When the ratio reaches 50:50, the distance increases
drastically, and finally, the solvated 1 in toluene yields the
longer microparticle—microparticle distance with larger
diameter of microparticles (Figures S2 and S3). Thus, the
microparticle-microparticle distance and microparticle size
and the distribution of hemispherical domes in a macroscopic
self-assembled structure can be controlled by varying the
ratios of appropriate solvents used.

Surface tension is another parameter that controls the quality
of film. Here, we optimized the surface tension of water, i.e.,
72.8 mN m™ (Figure S4a), to form a uniform film. When the
surface tension of water was lowered by adding methanol
(5%, 10%, and 20%) [40], the microparticle diameter was
less uniform. Still, the best flatness of the entire film was
observed when using a 10% methanol-water system (Figure
S4c). When the methanol content in water reached 20%, the
surface tension decreased to 47.9 mN m™, generating
random globular microparticles of smaller size (diameter; 8.4
+ 0.8 um) and a rough surface film (Figure S4d). Even
surface tension cannot finely control microparticle size, but

in conclusion, water is optimum for forming a high-quality
array of hexagonally-packed microparticles. The above two
experiments (binary solvent ratios and surface tension)
demonstrated that carefully choosing the balance of solvents
and surface tension makes it possible to control the
microparticle size and quality of the film.

SWAXS analysis was performed for the film of 1 prepared
from benzene and m-xylene solution under atmosphere-open
or atmosphere-sealed conditions (Figure 3a). Microparticles
formed from 1,4-dioxane solution under heating-cooling
reprecipitation showed strong reflection for the lamellar
arrangement of 1, with a d-spacing of 4.5 nm [36]. A film of
1 formed from benzene solution under air-open conditions at
the air/water interface showed slightly broader reflections
than the precipitated microparticles prepared from 1,4-
dioxane solution, indicating less ordered arrangement of 1.
Regarding the film formed from the same solvent under
atmosphere-sealed conditions at the air/water interface, it
incorporated only broad reflections, showing somewhat
amorphous nature of the film. Here, the broad reflections
observed had larger angle positions than those observed
under the air-open conditions, with diffraction at g of 1.57
nm™L. In contrast, the film formed from m-xylene solution
under atmosphere-sealed conditions showed rather dissolved
and stronger reflections, which correspond to the typical A-
B-A-B tilted lamellar arrangement as shown in the inset of
Figure 3a (Figure S1b). The SWAXS pattern obtained from
the benzene solution under an atmosphere-sealed condition is
more similar to the film formed from the m-xylene solution,
suggesting a tilted lamellar arrangement as the most probable
basic ordered structure. The high-resolution cryogenic
transmission electron microscopy (HR-cryo-TEM, Figure
3b) image of 1 prepared from the benzene solution under
atmosphere-sealed conditions also supports a mostly
amorphous region including a few bunches of nano-
aggregates of 1 arranged in lamellar fashion. However, the
well-arranged and ordered macroscopic structure in Figure 1
only arises when the film was prepared from benzene
solution under atmosphere-controlled conditions at the
air/water interface.
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Figure 3. a) SWAXS patterns of film fabricated from various solvents under atmosphere-open and atmosphere-sealed
conditions; b) HR-TEM image of 1 prepared from benzene solution under atmosphere-sealed condition, showing nano-
aggregates composed of lamellar assemblies and mostly amorphous regions.

For further understanding of intermolecular interactions
during the self-assembly process, films prepared from
various solvents such as CH,Cl,, CHClIs, benzene, toluene,
and m-xylene were subjected to film state infrared
spectroscopic measurement (Figure S5, Table S1). All films
exhibited peaks at ~2850 and ~2918 cm™, assigned to the
characteristic stretching vibrational modes of methylene unit,

vsym(CH2) and vasym(CH>), respectively. At such frequencies,
the alkyl chains are considered to be in crystalline-like states
with all-trans conformation [41]. These wavenumbers are
similar to those reported for other solid architectures of 1
[36].  Similarly, solid-state =~ UV-Vis  spectroscopy
measurements under reflection mode were performed for the
films of 1 mixed with BaSO, matrix, obtained from various
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solutions at the air/water interface. The absorption maximum
in all cases was in the range of 260-262 nm, but shoulder
peaks varied from 217-228 nm and 325-332 nm,
respectively (Figure S6, Table S2). This shows slight red-
shifted absorption in the film state compared with that for the
n-hexane solution of 1 [34], attributed to m-m electronic
interactions among Cgo moieties in the film state [36-38].

