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ABSTRACT: Supramolecular arrangement of conjugated
molecules has crucial influence on their material proper-
ties. For fullerenes and metallofullerenes, tight and ordered
packing is beneficial for intermolecular charge transport
and energy transfer, but it is tricky to achieve, especially for
functionalized cages due to the often extensive solvation
and steric effects of functional groups. In this study, we use
an amphiphilic fullerene derivative soluble in methanol to
form co-assemblies with insoluble fullerene derivatives,
pristine fullerene, and metallofullerene via strong 7—x
interactions. These mixtures are processable in methanol
and show fullerene-templated crystalline structures in spin-
cast films. Devices are successfully fabricated on a field-
effect transistor platform with this approach, and all co-
assemblies show metallic-like conductive properties with
significantly enhanced conductivity compared to the pure

amphiphilic fullerene derivative.
I;'ullerenes1 and metallofullerenes” possess spherical sp>
conjugated carbon cages that lead to unique optical and
electronic properties.> > For example, methano-fullerene
derivatives form the cornerstone of high-efficiency or§anic
solar cells as hitherto the best electron acceptors.’™ As
directing the supramolecular arrangement of conjugated
molecules is a powerful approach to tune their optoelectronic
properties,”'® its utility should not be underestimated even in
the context of seemingly isotropic spherical fullerenes. For
pristine fullerenes, careful maneuvering their microscopic
arrangements may significantly alter their macroscopic proper-
ties.''? Meanwhile, structural design of fullerene derivatives,
either by controlling molecular shape'~"” or introducing
functional groups, can achieve special supramolecular archi-
tectures.'®~>> In the latter, the concept of amphiphile has been
broadly applied, as demonstrated in a very recent work by
Nakanishi et al. showing the assembly and co-assembly of
pristine and derivatized fullerenes by utilizing the amphiphilic

behavior of alkylated fullerenes.”®
Due to the hydrophobic nature of fullerene cage, a key
challenge in the application of fullerenes and metallofullerenes
is to process them in polar solvents such as alcohols and water,
which allows eco-friendly solvent choices, orthogonal-solvent
processing in multilayer devices, and biomedical applications.
To enable solvation in polar solvents, functionalization with
one large or multiple smaller hydrophilic groups is generally
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required.”* However, the former sterically prevents cage-to-cage
contact, while the latter significantly reduces the conjugation
over the fullerene cage; therefore, these methods have limited
efficacy in applications where 7—z interactions are essential,
such as optoelectronic devices. We believe exploiting non-
covalent interactions is an effective alternative approach. Our
hypothesis is that amphiphilic fullerene derivatives can stabilize
insoluble fullerene-based molecules in solution by strong
intermolecular 7—7 interactions via tightly packed co-assembly
and thereby become amenable to processing in alcohol or
water. Herein, we report the use of an amphiphilic fullerene
derivative, fulleropyrollidinium iodide (FPI) FPI-1*° as a
surfactant to process insoluble fullerene derivatives, fullerene
Cgo and metallofullerene Sc;N@Cg,>® (Chart 1) in methanol.

Chart 1. Structures of the Fullerene Derivatives, Fullerene,
and Metallofullerene Used in This Study

Se;N@Cyo

In addition, we show that films can be deposited via facile spin-
coating process. Transmission electron microscopy (TEM)
studies reveal that in each case the amphiphile and insoluble
content form crystalline co-assemblies. We further demonstrate
devices fabricated with these mixtures on a field-effect transistor
(FET) platform which show significantly enhanced charge
transport in all co-assemblies.

The surfactant FPI-1 is a methanol-soluble amphiphilic
molecule, and its thin films have a conductive character caused
by an n-doping mechanism. The conductivity of FPI-1 (0.020
S/cm) is one of the highest among solution-processable
fullerene derivatives.”” In addition, it was demonstrated that
blending FPI-1 with semiconducting phenyl-Cy, butyric methyl
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ester (PCBM) can further enhance conductivity to 0.032 S/
cm,”” and we ascribe the increased conductivity to ti%hter
intermolecular packing as a result of reduced steric effects.”” In
the same vein, we have synthesized two considerably smaller
analogues of FPI-1 (FPI-2 and FPI-3, Chart 1) with similar
procedures®® (Scheme S1) to induce tighter packing compared
to pure FPI-1. FPI-2 and FPI-3 are insoluble in methanol or
other common organic solvents such as chloroform, chlor-
obenzene, or toluene. Moreover, we also study pristine
fullerene Cg4, and metallofullerene Sc;N@Cyg, for smaller size
and better electron transport.

We first verified the amphiphilic behavior of FPI-1 by
studying its thin films spin-coated from o-xylene, chloroform,
and methanol with atomic force microscopy (AFM). Although
o-xylene and chloroform have affinities to different parts of FPI-
1, random intermolecular arrangements are suggested as
homogeneous films were observed in both cases (Figure 1la,
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Figure 1. AFM phase images for the thin film deposited from 5 mg/
mL FPI-1 solution in (a) o-xylene; (b) chloroform; (c) methanol, and
(d) schematic representation for proposed assembly structure of FPI-1
in methanol. The AFM images of the mixtures are shown in (e) M1,
(f) M2, (g) M3, and (h) M4.

b). On the contrary, the morphology of the film deposited from
methanol solution (Figure 1c) shows a distinct tubular
microstructure. Clearly, the drastic difference in solvent affinity
of the solvophobic cage and the solvophilic chain drives FPI-1
molecules to self-assemble to maximize solvation and minimize
fullerene cage exposure to methanol (Figure 1d). Width of the
tubular structures was estimated between 20 and 100 nm,
consistent with results from amphiphilic Cg, derivatives
reported by Tour,” Guldi,*® Aida,>" and Martin®* et al.

