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A Cg monolayer was constructed by a multi-step creep method for the first time. In the case that a dilute Ceo
benzene solution of 1x107° M (1 M=1 moldm*) was spread on the water surface, Cey molecules formed into highly
organized 2-dimensional crystalline domains. On the other hand, in the case of the conventional continuous compression
method up to a low surface pressure below 15 mNm ™', the C4y monolayer-like aggregates were formed with a lot of
vacancies. Each monolayer-like Ce aggregate was easily collapsed into small fragments and changed into 3-dimensional
aggregates at a high surface pressure above 20 mNm™'. The Cgo film could not full up the vacancies during continuous
compression, since the Cqo molecules formed rigid aggregates. These results clearly indicate that structural relaxation at a
low surface pressure was required to construct the defect-diminished Ceo monolayer. The occupied area of a Cso molecule
in the monolayer prepared by the multi-step creep method was in good agreement with that of a 2-dimensional Cg crystal
calculated from lattice constants of a 3-dimensional Cey crystal. The surface morphology of the Cqo monolayer prepared
by the multi-step creep method was homogeneous, and Cey molecules in the monolayer were closely and regularly packed
in a hexagonal array. The hexagonal packing of the C¢ molecules was confirmed on the basis of atomic force microscopic
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and electron diffraction observations.

Since the discovery of buckminsterfullerene (Cgg)' and of
a efficient preparation method for large quantities of Cgp,’
the C¢y molecules have attracted much attention because of
their characteristic structure and interesting physical prop-
erties such as superconductivity at a high temperature,™*
photoconductivity,” and high nonlinear optical coefficients.
In order to apply the Cgp molecules as functional devices,
one must construct the defect-free or defect-diminished Cgy
ultra-thin films. Langmuir-Blodgett (LB) technique may
be the most useful method for construction of an ultra-thin
film whose structure and film thickness are controlled at a
molecular level.” The film of the intact Cgo on the water sur-
face has been investigated by several groups.*'*~'° Since the
Cgo molecule without any chemical modification is not am-
phiphilic and exhibits strong intermolecular attractive force,
however, the C¢o molecules do not form the 2-dimensional
Ceo monolayer but easily aggregate into a 3-dimensional ar-
ray instead of the formation of the C¢y monolayer on the
water surface.'> Amphiphilic Cy molecules synthesized by
chemical modification'*'"*=® or mixtures of Cgp and fatty
acid'>?'—% were used to prepare the Cgo monolayer on the
water surface. However, since the existence of the modified
parts on the Cqp molecule or fatty acid may prevent the nature
of Cy itself in the case of these monolayers, one must con-
struct the Cgp monolayer from the only Cgo molecule without
any chemical modification. Some groups have reported that
in the case of using a very dilute solution of Cg, the Cggy
monolayer could be prepared on the water surface.®'® How-
ever, the aggregation structure of the Cgo monolayer on the

water surface was not investigated in detail.

The area—creep behavior of fatty acid monolayers has been
studied to construct the defect-diminished fatty acid mono-
layer on the water surface.* % The monolayer on the water
surface generally exhibits area—creep phenomena, that is, a
surface area decreases with an increase in a creep time at a
constant surface pressure.*—* Since the area—creep behav-
ior of the monolayer strongly refiects the aggregation state of
fatty acid molecules, the analyses of the area—creep behavior
of the fatty acid must give us some useful information to con-
struct the highly regularized monolayer. For the stearic acid
monolayer, the surface area decreased with an increase in
the creep time due to structural relaxation or collapse of the
monolayer.* Therefore, the multi-step creep method will be
one of the effective preparation methods for the defect-dimin-
ished monolayers on the water surface.? It is reasonable to
consider that, as the multi-step creep method is based on the
structural relaxation phenomena in the monolayer, the multi-
step creep method might be useful for the construction of the
morphologically and crystallographically homogeneous Cgq
monolayer.