A concentration-dependent approach was performed to
elucidate the growth mechanism of microparticles for film
formation where 0.1, 0.5, 3.0, and 4.0 mM benzene solutions
of 1 were prepared, and the films obtained from them were
investigated. In the very dilute condition, i.e., 0.1 mM
solution, irregular growth of microparticles of 11.5 + 2.6 um
in size was observed. An increase in concentration yielded a
rise in microparticle size, i.e., the 0.5 mM solution yielded
18.7 £ 2.4 um center-to-center distance. A well-arranged
macroscopic ordering was obtained under specific conditions
(concentration: 3.0 mM), as shown in Figure 1, with a mean
average flake size of 1.3 + 0.1 um. Increasing the
concentration further (4.0 mM) did not lead to a fully grown
hexagonal array of hemispherical particles (center-to-center
distance: 14.5 + 0.8 um) but instead to the formation of
~45% thicker flakes (Figure S7). The ‘thicker flakes’ of
hemispherical particles result in less flake-featured, relatively
smoother surfaces of films. Fewer nuclei for the formation of
hemispherical microparticles and a smaller number of
molecules cannot support the full growth of microparticles in
the condensed organic solution phase at the air/water
interface. Retention time also plays a significant role in the
growth of hemispherical microparticles at the solvent/air
interface. 1 placed at the solvent/air interface, because of
edge evaporation of the solvent, creates irregular growth,
resulting in irregular microparticle size and short retention
time for the growth of microparticles. Similarly, under high
concentrations, interdigitation of flakes leads to hindered

growth of microparticles with longer retention time, but
thicker flakes are formed due to higher concentration. An
ordered macroscopic assembly is generated only under
optimized conditions (Figure 1).

To test the feasibility of our approach, we examined
another relatively common Cgo derivative, [6,6]-phenyl-Ce:-
butyric acid methyl ester (PCs:BM), using the same method
and optimized by varying solvents as well as varying ratios
of mixed solvents (Figure S8 and S9). As optimized
conditions, 0.75 mM (60 pL) of a mixed solvent
(benzene:cumene = 4:6 by volume ratio) solution of PCs:BM
was cast over the air/water interface (surface area of water
surface: 4.9 cm?) followed by very slow evaporation (for
three weeks) of solvent at 15 °C under atmosphere-sealed
condition. This yielded a film having a macroscopic self-
assembly, as shown in Figures 4 and S10, confirming the
applicability of our method. A closer look at the SEM image
of the film revealed that the microparticles on the outer ring
(Figure 4a) were smaller, with a mean average center-to-
center distance of 115.6 + 13.4 um in length, in comparison
to those inside the ring, which were bigger microparticle—
microparticle distance 152.2 + 13.9 um in length (Figure 4b).
This indicates that the retention time of the solvent governs
the complete growth of microparticle size because the
solvent evaporates faster from the edges than in the middle of
a droplet of solution. We have also tested other molecules,
such as 2-phenyl-N-methylfulleropyrrolidine and 4-
tetradecyloxyazobenzene, = which  are  representative
compounds without alkyl chains on 1 and alkyl-t with
smaller 7 units, respectively. However, the lack of

appropriate hydrophobic amphiphilicity and balance between
n-m interactions and van der Waals forces of alkyl chains did
not produce such uniform macroscopic self-assembly (Figure
S11).

Figure 4. SEM images of a) PCs:BM film formed by restricted evaporation of solvents (benzene: cumene) over three weeks
at atmosphere-sealed air/water interface at 15 °C, showing smaller microparticle diameter at the outer surface and larger

microparticle diameter inside; b) enlarged center area.

