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We show that monolayer-high islands of Cgo and CgoO can be transferred from Langmuir films on a water or
phenol sub-phase to oxide-terminated Si(111) substrates. Faceted islands, in some cases incorporating a foam-
like morphology reminscent of that previously observed for Langmuir films at the water-air interface using
Brewster angle microscopy, are formed and transferred using small amounts (100-400 pl) of low concentration
(of order 10"°M) solutions of Cep (or CgoO) with low target pressures (~10 mN/m). However, worm-like
monolayer domains are also observed under identical experimental conditions, indicating the key role that
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Langmuir-Blodgett inhomogeneous solvent evaporation plays in the formation of two-dimensional fullerene aggregates on the
Fullerenes subphase surface. While Langmuir-Blodgett multilayers of Cgp and CgoO are both granular, there are significant
Silicon morphological differences observed between the molecular thin films. In particular, CgoO multilayers contain a
Monolayer relatively high density of ring (or “doughnut”) features with diameters in the 100-300 nm range which are not

Atomic force microscopy observed for Cgo. We attribute the origin of these features to dipolar or hydrogen bonding-mediated

interactions between the CgoO molecules at the water surface.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The study and control of fullerene-surface interactions remains a
cornerstone of nanoscience due to the fascinating and, in many cases,
exotic physicochemical behaviour of the family of buckminsterfuller-
ene molecules. A substantial body of work has focused on the
structure, chemistry, electronic properties, and/or optical response of
(sub)monolayers of Cgo and associated derivatives deposited onto
solid substrates via vapor phase methods (see [1-3] for overviews). In
many cases, however, deposition from the liquid/solution phase is
necessary. This is particularly true for fullerenes which cannot be
sublimed, such as N@Cgq [4] and CgoO [5-7]. Hence, a considerable
number of groups have explored the possibility of using the
Langmuir-Blodgett (LB) technique to transfer fullerene monolayers/
films from an air-water (or air-phenol) interface to a variety of
substrates including mica [9-10], silicon [5,11], and graphite [12].

Coso's lack of amphiphilic character makes the preparation of high
quality LB monolayers and films problematic at best. The hydro-
phobicity of unfunctionalised Cgo can lead to extensive aggregation
and multilayer formation on the polar subphasete [13-17,12] and a
number of strategies have been adopted, including the use of
amphiphilic derivatives [18-22] and the incorporation of fullerene
molecules in amphiphilic matrices [23-25,11], to inhibit aggregation
into 3D clusters. Moreover, there have been a number of important
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investigations focussed on how the balance between hydrophobicity
and hydrophilicity affects the assembly of fullerene derivatives [26].
Nevertheless, and despite the difficulties arising from strong inter-
fullerene interactions, there have been a small number of important
examples of the transfer of unfunctionalised (and pure) monolayer
fullerene films to solid substrates. Uemura et al. [27] prepared
epitaxial adlayers of Cgp, effectively identical to those formed via
sublimation, on Au(111) via the transfer of Langmuir films at the air-
water interface. A “multi-step creep method” has also been used to
form monolayer islands and complete monolayers of Cgo on mica
surfaces by transferring Langmuir films on water [9,8]. To date,
however, convincing evidence for the presence of monolayer
Langmuir-Blodgett films (or islands) on silicon and silicon dioxide
surfaces is lacking. Given the importance of silicon dioxide as a
dielectric layer in molecular electronics devices, we have revisited the
issue of transfer of fullerene Langmuir films to hydrophilic silicon
surfaces.

We describe the transfer of monolayer islands of Cgo and CgoO to
silicon substrates using small amounts of relatively low concentration
(~107°M) spreading solutions on a water or phenol subphase. Atomic
force microscopy (AFM) images show that a foam-like morphology,
reminiscent of that observed previously in Brewster angle microscopy
(BAM) studies of fullerene Langmuir films [16,18], can be retained on
transfer of fullerene islands to a solid substrate. A variety of non-
equilibrium monolayer island shapes are also observed, highlighting
the role that rapid (and inhomogeneous) solvent evaporation plays in
determining the structure of 2D Langmuir films of fullerenes. There
are striking morphological differences between multilayer LB films of
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Fig. 1. 1-A Isotherm for a 350 I volume of a 5x10™°M solution of Cs, in benzene on a
water subphase. Inset: Tapping mode AFM image (13x16 um?) of monolayer (1 nm)
high Cep islands on an oxide-terminated Si(111) surface transferred at a pressure of
10 mN/m. Note both the faceting and the very low areal density of the islands.