In this study, the preparation of C¢y monolayer has been
discussed from the viewpoint of the structural relaxation in
the Cgp film prepared from a very dilute solution. Then,
the aggregation structure of the Cgp film prepared by the
multi-step creep method was investigated on the basis of
the transmission electron microscopic (TEM) and the atomic
force microscopic (AFM) observations.
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Experimental

Film Preparation. Ceo was purchased with a quality of
99.99 % (Matsubo Co., Japan) and used without further purifica-
tion. Benzene of spectroscopic grade was used as a spreading sol-
vent. Benzene solutions of Cep were prepared with concentrations
of 1.0x107° and 1.0x10™* molL~!. The subphase water was
purified with Milli-QII system (Millipore Co., Ltd.). The subphase
temperature, T, was maintained by circulating constant-tempera-
ture water around an aluminium support of a trough; the accuracy
of Ty, was £0.1 K. The 7-A isotherms of the Cgo film was in-
dependent of T, within the temperature range of 283 to 318 K.
Hence, the Ty, was fixed at 293 K in this study. The dimensions
of the trough were 400 mm in length, 150 mm in width, and 5 mm
in depth. A subphase water level was maintained by a home-made
water level maintainer to prevent the decrease of the apparent sur-
face pressure due to the evaporation of the subphase water.>*® The
surface pressure was measured by the Wilhelmy balance technique.
Compression and area—creep measurements of the monolayer were
carried out with a microprocessor-controlled film balance system
(USI System Co., Ltd., FSD-20). The C¢ films were prepared
by spreading 72 uL (for 1.0x10™* mol L' solution) or 720 uL
(for 1.0x 107> mol L~} solution) of the benzene solution of Cgg on
the water surface, and then compressed at the constant rate of 120
mm?s~!,

The defect-diminished Ceg film was prepared by the multi-step
creep method.”” The Ceo film was compressed up to the surface
pressure of ISmNm™ ! at the constant rate of 120 mm? s~ ,and then
maintained at this surface pressure. In this process, the variation
of the Cgo film area was monitored to evaluate a quasi-equilibrium
state in terms of the creep behavior. Then, the film was further
compressedto 17 mN m ™' and again, maintained at 1”7 mN m~'. By
the technique of step-wise compression mentioned above, the Ceo
film was finally compressed to the surface pressure of 20 mNm™'.
Finally, the Cgo film was transferred onto the solid substrate by the
horizontal drawing-up method.™

Transmission Electron Microscopic Observation.  The Ce
films on the water surface were transferred onto a collodion sub-
strate by the horizontal drawing-up method for TEM observation.
The collodion substrate was prepared by a cover of the collodion
thin film onto a glass slide on which electron microscope grids (200
mesh) were placed. It was confirmed from AFM (Seiko Instruments
Inc., SPA300) observation and electron diffraction (ED) measure-
ment that the surface of the collodion substrate was smooth enough
to use and was in an amorphous state at 293 K. The ED patterns
of the Cgo films were obtained with TEM (Hitachi, H-7000), which
was operated at an acceleration voltage of 75 kV and a beam cur-
rent of a several pA. The electron beam was 10 pm in diameter.
TEM observation was carried out at 293 K corresponding to Typ.
A lateral crystallographical regularity, that is, the magnitudes of
crystallographical distortion (Diy) and continuity (Lia), of the 2-
dimensional monolayers were evaluated by the single line method
based on the Fourier analysis of the ED profiles.*

Atomic Force Microscopic Observation. The Cgp films were
transferred onto a freshly cleaved mica (Okabe Mica Co., Japan)
substrate by the horizontal drawing-up method. AFM equipped
with 20 um scanner and a Si3Ny tip on a cantilever with the spring
constant of 0.02 Nm™' was employed for the observation of the
surface morphology of the Cgo films. Also, a 1 um scanner was used
for the high-resolution observation of the Cs films. AFM images
were recorded in the “constant force” mode for the observation on
um scale and the “constant height” mode for the high-resolution
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Fig. 1. AFM images of the C¢y film prepared from the so-
lution of 1.0x107° (a) and 1.0x10™* molL ™" (b) right
after spreading solution and each height profiles along the
straight line shown into Figs. 1(a) and 1(b), respectively.
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observation on nm scale. AFM observation was carried out in air
and at 293 K, the temperature at which the Cg films were prepared.
The applied force for scanning was in a weak repulsive force range
of ca. 107'" N. Under this condition, the morphology of the Cgo
films could be obtained without any destruction by scanning the
cantilever tip.