Based on the above interpretation, we discuss the
mechanism of formation of the macroscopic self-assembly of
these Cgo derivatives (Figure 5). In the case of 1, the benzene

(or toluene) solution 1 initially homogeneously spreads over
the air/water interface. The early stage of formation of
macroscopic assembly, which finally results in hexagonal
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array formation akin to the compound eye structure referred
to as “Precursor domains,” may form at the benzene/water
interface. The plausible molecular configuration and
alignment of 1 on a precursor domain leading to hexagonal
packing of the micro-domes could occur due to the net-
dipole repulsion in neighboring precursor domains (Figure
5a) [49-53]. The morphological distinction of Langmuir films
was confirmed by SEM images of a Langmuir-Schaeffer
transferred film (Figure 5b). A circular pattern was observed
on the film surface, corresponding to the initial formation of
domes. The formation of precursor domains at the
benzene/water interface can be explained as follows. Due to
slight hydrophobic differences in alkyl-Cgo derivatives
[37,42-48], the molecule acts as a pseudo-molecular dipole.
The long-range repulsion between these domains composed
of unidirectional molecular dipole [49-53] helps form a
hexagonally-packed macroscopic assembly. To understand
the assembly phenomena and molecular configuration of
hydrophobic amphiphiles 1 on the precursor domains, in-situ
Infrared Reflection Absorption Spectroscopy IRRAS (Figure
5¢) and in-situ UV-Vis reflection spectroscopy (Figure 5d)
were conducted. The alkyl chains were in crystalline-like
states with all-trans rich conformation regardless of
compression points, indicating solvophobic interaction
between the alkyl chains as one of the driving interactions in
the self-assembly process. The intermolecular interactions
among 1 allow them to assemble a structure without
additional forces. The structural assembly is likely self-
driven as soon as 1 is introduced onto the water surface. In
the case of Cgy moiety, the two Cep absorption bands were
not altered during the solvent evaporation (Figure 5d). Hence,
during the casting, the intermolecular forces induce 1 to self-
organize at the very early stage of the assembly process; the
process cannot be captured with the techniques used here. To
achieve a smooth film, surface tension should be uniform
throughout the upper solution surface during the drying
process. In the case of hexagonal-like packing in the
convection of oil on water, solvent evaporation causes
differences in temperature, surface tension, solvent
concentration, and density within the solution. To
compensate for the non-equilibrium conditions, a convection
current starts at solution surfaces, forming macroscopically
visible cell structures known as Bénard cells [54,55]. The
difference in surface tension between the centers (lower) and
edges (higher) of the solution results in the unevenness of the
surface of the film after drying. However, in our case,
convection of the upper solution during the solvent
evaporation could be minimized due to controlled slow
evaporation (2 days—3 weeks) under a constant cooled
temperature (15 °C). It makes a hemispherical circle bottom
shape instead of a honeycomb-like framework formation
(Figures 5b and 5e). Here, solvent evaporation plays an
important role in controlling the size of microparticles;
evaporation is faster at the air/benzene interface than at the
benzene/water interface. Thus, nano-aggregates could form
at the air/benzene interface. The nano-aggregates were
observed in HR-TEM (Figure 3b). An early sample was
collected and examined to understand microparticles' growth.

Figure 5e shows an SEM image of the half-grown film: the
hemispherical shape was immature, with complete
microparticles yet to be created. We have also performed
FTIR and UV-Vis measurements of the immature particles,
the samples from a later stage of precursor domain formation
(Figure S12). These experimental results were consistent
with our in-situ experiments, revealing that self-organization
starts early. As seen in the immature hemispherical assembly
formation, on the top of the precursor domain, nano-
aggregates formed through supersaturation at the air/benzene
interface pile up with an amorphous phase to create a
hemispherical dome structure (Figure 5f). Simultaneously,
the precursor domain can be grown until the solvent
evaporation passes through its position in the self-assembly
array film. This is also supported by our experiment shown
in Figures S2 and S3, which revealed how benzene and
toluene affect the size of microparticles. As benzene has a
lower boiling point (80.1 °C) than toluene (110.6 °C), it
evaporates faster, resulting in smaller microparticles. Further,
the retention time also affects the sizes of domains and their
distribution (Figure S7). Domains at the solvent/water
interface have a longer retention time to form fully-grown
microparticles. In contrast, those at the air/solvent interface
(edges) do not due to the shorter retention time (Figure 4a).

