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T
he development of efficient growth
methods for the low-dimensional or-
ganic crystals composed of highly

conjugated molecules provides opportu-
nities to design new soft building blocks of
which properties are largely different from
those observed from powder or solution
phase.1�6 One approach being explored
again recently is to utilize spontaneous pre-
cipitation in solution phase that involves
self-crystallization of target molecules at
liquid�liquid,7 liquid�air,8 or liquid�air�
solid interfaces.9,10 Especially, crystallization
at the liquid�air�solid interface that can be
achieved by a simple process, called the
drop-drying process, has recently at-
tracted much attention due to its simpli-
city of experimental setup as well as high
efficiency in terms of yield and reaction
time. For example, C60 molecules are read-
ily crystallized by the drop-drying process
into 0D, 1D, and 2D C60 nano- to micro-
structures at room temperature by simply
dropping C60 solutions containing geo-
metry-determining solvents.11 Although
the drop-drying process is an efficient
way to form geometrically well-defined
C60 crystals, one important drawback that

has not been resolved yet is the control-
lability of growth direction.
Despite its importance, the vertical crys-

tallization of conjugated molecules has been
reported only for limited examples includ-
ing peptides,12�16 1,5-diaminoanthraqui-
none,17�19 and copper phthalocyanine.20

Except the aromatic dipeptide nanotubes
(ADNTs) that have been vertically grown by
the action of fast evaporating solvent,12 all
other examples require either a high tem-
perature, template, or physical vapor trans-
port environment. Although a fewexamples
of occasionally obtained C60 nanowires
grown on the wall of reaction vials or at
the edges of substrates have witnessed the
possibility of template-free vertical growth
of C60 nanowires,

21 it is still demanding to
develop growthmethods that grant specific
and spontaneous formation of vertical C60
nanowires in high yields in a controlled
manner. Herein we report that C60 mol-
ecules are successfully crystallized into
high-yield vertical nanowires by the solvent
vapor annealing (SVA) process at room
temperature. SVA was first introduced for
harnessing thermally unstable polycrystal-
line organic thin films to supersede the
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ABSTRACT We report that C60 molecules are spontaneously

crystallized into vertical nanowires by the solvent vapor annealing

(SVA) process. C60 molecules have been known to be assembled

into wire-like crystals by simply dropping and drying C60 solutions

in m-xylene on a solid substrate. By the drop-drying process, C60
nanowires have been mostly grown laterally on a solid substrate,

as the major force applied to the droplet during the drying process is parallel to the substrate. On the other hand, the SVA process seems to provide an

ideal environment under which the direction of the dominant drying force of a droplet becomes vertical. When a thermally evaporated C60 film is

exposed to m-xylene solvent vapor under controlled SVA environments at room temperature, C60 molecules are found to be crystallized into vertical

nanowires. The effect of solvent vapor pressure on the vertical growth of C60 nanowire is examined by comparative studies using mesitylene and 1,3-

dichlorobenzene. The versatility of the SVA process for the growth of vertical organic nanostructures is further demonstrated by the successful

formations of vertically grown C60 2D disks and 5,7,12,14-pentacenetetrone anisotropic crystals by employing carbon tetrachloride and toluene solvent

vapors, respectively.
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thermal annealing process.22,23 While the original role
of SVA has been focused mainly on the enhancement
of crystallinity of organic films, its unveiled capability to
form organicmolecules into specific geometrical struc-
tures directly on solid substrates has recently attracted
much attention, especially regarding the growth of
organic single crystals in mild conditions.24�26 In this
article, we demonstrate that the SVA process provides
an ideal environment to assemble C60 molecules in the
vertical direction by utilizing the action of solvent
molecules evaporating along the direction normal to
the substrate. Such an action of solvent evaporation
that determines the direction of crystallization has
been confirmed by verifying the same growth tenden-
cies with various solvents having different vapor pres-
sures. The versatility of the SVA process for vertical
growth is also demonstrated by the vertical growth of
C60 disks and 5,7,12,14-pentacenetetrone (PT) aniso-
tropic crystals.