Results and Discussion

Possible Formation Mechanism of Cgy Film during
Continuous Compression. Figures 1(a) and 1(b) show the
typical AFM images of the C¢ films prepared from a solution
of 1.0x107° (a) and of 1.0x10~* mol L~! (b), right after
spreading the solution (77 = 0 mN m™~!); their height profiles
along the straight lines drawn in these Figures are displayed
as well. In the case of the dilute solution of 1.0x107°
mol L~!, large isolated circular domains with 0.1 to several
um in diameter were observed. The average height of suchan
isolated circular Cgp domain was ca. 0.9 nm, corresponding
to the diameter of the Cgg molecule including the m electron
cloud.’? On the other hand, in the case of the concentrated
solution of 1.0x 10™* mol L', the Cg, molecules formed the
smaller domains with irregular shapes and various heights of
several nm, as shown in Fig. 1(b). Hence, Figs. 1(a) and 1(b)
clearly indicate that the Cgp molecules spontaneously formed
the 2-dimensional domains right after spreading the dilute
Co solution (< 1.0x 1072 mol L~ 1) on the water surface and
also, the C¢p molecules formed the 3-dimensional aggregates
due to their strong intermolecular interaction in the case of
the concentrated Cgp solution (> 1.0x 10~* mol L—1). This
higher order molecular aggregation might arise from the fact
that several C¢p molecules were already associated together
in the concentrated solution before spreading on the water
surface. Therefore, it seems reasonable to conclude that the
Ceo monolayer can be formed on the water subphase when
the dilute solution below 1.0x 1073 mol L~! is used.

Figures 2(a) and 2(b) show the ED patterns of the Cgq
film prepared from the Cgy benzene solution of 1.0x 1073
mol L~! by the continuous compression method at the sur-
face pressure of 0 (a) and 20 mNm ™' (b), respectively. The
ED pattern of the Cg film prepared at 0 mN m~' showed the
hexagonal spots corresponding to the 2-dimensional crys-
talline hexagonal system. Therefore, Fig. 2(a) clearly in-
dicates that the Cqo molecules spontaneously formed the 2-
dimensional crystalline domains on the water subphase right
after spreading the dilute C¢o benzene solution, as shown in
Fig. 1(a). On the contrary, the ED pattern of the Cg film
prepared by the continuous compression up to 20 mNm™!
was the crystalline Debye ring, as shown in Fig. 2(b). It can
be considered from Fig. 2(b) that the C¢ film was collapsed
into small fragments during a continuous compression to a
high surface pressure of about 20 mN m™!, probably due to
the rigidity of the Cgg film.

Figure 3 shows the 7-A isotherm of the Cg film pre-
pared from the solution of 1.0x 107 mol L~! at 293 K. The
limiting area evaluated from the 7—A isotherm of the Cgg
film was 1.3 nm? molecule™!. In contrast, the molecular
occupied area in the 2-dimensional Cgp hexagonal crystal
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Fig. 2. Electron diffraction (ED) patterns of the Ceo film pre-
pared by the continuous compression method at the surface
pressure of 0 (a) and20mN m ™' (b). Lefthand patterns were
original, and righthand patterns were schematic diffraction
on the same position to original diffraction.
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Fig. 3. 7—A isotherm of the Cg film at 293 K.
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calculated from the lattice parameters obtained from the ED
pattern of Fig. 2(a) was 0.87 nm? molecule™'. Therefore, it
can be considered from the molecular occupied areas based
on the 77-A isotherm and ED pattern that the Cgy molecules
form a monolayer with macroscopic voids on the water sub-
phase, even in the case of the dilute solution of 1.0x107°
mol L', Figure 4 shows the AFM images of the Cgp films
at the surface pressures of 10, 15, and 20 mN m! during the
continuous compression process. The brighter parts in AFM
image correspond to the higher height regions. The AFM
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Fig. 4. AFM images of Cy films at surface pressures of 10, 15 and 20 mN m™' in a process of continuous compression.

image of the Cg film directly compressed up to 20 mN m™~!
taken at a certain region was fairly homogeneous, while that
taken at another region was inhomogeneous as shown in
Fig. 4. The AFM image of the Cg film at 77 of 20 mNm~!
in Fig. 4 was typical, which might indicate clearly the aggre-
gation mechanism of the Cg film. The voids were observed
as the spaces among the 2-dimensional Ce¢y domains at the
surface pressures of 10 and 15 mN m~!. On the other hand,
the 2-dimensional domains were collapsed in the domain
boundary region in the case of the continuous compression
up to the surface pressure of 20 mN m~!, as shown in Fig. 4.
The heights of the collapsed aggregates were higher than for
the 2-dimensional Cgg film. Therefore, it seems reasonable
to conclude from Fig. 4 that there was not enough time to
rearrange molecules in the Cg monolayer, induced by the
structural relaxation at the domain boundaries in the case of
the continuous compression up to the high surface pressure
of 20 mNm~!. Since the 7—A isotherm in Fig. 3 showed
no clear plateau region corresponding to the phase transition,
it seems likely that the Cgo film gradually collapsed at the
domain boundaries by the continuous compression to a high
surface pressure above 20 mNm~' and then changed into
the 3-dimensional one. Then Fig. 4 indicates that the con-
tinuous compression to the surface pressure of 20 mNm™!
is not appropriate to prepare the highly structure-regularized
Cgo monolayer with large area. Therefore, the area—creep
method was applied to construct the highly structure-regu-
larized Cgp monolayer, as discussed next.