In general, the kinetic spreading must be fast enough to
overcome the aggregation process to ensure a uniform
distribution. In this regard, benzene and CHCl, exhibit
excellent spreading properties for forming a uniform film.
However, the growth of microparticle arrays requires slow
evaporation of solvent; this minimizes the growth of
microparticles at the air/solute interface. CH.Cl, evaporates
too fast for such array formation. On the other hand, m-
xylene evaporates slower but fails to spread the molecules
well. Out of all the solvents evaluated here, only benzene and
toluene fulfill both criteria for fabricating unique anisotropic
microparticle arrays of 1. The importance of these factors
was also confirmed by using 20% alcohol in water as a
spreading medium. Such a substitute prevented structure
formation even when benzene solution was used. The extent
of disruption is correlated with the degree of change in the
surface tension (Figure S4). We conclude that primarily, if
not exclusively, the structural formation can be controlled by
a delicate balance among various factors, including the type
of solvent, concentration, surface tension for proper surface
distribution, and precipitation rate. If the molecule has an
excessive tendency to aggregate, ordered structures do not
result. This was the case with pristine fullerene (Ceo). We
applied our method to PCe:BM, a fullerene derivative
composed of Cg and alkyl chains moieties, which is similar
to 1; -t and van der Waals forces, as well as weak
hydrophobic amphiphilicity, resulted in an ordered structure
from a mixed solvent of benzene and cumene with longer
film growth time.



o 0.00 +
o
-
i ——5mN/m
m@ =10 mN/m
E 14 mN/m
= ——20 mN/m
g 30 mN/m
o -0.05 4 =40 mN/m
2918
T T T T T 1
3000 2950 2900 2850 2800 2750 2700

Wavenumber (cm'1)

———30 sec

275 ~———45 sec

Absorbance (a.u.)

T - T - T = T = T ~ T - 1
300 400 500 600 700 800 900
Wavelength (nm)
nanoaggregates

(f)

solvent
evaporation

a4

water

Figure 5. a) Schematic shows long-range repulsion between precursor domains happened at benzene/water interface [47]; b)
SEM image for a film of 1 formed at Langmuir trough under open-air condition, obtained from early sample collection,
transference by Langmuir-Schaeffer method; ¢) IRRAS at various compression stages, alkyl chains exhibit peaks at 2850
(osym-CH2) and 2918 cm™ (pasym-CH.); d) UV-Vis reflection spectra taken during the evaporation of benzene after the solution
was spread onto the water surface; ) SEM image of immature hemispherical particles of 1, obtained from early sample
collection; and f) Schematic showing how nano-aggregates formed through supersaturation at the air/solution interface pile
up together with amorphous phase on top of precursor microdomains at the solution/water interface.

4. Conclusion

This work provides a relatively simple and convenient route
for forming Kkinetically controlled hierarchical molecular
assemblies with stable, highly precise (approximately 38 um
microparticle-to-microparticle  distance and long-range
ordering up to 1.3 centimeters) from an alkyl-fullerene

derivative. This could pave the way for achieving individual
molecular assemblies up to multi-scale length in 3D
structures by simply controlling solvent evaporation at the
air/water interface under atmosphere-sealed conditions. The
structural formation arises from a delicate balance among the
solvent used and concentration. The method's feasibility was
confirmed by forming a similar pattern of hexagonally-



Journal XX (XXXX) XXXXXX

Author et al

packed larger microparticles (approximately 152 um in size)
from another fullerene derivative, PCes1BM, utilizing a
similar protocol. Therefore, the present approach provides a
facile fabrication method via a single procedure at non-
equilibrium conditions, opening up a new paradigm in
molecular self-assembly chemistry, patterning technology,
and biomimetic science. Trials for preparing a surface-
enhanced Raman analytical tool by transcribing the
hexagonal array of hemispherical microparticles to Au metal
film are currently undergoing in our laboratory.
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