RESULTS AND DISCUSSION

The SVA process was conducted by placing a Si
substrate containing a thermally evaporated C60 film
(Figure 1a, average thickness of 60 nm) in a scintillation
vial filled with 5 mL of m-xylene solvent (Figure 1b).
Note that m-xylene is the solvent known to guide C60
molecules into being crystallized into lateral nanowires
by the conventional drop-drying process.9,11,27,28 To
avoid direct contact between the C60 film and m-
xylene, the sample was placed on top of an inner pillar
taller than the level of solvent. The vial was then
capped to keep the sample under constant vapor
pressure of m-xylene at 28 �C, which allows natural
coverage of the C60 film with m-xylene vapor enough
to wet C60 molecules and to evaporate the solvent
under dynamic equilibrium. Upon 12 h of the SVA
process, C60 molecules are crystallized in the vertical
direction as shown in Figure 1c. The average diameter
and length of vertical C60 nanowires grown under this

condition are about 340 nm and 7 μm, respectively.
The formation of a vertical C60 nanowire is highly
reproducible with high homogeneity, as evidenced
by the large-area cross-section SEM image (Figure 1d).
The structure of C60 nanowires was characterized

based on Raman spectroscopy, powder X-ray diffrac-
tion (XRD), and selected area electron diffraction
(SAED) data. The inclusion ofm-xylene in the vertically
grown C60 nanowires was first confirmed by Raman
spectroscopy, as the presence of solvent molecules in
the C60 nanowire is supposed to shift Raman peaks of
Hg(1) mode and Ag(1) mode.9,28,29 While solvent-free
C60 crystals usually have a cubic crystal system, it has
been known that a hexagonal crystal system is pre-
ferred when C60 molecules are cocrystallized with
solvent molecules as they are incorporated at the
interstitial sites of C60 crystals.

27,30 Indeed, the vertically
grown C60 nanowires show Hg(1) mode Raman peak
shifts from 272 to 270 cm�1 and Ag(1) mode from 496
to 494 cm�1, compared with pristine C60 powder
(Figure 2a). This result confirms that the vertically
grown C60 nanowires are solvated with m-xylene.
Next, the crystal structure of vertically grown C60

nanowires is assigned using XRD and SAED data. The
XRD patterns were obtained from two samples ob-
tained from the same batches, but prepared differently
for XRD measurement purposes: one is an as-grown
sample containing vertically aligned C60 nanowires,
and the other one is the sample containing C60 nano-
wires laying down on a substrate by mechanically
pressing down the vertical nanowires at slightly off-
angle using a glass slide. The XRD pattern from the as-
grown sample shows three distinct diffraction peaks at
2θ larger than 18, i.e., at 19.250, 20.833, and 21.541,
which correspond to (041), (231), and (141) planes,
respectively. Very weak diffraction from the (010) plane
and the absence of diffraction peaks from (hk0) planes
appearing at low 2θ values is due to the vertical
alignment of C60 nanowires. On the other hand, the

Figure 1. (a) AFM image of thermally evaporated C60 film. (b) Photograph of the SVA apparatus. (c, d) High- and low-
magnification SEM images of vertically crystallized C60 nanowires on a Si substrate, respectively.
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XRD pattern obtained from the other sample contain-
ing lateral C60 nanowires shows eight sharp diffraction
peaks at 2θ values of 4.278, 7.388, 8.557, 11.321, 12.866,
17.157, 19.705, and 28.454, which are assigned to the
(010), (110), (020), (120), (030), (040), (140), and (160)
planes, respectively (Figure 2b). These results matched
the patterns observed frompreviously reportedm-xylene-
solvated C60 crystals having a hexagonal crystal system
with the P63 space group.31 The unit cell parameters
are calculated to be a = 23.85 Å and c = 10.04 Å (a/c =
2.375, Figure 2c), which are slightly different from the
reference values (a = 23.69 and c = 10.05 Å) that were
obtained at 100 K. Nevertheless, the indexing of the
hexagonal system for the vertical C60 nanowires stands
correct, as the simulation result (bottomdata inFigure2b)
calculated based on the P63 space group using the
obtained lattice parameters matched well with both
experimental results (top andmiddle data in Figure 2b).32

The SAED pattern obtained from a C60 nanowire
shown in the inset of Figure 2d confirms that the C60
nanowire is single crystalline with a zone axis of [1�10]
and crystal growth axis of [001], which agrees with a
simulated SAED pattern as well (Figure S1 in the
Supporting Information).32 It should be noted that
the electron diffraction from the (002) planes from a
single C60 nanowire is prominent because the (002)
planes are parallel to the zone axis, but the XRD peak
from (002) is almost absent because of the relatively

small effective area of the (002) planes for X-ray
diffraction (Figure 2c), similar to the case of laterally
grown C60 nanowires by the drop-drying method
(Figure S2 in the Supporting Information).11,27,28