Preparation of Cg Monolayer by Multi-Step Creep
Method. Figure 5 shows the time dependence of molecu-
lar occupied area for the Cgg film at various surface pressures
at Tgp, of 293 K. The gray line shown in Fig. 5 represents the
ideal molecular occupied area of the 2-dimensional Ceg single
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Fig. 5. Time dependence of molecular occupied area for the

Ceo film at the various surface pressures at T, of 293 K.

crystal packed in hexagonal array calculated from the lattice
constants of the 3-dimensional Cgg crystal.?? The molecular
occupied area of the Cgy film at 20 mN m~! was contin-
uously decreased with the area—creep time studied in this
experiment, perhaps due to the collapse of the film, as shown
in the AFM image of Fig. 4. On the other hand, the molecular
occupied area of the Cgy film at surface pressures of 5, 10, and
15 mN m™! became fairly constant after a long creep time.
Similar area—creep behavior was observed for the stearic acid
monolayer on the water surface and could be explained in
terms of filling up the macroscopic and/or microscopic de-
fects in the film without collapse.*—% Also, the molecular
occupied area at the surface pressure of 15 mNm™! after
a long creep time became close to the calculated molecular
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occupied area. Furthermore, the ED pattern of the Cgo film
prepared at the surface pressure of 15 mNm™! after a long
creep time was crystalline hexagonal spots. These results
indicate that the area—creep at 15 mNm~' at 293 K is use-
ful for the construction of the highly structure-regularized
Cgo monolayer. However, the quasi-equilibrium molecular
occupied area of the Cg film at the surface pressure of 15
mNm™! after a long creep time was slightly larger than the
molecular occupied area calculated for the Cgo 2-dimensional
single crystal. It is considered that this was due to the re-
maining vacancies which did not disappear due to the weak
compression force of 15 mNm~'. This indicates that fur-
ther compression based on an area—creep, that is “multi-step
creep method”? above 15 mN m~' might be effective for the
preparation of the highly regularized Cgo monolayer.

Figure 6 shows the time dependence of molecular occupied
area for the Cg film at various surface pressures during the
successive multi-step creep processes. The gray line shown
in Fig. 6 denotes the molecular occupied area calculated
for the 2-dimensional Cg single crystal. The molecular
occupied area of the Ceo film became fairly constant with
the area—creep time at each surface pressure. This may
indicate that the structural relaxation at each surface pressure
was almost completed. The molecular occupied area of the
Cgo film compressed up to 20 mNm~! by the multi-step
creep method agreed with the molecular occupied area of
the 2-dimensional C¢g crystal calculated based on the lattice
constant of 3-dimensional C¢y one. Then, the perfect 2-
dimensional crystal of Ce could be prepared by the multi-
step creep method on the water surface.

Figure 7 shows the AFM image of the Cg film prepared
by the multi-step creep method up to 7 of 20 mNm~!. The
AFM image exhibited the fact that the Ceo film was remark-
ably homogeneous, and no macroscopic defects or collapsed
aggregation regions of the Cg film were observed. Also,
after taking AFM image at a certain region, the AFM images
at the other region were taken by moving the scanning area.
In this manner, it was confirmed that the AFM images did
not change over several hundred um?. In order to evaluate
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Fig. 6. Time dependence of molecular occupied area for the
Ceo film during the multi-step creep procedure.
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0.2497 nm
AFM image of the Cgo film at 20 mNm™"' prepared
by the multi-step creep method.

om
Fig. 7.

the thickness of the Cgq film prepared by the multi-step creep
method, a pit was created in the Cgg film by the AFM can-
tilever tip and the depth of the pit was measured by AFM
observations. Figure 8 shows the AFM image of the pit cre-
ated by the AFM cantilever tip in the Cg film prepared by
the multi-step creep method and the height profile along the
straight line shown in AFM image. The pit was made to
the substrate by scratching the film repetitiously under the
condition of increasing the applied force (ca. 1078 N) of the
AFM cantilever. Since the pit depth corresponds to the film
thickness, Fig. 8 shows that the film thickness of the Cg film
prepared by the multi-step creep method agreed well with the
diameter of C¢y molecule with 7t electron cloud. Therefore,
it is reasonable to conclude that the Cgo film prepared by
the multi-step creep method was definitely composed of the
monolayer.