Ceo and CgpO with the latter containing many “doughnut”-shaped
molecular aggregates. We attribute their presence to the rather more
polar character of the fullerene epoxide due to the oxygen substituent
and the associated molecular dipole moment (1.26+0.14 D [7]).

2. Experimental section

All of our Langmuir film studies were carried out using the NIMA
312D trough. Hydrophilic Si(111) surfaces were prepared by first
cleaning the substrates in organic solvents in an ultrasonic bath and in
an ozone plasma for 10 min, and then subjecting them to a standard
H,S04:H,0, (“piranha”) treatment [33]. Cgo (purity 99.9%) was
purchased from MER Corporation (Tucson, AZ). C¢oO was produced
by the contact arc method and then separated and purified by high
purity liquid chromatography (HPLC) to better than 99% purity. Cgo
was dissolved in benzene, while CgoO was dissolved in toluene. All
solvents used were HPLC grade. As a low concentration of the
spreading solution is essential to obtain monolayer or submonolayer
Langmuir films [13,15,5], a spreading solution with a concentration of
between 3x107> M and 6x10"> M was used for both Cgo and CggO.
High purity water or HPLC grade phenol was used as the subphase.

Before spreading, the subphase surface was swept and cleaned.
Then a total of 100 pl to 400 pl of solution was introduced. The volume
of each droplet added to the air-water interface was controlled within
5ul, and each droplet was introduced at different well-separated spots
on the interface. 20 to 30 min were left for the solvent to evaporate
completely. Single or multiple compressions were then carried out at a
compression rate of 166 mm? s~ ! to form the Langmuir film, followed
with film transfer to Si(111) substrates by vertical dipping at a speed of
5 mm/min. Tapping mode atomic force microscopy AFM (TM-AFM)
was carried out using an Asylum Research MFP-3D system with
Olympus AC240 silicon probes (spring constant:2 N/m; resonant
frequency: 70 kHz).

3. Results and discussion

In Fig. 1 we show the m-A isotherm for a Cgg submonolayer
transferred from a Langmuir film on water. Close packing of the
adsorbed fullerene molecules is evident from the faceting of the
islands shown in the AFM image included as an inset to the isotherm.
Each island is 1 nm high, consistent with the hard sphere diameter of
the Cgo molecule. What is arguably less consistent with the molecular

diameter, however, is the area per molecule evaluated by extrapola-
tion of the isotherm to the x-axis. The area per molecule is less than
the limiting value for a close-packed monolayer (ML), i.e. 86.6 A% This
is a surprising result given that the AFM data suggest that the total
coverage is much less than 1 ML. One might expect that, as observed
by Yanagida et al. [8], the area per molecule would be significantly
greater than 86.6 A%

A similar apparent discrepancy between the AFM and isotherm
data was found for submonolayer coverages of Cgq transferred from a
phenol subphase (compare Fig. 2(a) and (b)). One possibility we
initially considered was that the Cgq islands seen in the AFM images of
Figs. 1 and 2 are adsorbed not on the native oxide-terminated Si(111)
substrate but on a complete Cgo monolayer. Phase images (see Fig. 2(d))
are, however, not consistent with this suggestion, and show that there
is a significant difference in energy dissipation on the islands as
compared to the island-free regions of the sample. Although the
interpretation of tapping mode phase maps is far from straight-
forward and must be treated with some caution, such a dramatic
variation in phase signal would be rather surprising if the entire
surface were covered with Cgo. Moreover, we found that under
nominally identical conditions (i.e. same solution concentration,
deposited volume, target pressure, and compression speed) while
monolayer islands such as those shown in Figs. 1 and 2 can sometimes
be formed, in other cases grainy multilayer films (similar to that shown
in Fig. 5(a)) are produced.