The most critical environment for the growth of
vertical C60 nanowires is to control the main direction
of solvent movement to be vertical (Scheme 1). The
edges of a droplet containing solutes are pinned on a
surface in general cases of the drying process; thus
capillary outward flow is naturally generated inside the
droplet to replenish solvents to the perimeter of the

Figure 2. (a) Raman spectra of C60 powder (black) and vertical C60 nanowires (red). Insets are magnified views for Hg(1) and
Ag(1) regions. (b) XRD patterns of as-grown vertical C60 nanowires (top), mechanically laid down vertical C60 nanowires
(middle), and simulation data. (c) Unit cell of a hexagonal system with calculated lattice parameters (top) and schematic
depicting crystal growth axis and planes of C60 nanowire. (d) SAED pattern of a vertical C60 nanowire (shown in inset).

Scheme 1. (a) Two main flows generated in the droplet
during evaporation of solvent. (b) Schematic representation
of lateral (FL) and vertical (FV) forces applied to a droplet
during the drop-drying process.
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droplet.33 If there are thermal and concentration gra-
dients, circulating flow (which is also called Marangoni
flow) is also generated and competes with the capillary
flow (Scheme 1a).33 Due to such capillary flow, the
solutes in the droplet are accumulated at the edges of
the droplet during the evaporation of the solvent,
resulting in lines of solutes, which is called the “coffee
ring effect”. When the solvent has a high vapor pres-
sure, as in the case of C60 in m-xylene solution, how-
ever, the droplet pinning is no longer sustained
because of rapid and massive lateral expansion and
shrinkage of the droplet on the surface, resulting in the
crystallization of C60 nanowires grown laterally along
the direction of solution expansion (Movie 1 in the
Supporting Information). Based on this phenomenon,
a simplifiedmodel for the forces applied to amacrosize
droplet of C60 in m-xylene is proposed as shown in
Scheme 1b. That is, in the case of the regular drop-
drying process of a C60 solution in m-xylene (the
diameter of the droplet is ∼1 cm), the lateral force of
the solvent (FL) is dominant, resulting in laterally grown
C60 nanowires on a substrate.
In order for vertical crystallization of C60 to occur, FL

should be minimized while maximizing vertical drying
force of the solvent (FV), and the SVA seems to be an
ideal process to provide such an environment. The
extent of FL versus FV is frequently determined by the
presence or absence of coffee rings at the circumfe-
rence of an original droplet upon drying as the super-
saturated state is mainly formed at the three-phase
contact line34 that moves in stick�slip motions toward
the inside of the droplet, affecting the direction of self-
assembly.9,10 The formation of a coffee ring indicates
that FL is larger than FV, which canbeprohibitedwhen the
droplet size becomes small enough to provide an
environment where FV becomes dominant over FL.
We confirmthat thecoffee ringappearswhen thesizeof a
droplet of C60 solution in m-xylene is large, and it
disappears when the droplet diameter becomes smal-
ler than about 10 μm (Figure S3 in the Supporting
Information).

The absence of a coffee ring upon drying indicates
that FV becomes dominative over FL. However, as also
clearly shown in Figure S3, there is no C60 nanowire
formed in either the vertical or lateral direction be-
cause the absolute amount of C60 molecules in such
small droplets is not enough to grow them into mean-
ingful sizes of nanowires. Considering the successful
growth of vertical C60 nanowires fromC60 film under an
SVA environment even without a trace of a coffee ring,
the SVA process satisfies two requirements deduced
from the coffee ring experiments: (1) minimization of
the size of individual C60 droplets through continuous
condensation and evaporation of solvent droplets at a
couple of molecular layer thickness and (2) continuous
supply of enough C60 molecules from C60 films. A
phenomenon similar to the former has been recently
reported by Li et al., demonstrating the successive
reduction of droplet size down to micrometer scale
and increase of the number of droplets upon contin-
uous evaporation and condensation for ice nucleation
on a solid substrate.35

Since the determination of crystallization direction is
also affected by the vapor pressure of solvent, which
determines the number of solvent molecules in action
during evaporation, control SVA experiments were
attempted using mesitylene and 1,3-dichlorobenzene
solvents, having different vapor pressures but known
to crystallize C60molecules into nanowires by the drop-
drying process.11 The vapor pressure of m-xylene
(9.94 mmHg at 28 �C)36 is the highest followed by
those of mesitylene and 1,3-dichlorobenzene (3.0936

and 2.02mmHg37 at 28 �C, respectively). Therefore, the
absolute amount of solvent in action to pull solvated
C60 molecules normal to a substrate surface is the
highest for m-xylene and the lowest for 1,3-dichloro-
benzene. To show the vapor pressure effect, we used
C60 films thermally evaporated under ∼10�6 Torr at
450 �C for 3 h 30 min (average thickness of 10 nm).
Note that this condition provides an optimized C60 film
thickness at which the vapor pressure effect is demon-
strated most obviously in terms of growth direction,