Figure 9 shows the ED pattern of the Cgy monolayer pre-
pared by the multi-step creep method. The six sharp spots
correspond to the (10) diffraction in the hexagonal array. The
ED pattern of crystalline hexagonal spots for the C¢y mono-
layer prepared by the multi-step creep method was much
sharper along the azimuthal direction in comparison with
the crystalline Debye ring for the Cgp film prepared by the
continuous compression, as shown in Fig. 2(b). It can be con-
cluded from the comparison between Figs. 9 and 2(b) that Ce
molecules in the Cgp monolayer prepared by the multi-step
creep method were regularly packed in the closely-packed
hexagonal array with a high structural regularity, even if the
Cgo film was prepared at the higher surface pressure of 20
mN m™'; compared with that, the Cgq film prepared by the
continuous compression was easily collapsed at this surface
pressure.

Figure 10(a) shows the typical high-resolution AFM im-
age in the area of 10x 10 nm? of the C¢ monolayer prepared
by the multi-step creep method. Figure 10(b) shows the
schematic representation for the AFM image correspond-
ing to a magnification (5x5 nm?) of the marked zone into
Fig. 10(a). The white circles in Fig. 10(b) exhibit the pro-
truded regions in the AFM image. Fig. 10(b) clearly indicates



1434 Bull. Chem. Soc. Jpn., 73, No. 6 (2000)

1.0j
= 0.5/
2h
L
=
0 300

Lateral distance / nm
Fig. 8. AFM image of a pit created by the AFM cantilever
in the Cgy film prepared by the multi-step creep method and
the height profile of the straight line into AFM image.

Fig. 9. ED pattern of the Cso monolayer prepared by the
multi-step creep method.

that these protruded regions regularly arranged into 2-dimen-
sional hexagonal array. The (10) spacing evaluated from the
AFM image was in good agreement with that evaluated from
the ED pattern, as shown in Fig. 9. Therefore, we con-
clude that the highly projected points in Fig. 10 correspond
to individual Cgp molecules.

Table 1 summarizes the crystallographical regularities of
the Cgo films, that is, the magnitudes of the crystallographical
distortion (Di4) and the crystallographical continuity (Lja).
They were evaluated from the (10) ED profiles of the Cg
films prepared by the continuous compression and the multi-
step creep methods, respectively. The crystallographical reg-

Construction of Cgg Monolayer

Fig. 10. High-resolution AFM image of the Csp monolayer
at 20 mN m™' prepared by the multi-step creep method.
(a) High-resolution AFM image in the scan area of 10x 10
nm®. (b) Schematic representation for the AFM image
corresponds to a magnification (5x5 nm?) of the marked
zone into Fig. 10(a). The white circles in Fig. 10(b) exhibit

the protruded regions in the AFM image.

Table 1. Crystallographical Regularities of Ceo Films Pre-
pared by Continuous Compression and Multi-Step Creep
Method

Crystallographical ~ Crystallographical

Methods continuity, Liw/om  distortion, Dy/%
Continuous compression 6.3 4.8
Multi-step creep 14.9 32

ularity of the films in a lateral direction, that is, along the (10)
directions was remarkably improved by structural relaxation
during the step-wise area—creeps shown in Fig. 6. Since the
2-dimensional crystalline domains were gathered together
by the continuous compression up to a high surface pressure
directly in the case of the continuous compression method,
it can be considered that there might be not enough time to
carry out sufficient structural relaxation for filling up vacan-
cies among the domains in the film, and also to rearrange
the molecular packing in the film. The monolayer domains
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may be easily collapsed due to stress concentration at the
structural defects or vacancies which are mainly formed at
the interfacial regions among the monolayer domains during
the continuous compression, as shown in Fig. 4. On the other
hand, in the case of the multi-step creep method, there might
be sufficient time for the structural relaxation and molecular
rearrangement during the step-wise area—creeps from a low
surface pressure to a high surface pressure. Therefore, we
conclude that the lateral crystallographical regularity of the
monolayer prepared by the multi-step creep method was re-
markably improved compared with the Cq film prepared by
a conventional continuous compression method.

Conclusion. The multi-step creep method can pro-
vide the defect-diminished Cg monolayer by control of the
structural relaxation induced by the area—creep. The Cgg
monolayer prepared by the multi-step creep has a homoge-
neous surface morphology and a high structural regularity,
compared with these of the Cg film prepared by the conven-
tional continuous compression method. Therefore, the multi-
step creep method is quite effective for the construction of
the defect-diminished Cq monolayer.
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ucation, Science, Sports and Culture. The authors thank T.
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