This lack of reproducibility is somewhat perplexing but can be
rationalised in terms of the highly non-uniform nature of Langmuir
films of Cgg as revealed by the BAM measurements of Castillo et al.
[16]. The apparent discrepancy between the low area-per-molecule
values derived from the isotherms and the low surface coverage
observed in the AFM measurements (Figs. 1 and 2) is likely due to the
difference in morphology at the edges and centre of the trough: while
monolayer islands can “survive” at the centre of the trough (where
transfer to the sample surface takes place), compression leads to
multilayer formation along the trough edges. (The Wilhelmy plate
used for pressure sensing is located approximately 3 cm from the
sample position, towards the edge of the trough). In addition, the
model put forward by Evans [17] to describe the formation of
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Fig. 2. (a) m-A isotherm for 250 pl of a 5% 107°M solution of Cg in benzene on a phenol
subphase. (b) AFM image (1520 um?) of monolayer high Cg, islands transferred to an
oxide-terminated Si(111) surface. (c) 4x4 pm? zoom of island shown in bottom left hand
corner of the image shown in (b). The island contains a number of large holes and has a
sponge- or foam-like character reminiscent of the foams observed by Castillo et al. [16]
using Brewster angle microscopy. Note the presence of multilayer Cgo aggregates on top
of the island (the brightest regions in the image). (d) Phase image corresponding to the
topography shown in (a).
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Fig. 3. AFM images of non-equilibrium 2D islands of Cgo transferred from Langmuir
films on water (see caption to Fig. 1 for details of solution concentration and volume).
Images (a) and (b) are 14x20 and 12 x20 um? respectively. The average coordination of
Ceo molecules is significantly greater for image (b). (Note also that although a “double
tip” artefact is present in (b), it does not strongly affect the imaging of the (low aspect
ratio) 2D Cep islands.)

Langmuir films of Cgg indicates that while the kinetics are such that
solvent evaporation and fullerene aggregation should predominantly
produce a molecular monolayer, this is not the equilibrium state of the
system and small perturbations - for example, capillary waves on the
sub-phase due to vibrations - can lead to the formation of multilayers.

Although Yanagida et al. [9,8] have also succeeded in transferring
submonolayer coverages of Cgp to solid substrates from Langmuir
films, in their case they observed circular, rather than facetted (Fig. 1),
islands. Castillo et al. [16] observe a variety of condensed phase
structures in Cgy Langmuir films including foams, discs, and stripes.
Each of these structures is a highly non-equilibrium arrangement of
Ceo molecules. (The equilibrium 2D structure on a solid surface would
be a very large faceted island of close-packed molecules). We
postulate that both the foam-like structure observed by Castillo et
al. [16] and the hole-ridden island shown in Fig. 2(c) arise from the
dewetting dynamics of the volatile solvent. Similar foam (or cellular
network) morphologies to those seen by Castillo et al. (albeit on
smaller length-scales) have been observed for colloidal nanoparticle
assemblies formed via deposition from volatile solvents such as
toluene or hexane [28,29]. The presence of foam-like and non-
equilibrium assemblies in fullerene Langmuir films may be explained
as follows. Holes open in the solvent due either to thermal nucleation
or a spinodal dewetting mechanism [30,29,31], the retracting solvent
front carries fullerene molecules with it, and the final spatial
distribution of Cg is a signature of the distribution of the solvent in
the late stages of drying.

As shown in Fig. 3, we have successfully transferred a variety of
non-equilibrium structures from Langmuir films of Cgo on water to
oxide-terminated silicon. These structures arise because inhomoge-
neous spreading will lead to thickness variations in the solvent film,
producing a range of local evaporation times. Longer evaporation
times will lead to the system approaching equilibrium and forming
large faceted islands, as shown in Figs. 1 and 2. Shorter evaporation
times result in significant kinetic hindrance, trapping the fullerene
molecules in metastable structures. The diffusion barrier of Cgo on

oxide-terminated Si(111) is apparently large enough so that the non-
equilibrium fullerene structures, when transferred to the solid
substrate (Fig. 3), cannot ripen towards a lower energy state [32].

