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Preparation of Cgy Ribbons by in situ Crystallization in a Microfluidic System
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This letter reports a fabrication method for Cg crystalline
thin ribbons using a microfluidic system. The bulk size of the Cg
ribbons is controlled by hydrodynamic force.

Recently, fullerene Cg has attracted much attention because
of its unique physical and chemical properties.!~ Processing and
control of Cgg solid materials on a macroscopic scale is a major
technical challenge. Here, we demonstrate a fabrication method
for size-controlled Cg ribbons on a microchip.

The fabrication method for the Cgy ribbons is based on mi-
crofluidic liquid/liquid interfacial precipitation (LLIP).5 Figure 1
shows a schematic of the experimental setup. The test solutions
used were Cg dissolved in toluene and in methanol. The raw Cgg
material used was a commercial 99.5% Cgy powder (Honjo
Chemical Co., Tokyo, Japan). The concentration of Cgy dis-
solved in toluene was constant at 0.58 mg/mL (0.13 mol %).
Both two solutions were maintained at a low temperature of
0°C using a temperature controller until just prior to introduc-
tion into the channels. Toluene and methanol were introduced
into a Y-shaped glass microchannel with dimensions of 100-
wm width, 40-pum depth, and 40-mm length fabricated on quartz
glass by wet etching (ICC-SYO0S5, Institute of Microchemical
Technology Co., Kawasaki, Japan).® The microchannel was
immersed in a water bath, and a water immersion objective lens
(Olympus LUMPIlanFl M = 100x, NA = 1.0, Olympus Co.,
Tokyo, Japan) was used for in situ observations. In the LLIP
method, needle-like Cgy crystals are usually formed at the
toluene /isopropyl alcohol (IPA) interface.” Conversely, when
methanol was used as the solvent alcohol solution, polyhedron
particles rather than needle-like crystals were formed.’

To form the liquid/liquid interface, each solution was
introduced using syringe pumps at the same flow rate. In terms
of fluid dynamics, the confluence point of the Y-junction shown
by the arrow (“Nucleation Point” in Figure 1) was the stagnation
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Figure 1. Schematic of experimental setup.

point, where the velocity of fluid flow was zero. As a result, poly-
hedral crystalline particles were assembled at the Y-junction
point of the microchannel, and they formed the seeds for the
Cgo crystalline ribbons. (Figure 2). The Cg ribbons grew along
the toluene/methanol interface. For a total flow rate of 1.5uL/
min (Figure 2a), the Cg crystal grew in the streamwise and span-
wise directions. While the streamwise crystal growth continued,
the spanwise crystal growth stagnated gradually. Conversely, for
the total flow rate of 60 uL/min, spanwise crystal growth was
much smaller (Figure 2b). Since the fluid flow was fast compared
to diffusion of the dissolved Cgy molecules across the interface,
the spanwise crystal growth was inhibited in this case. The
streamwise crystal growth rate was determined by the flow
rate, i.e., flow velocity of the test fluids (Figure 2c). As the fluid
velocity increased, the growth rate increased and gradually
became constant. This tendency was in agreement with that in
previous experimental observations of crystal growth of potash
alum (AIK(SO,),12H,0) on a bulk scale.® The crystal growth
of Cg ribbons thus consisted of both a solvent-mediated process
limited by mass transport and a nonsolvent-mediated process
limited by heat transfer.

Hydrodynamic forces in microfluidic chips were recently
utilized for control of the morphology of materials, such as
microtubes,” nonspherical particles,'” multicore capsules,!!
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Figure 2. Optical micrographs of Cg ribbons and characteriza-
tion by fluid velocity. Q is total flow rate. The corresponding
Reynolds numbers are (a) 0.81 at Q = 1.5uL/min and (b)
32.4 at Q = 60 UL /min, respectively.
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Figure 3. Scanning electron micrographs and transmission
electron micrograph of the seed and Cg ribbons.

Janus bicolor particles,12 Janus rods,? etc. In this work as well,
hydrodynamic force was a key factor for the preparation of the
size-controlled Cg crystalline ribbons. The diameter of the crys-
talline ribbon was determined by the fluid velocity (Figure 2d).
As the mean fluid velocity increased, spanwise diffusion time
across the interface decreased. In result, the spanwise crystal
growth was inhibited, and the diameter of the ribbon decreased.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) revealed the characteristics of the
Cep ribbons and their seed. Figure 3a shows polyhedral particles,
which assembled at the confluence point of the microchannel.
The diameter was 3—6 um. Shapes formed included hexagonal
plates, cubic, cuboid, octahedron, etc. Under a low flow rate
condition, sword-like Cgp ribbon was produced (Figure 3b).
The length and diameter was 220 and 13 um, respectively. On
the surface of the ribbon, a number of particles were observed
(Figure 3b, inset). At the bottom of the ribbon, some image noise
marked by arrow was observed. This was a result of evaporation
of the surface film by the electron beam, indicating that the
ribbon was very thin. Under a high flow rate condition, thinner
Cgo ribbon was formed (Figure 3c) with length and diameter
400 and 1.2 um, respectively. This ribbon had a twisted mor-
phology (Figure 3c, inset). Video imaging showed crystal
growth of several ribbons from different seeds (Figure 2b is a
frame). They overlapped with each other along the toluene/
methanol interface. In previous work, the generation of complex
three-dimensional flow fields at the liquid/liquid interface in
a microchannel owing to differences in the surface tension
and viscosity was reported.'* In the present study as well, we
assumed that three-dimensional flow fields at the interface
were generated, and they led to the helical and multilayered
morphology of the Cg( ribbon.

Figure 3d shows a TEM image of the surface of the Cgg
ribbon shown in Figure 3b. The ribbon was covered by a thin
film. The current microfluidic preparation method thus was
effective in fabricating high-quality ordered Cg crystals as in
the previous methods. '

In summary, we have developed a microfluidic system for
the fabrication of size-controlled crystalline Cg ribbons. The
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size was controlled by the spanwise diffusion time and hydrody-
namic force. In future work, we will attempt to investigate the
optical and electrical properties of the ribbons and apply them to
practical devices.

The authors thank the Grant-in-Aid from the Japan Society
for the Promotion Science, Japan.
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