Figure 3. SEM images of C60 nanowires grown by the SVA process attempted with (a) 1,3-dichlorobenzene, (b) mesitylene,
and (c) m-xylene. Qualitative expressions for the relative degree of solvent wetting on C60 film and the number of solvents
involved during the evaporation are schematically depicted.

A
RTIC

LE



KIM ET AL . VOL. 7 ’ NO. 10 ’ 9122–9128 ’ 2013

www.acsnano.org

9126

density, length, and thickness of the resulting C60
nanowires depending on the types of solvent. Indeed,
a high population of C60 dots with small numbers of
laterally grown C60 nanowires is mainly observedwhen
1,3-dichlorobenzene is employed (Figure 3a), while
mesitylene solvent yields vertical C60 nanowires of
about 1 μm of length (Figure 3b). The C60 vertical
nanowires grown by m-xylene under the same condi-
tion are much longer (Figure 3c). These results imply
that solvent with higher vapor pressure provides a
larger amount of solvent molecules guiding C60 mol-
ecules to crystallize in the vertical direction.
The above-mentioned results suggest that the direc-

tion of self-crystallization of organic molecules can be
readily controlled under SVA conditions as long as the

specific solvents guide the targetmolecules intomean-
ingful geometrical structures, which can be easily
screened by the drop-drying process. Hence, the ver-
satility of the SVA process was examined for C60 again,
but by switching the solvent from m-xylene to carbon
tetrachloride (CCl4, Po = 114.0mmHg at 25 �C), which is
known to crystallize C60 molecules into lateral 2D disks
by the drop-drying process.11 When a C60 film is
exposed to CCl4 by the SVA process, C60 2D disks are
indeed formed in the vertical direction (Figure 4a and
Figure S4; see also notes in the Figure S4 caption). The
XRD and SAED results indicate that the crystals have a
similar single-crystalline hexagonal crystal system to
C60 2D disks grown by the drop-drying process11

(Figure 4b and Figure S5 in the Supporting Information).

Figure 4. (a) SEM image of vertical C60 2D disk structures with high magnification image (inset). (b) TEM image of a vertical
C60 2D disk with corresponding SAED pattern in inset (right). The inset on the left is the XRD pattern of vertically grown
C60 2D disks.

Figure 5. (a, b) Optical microscope images taken after drop-drying PT solutions in toluene and CH2Cl2, respectively. (c) AFM
image of thermally evaporated PT film. (d, e) SEM images taken after running SVAprocesses using a sample in (c) with toluene
and CH2Cl2, respectively.
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The versatility of the SVA process was further shown
with non-fullerene conjugatedmolecules, PT. When PT
moleculesdissolved in toluene (Po=28.4mmHgat25 �C)38

anddichloromethane (CH2Cl2,Po=436.5mmHgat25 �C)38

are applied for a regular drop-drying process, anisotropic
PT anisotropic crystals are formedmainly at the coffee ring
region of the droplets (Figure 5a and b, respectively), and
the direction of PT anisotropic crystals is parallel to the
substrate. On the other hand, when the SVA process is
attempted using a substrate containing a thermally
evaporated PT thin film (Figure 5c, average thickness of
60 nm), vertically grown PT anisotropic crystals are
successfully obtained by the actions of both toluene
and CH2Cl2 (Figure 5d and e, respectively). These results
prove that the SVA process is a versatile growth meth-
odology for the vertical formation of organic crystals.

CONCLUSION

In summary, we report a new methodology for the
growth of vertical C60 1D nanowires and 2D disks via

crystallization of C60 molecules with the help of eva-
porating solvent molecules. While a conventional
drop-drying of a C60 solution droplet in m-xylene
generally results in laterally grown C60 nanowires ow-
ing to the dominant FL over FV applied to the solution
droplet at the solid�liquid�air interface, the SVA
process provides an ideal environment to enhance
FV, enforcing the crystallization of C60 molecules in
the vertical direction. By switching the m-xylene sol-
vent employed for the growth of vertical C60 nanowires
to CCl4, vertically grown C60 2D disks are also obtained.
The SVA process is further applied to other conjugated
molecules, such as PT, which is also crystallized into
vertical anisotropic crystals with the help of evaporat-
ing toluene or CH2Cl2. Considering the diversity of
target molecules applicable for conjugated organic
crystals, we believe that the SVA process with an
appropriate selection of solvent is a versatile tool,
opening a new direction of vertical growth of diverse
organic and metal-containing organic nanostructures.