It was also possible to form monolayer-high islands of Cg0 on
hydrophillic oxide-terminated silicon substrates, see Fig. 4. The total
deposited volume (300 ul), solution concentration (3x107> M in
toluene), target pressure (10 mN/m), and speed of compression were
all very similar (or identical) to those used to transfer Cgop monolayer
islands to Si(111). The discrepancy between the area-per-molecule
value and the AFM images discussed above for Cg is also observed for
the CgoO data. A key difference between Cgg and CgoO monolayer
islands is, however, highlighted in the inset to Fig. 4(b). Although the
island height is again 1 nm, the surface is considerably rougher
because the monolayer aggregate comprises a disordered collection of
small 2D clusters of molecules. Moreover, we observe a greater
number of 3D clusters on CgO monolayer samples than for the
corresponding 2D Cgg islands.

Single compressions at higher target pressures (25 mN/m), Fig. 4(c),
lead to the formation of a granular film with an average thickness of
3.7+0.4 nm. The average thickness value, however, is somewhat
misleading in that the film is covered with a high density of much
thicker (~12-15 nm) CgoO clusters. Similar behaviour was observed
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Fig. 4. (a) m-A isotherm for a Langmuir CgO film on water. The total deposited volume
was 300 pl, the concentration was 3x107°M (in toluene), and the target pressure was
10 mN/m; (b) AFMimage (3.5 3.5 um?) of monolayer Cgo0 islands on oxide-terminated
Si(111). Inset: Higher resolution (1 um?) image of a CgoO monolayer island; (c) Isotherm
for CeoO Langmuir film compressed to a higher (25 mN/m) target pressure; Inset:
Corresponding AFM image (10x10 um?).
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Fig. 5. (a) AFM image (0.8x 1.2 um?) of a Cgo multilayer Langmuir film transferred at a
target pressure of 10 mN/m to an oxide-terminated Si(111) surface. The concentration
and volume of the Cg( in benzene solution were 5x10™> M and 300 pl respectively.; (b)
AFM image (1.0x1.5 pm?) of Co0 multilayer on oxide-terminated Si(111) (4x107> M
solution of Cg0 in toluene; total volume: 400 pl; target pressure: 10 mN/m). (c) Higher
resolution (1.3x1.4 um?) image of “doughnut”-shaped Cg0 aggregates.

for Cgo films produced at 25 mN/m and is consistent with the
enhanced aggregation observed in previous studies of Langmuir films
of fullerenes produced at high target pressures. Higher resolution
AFM images of Langmuir-Blodgett multilayers, however, show a
significant difference between the morphology of Cgo and CgoO films.
As is clear from a comparison of Fig. 5(a) and (b), 3D aggregates of
Cs00 exhibit a “doughnut”-shaped morphology that is not observed
for multilayer films of Cgp prepared at the same target pressure.
(Langmuir-Blodgett multilayers of (CsgN), (data not shown) also did
not form “doughnut”’-shaped aggregates). Fig. 5(c) is a higher
resolution image of a CgpO multilayer showing that a range of ring
sizes are present.

Although we do not have a good understanding of the mechanism
underpinning the formation of the “doughnut”-shaped CgO aggre-
gates, it would be surprising if the dipole moment of the CgoO

molecule, estimated as 1.26+0.14 D for the Cgg0-5,6 isomer (Cg
symmetry) or 0.79+0.13 D for the C5o0-6,6 isomer (C,, symmetry) [7],
did not play a role. “Chaining” of CgoO molecules, a precursor to ring
formation, could plausibly arise from direct dipolar interactions or, as
previously suggested by Maliszewskyj et al. [5], may be mediated via
hydrogen bonds to water. A BAM study, similar to that performed by
Castillo et al. [16] for Cgo Langmuir films, would be particularly useful
in elucidating differences in the interaction of Cgp and CgoO with the
water subphase.

4. Conclusion

We have successfully transferred monolayer islands of Cgg and
Cs00 to hydrophilic (SiO,-terminated) silicon substrates from Lang-
muir films on water and phenol. In addition to micron-scale faceted
islands, a variety of far-from-equilibrium 2D aggregates form on the
water (or phenol) surface and are transferred to the silicon substrate.
We postulate that variations in solvent wetting behaviour (and thus
film thickness) across the water subphase lead to different evapora-
tion times and, thus, a variety of fullerene 2D island shapes. There are
striking morphological differences between multilayer Langmuir—
Blodgett films of Cgg and CgoO with the polar character of the latter
leading to the formation of “doughnut”-shaped aggregates with
diameters in the 100-300 nm range.
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