EXPERIMENTAL SECTION
Vertical Crystallization of C60 1D Nanowires and 2D Disks. C60 full-

erene powder was purchased (MTR Ltd., purity >99.95%) and
used without further purification. For the vertical growth of C60
1D nanowires, a C60 thin film was prepared by thermally
evaporating C60 powder on a precleaned Si substrate under
∼10�7 Torr at 540 �C for 7 h (average thickness of 60 nm). The
precleaned Si substrate was prepared by rinsing with deionized
water followed by rinsing with acetone and isopropyl alcohol,
then blowing with N2 gas. For the examination of the solvent
effect shown in Figure 3, we used C60 films that were thermally
evaporated under∼10�6 Torr at 450 �C for 3 h 30 min (average
thickness of 10 nm). Temperature and evaporation time were
varied to form C60 films of various thicknesses. The prepared C60
film samples were brought into a scintillation vial (70 mL) in
which 5 mL of carrier solvent, such asm-xylene (Sigma-Aldrich,
99%), CCl4 (Sigma-Aldrich, 99.9%), mesitylene (Sigma-Aldrich,
98%), and 1,3-dichlorobenzene (Aldrich, 98%), was pre-
loaded. To avoid direct contact between the C60 film sample
and solvent, another, smaller scintillation vial (20 mL) pillar
was placed inside the vial on which the C60 film sample was
placed. Then the vial was capped to trap solvent vapors inside
the vial and placed in an oven preset at 28 �C. Various reac-
tion times were examined, and the optimized reaction time
was determined to be 12 h. Once the reactionwas completed,
the C60 film sample was carefully taken out of the vial, then
left in air for 6 h to completely dry off the solvents from
the samples.

Vertical Crystallization of 5,7,12,14-Pentacenetetrone Anisotropic Crys-
tals. For the test of the drop-drying process, a saturated PT solu-
tion was prepared by adding an excess amount of PT in toluene
(Fisher Scientific, HPLC grade) and CH2Cl2 (Fisher Scientific, HPLC
grade) followed by ultrasonicating and filtrating (Whatman
International Ltd., pore size <20 nm) the precipitates. For
filtering solutions, we used an inorganic membrane filter. An
aliquot (about 5μL) of the saturated PT solutionwas dropped on
a precleaned Si substrate in air at room temperature. The
formation of PT anisotropic crystals laying down on a substrate
was confirmed using an optical microscope. For the vertical
growth of PT anisotropic crystals, a PT thin filmwas prepared on
a Si substrate by thermal evaporation (3 � 10�6 Torr at 300 �C
for 30 min), then placed inside a scintillation vial filled with
toluene or CH2Cl2, as in the case of C60 vertical growth, and kept
for 24 h at 28 �C. Once the reaction was completed, the PT film

sample was carefully taken out of the vial, then left in air for 6 h
to completely dry off the solvents from the sample.

Structure Characterization. C60 film morphology was investi-
gated by a tapping mode atomic force microscope (AFM,
Nanoscope IIIa, Digital Instrument Inc.). The morphologies of
all the products were examined by scanning electron micro-
scopy (SEM, JEOL, JSM-7410F) with an ultrathin (∼10 Å) Pt
coating. Structural information was obtained by transmission
electron microscopy (TEM, Carl Zeiss, EM 912 omega), area
selective electron diffraction (SAED, and powder X-ray diffrac-
tion (XRD) for a single C60 nanowire. We prepared a single C60
nanowire on a Cu grid (Ted Pella, Inc., 400 mesh) by mildly
sliding a Cu grid on as-grown wires on a Si substrate for TEM
analysis. X-ray diffraction data were obtained from the 5D
beamline at Pohang Accelerator Laboratory (λ = 1.2390 Å). All
obtained datawere converted to Cu KR (λ=1.54057Å) radiation
scale for convenience in comparing with previously reported
data. To determine the solvation of vertical C60 nanowires,
Raman spectra were acquired by using a Raman spectroscope
(Alpha 300R,WITEC) equippedwith a 532 nmdiode laser (power =
0.1 mW, grating = 1800 g/mm, BLZ = 500 nm).
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