The mixtures of FPI-1 and an insoluble second content, FPI-
2, FPI-3, Cg, or Sc;N@Cyg, were prepared (Figure S1) in a 4:1
molar ratio, defined as mixtures M1, M2, M3, and M4,
respectively. These mixtures were suspended in methanol by
extensive sonication (experimental procedure see SI), and
dynamic light scattering (DLS) data (Figure S2) of diluted
dispersions revealed large aggregates. Immediately after
sonication, the solutions were deposited on glass substrates
via spin-coating. We note that 20 mol % of the second content
completely changes film morphology (Figure le—h) compared
to pure FPI-1 deposited from the same solvent (Figure 1c). In
M1, M2, and M3 (Figure le—g), fullerene cages form plate-like
structures, instead of tubular structures, in accordance with the
reduction of solvophilic chains and increase in solvophobic
fullerene cages. In the case of M4 (Figure 1h), bar-like
structures, which can be viewed as an intermediate case
between the tubular and plate-like structures, are observed,
indicating that the Sc;N@Cg, with an alternative ionic
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expression form of Sc;N**@Cqg°", may be less repulsive to
methanol.

To understand the nature of packing in each self-assembled
unit at a molecular level, we studied the films with TEM for
high-resolution bright-field imaging and select area electron
diffraction (SAED) analysis (Figure 2). In the pure FPI-1 film
(Figure 2a) there is no coherent crystalline structure. In each
fullerene mixture (Figure 2b—e), however, there is unique
crystalline orders, which is direct proof that in these aggregates
fullerene cages closely pack together for increased 7—n
interaction. The size of the crystalline domain is on the order
of several hundred nanometers, which is consistent with the
DLS results. Meanwhile, the film thickness of 25—40 nm given
by AFM and the SAED patterns in TEM strongly suggest the
co-assemblies are lamellar, which has been found in similar
systems.”*** We note that all structures in Figure 2b—e are
more or less derivatives of the packing, symmetry, and
orientation natural to unfunctionalized Cg,'"** meaning that
Cq (also Cgy in M4) cages provided the structural template for
the assemblies. Figure 2f is an expansion of a 10 X 10 nm area
in Figure 2e which more clearly shows highly ordered fullerene
arrays, as can be seen in all co-assemblies (Figure S3).

SAED insets in Figure 2b—e show that the functionality in
each mixture alters the basic symmetry inherent to the (111)
plane in the face-centered cubic (fcc) lattice of Cy in unique
ways. All co-assemblies (Figure 2b—e) showed single-crystal-
like SAED patterns. In M1 (Figure 2b), diffraction signals
corresponding to (110) and (220) lattice spacings of the Cg,
fcc lattice are visible, but the symmetry of (111) plane of Cg is
lost which suggests that the relatively bulky functional group in
FPI-2 interferes with the templating influence of the fullerene
cage, in addition to the functional group on FPI-1. In contrast,
the reduced steric bulk of FPI-3 in M2 (Figure 2c) allows
intimate fullerene packing in almost the exact lateral structure
as the (111) plane in pure fcc Cq. M3 (Figure 2d) is quite
similar in structure, but the linear and discrete spread of
diffraction signals along the (110) direction is an indication of
the formation of an ordered mixture (Figure 2d inset). This
inhomogeneity may be due to the greater solvophobicity of Cq,
compared to FPI-2 and FPI-3. Finally, M4 (Figure 2e) is a
disordered co-assembly with the same lateral structure as the
(111) plane of bare Cq, but diffraction signals are wide and
blurry rather than sharp as in M2 indicating a larger defect
concentration (Figure 2e). These defects may take the form of
local changes in characteristic spacings from inhomogeneities in
the distribution of constituent fullerenes, as well as vacancies,
and the resulting distortions. We ascribe higher defect
concentration unique to M4 to the cooperative templating
effects of the Cg; cage in FPI-1 and the metallofullerene cage in
Sc;N@Cy,.

Despite of the unique characteristics in each co-assembly, we
find the spacing between their (110) planes (Figure 2g) to be
comparable (~1 nm), consistent with the observation that Cy,
cage templates crystalline structures in all mixtures (in M4 the
spacing is a range due to the influence of S;;N@Cyg,). Based on
this, a schematic drawing of the co-assemblies is shown in
Figure 2h. From the TEM bright-field imaging and SAED
results, it can be deducted that fullerene cages largely pack as
they do in the (111) plane of fcc Cq (with deviations in unique
ways), with the cages preferably packing inward and functional
groups preferably pointing outward given appropriate stoi-
chiometry and processing, although current data do not exclude
other multilayer structures.
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Figure 2. TEM images of films deposited from methanol. (a) FPI-1; (b) M1; (c) M2; (d) M3; (e) M4; (f) expanded image of the 10 X 10 nm red
box in (e). (g) (110) spacing values for the mixtures derived from the SAED results shown in b—e. (h) schematic drawing of the crystalline co-

assembly. Insets in b—e: SAED images.

As an important parameter for various devices, charge
transport is directly related to supramolecular order in fullerene
systems. For example, Torres et al. observed high conductivity
in self-assembled fullerene nanofibers deposited by drop-cast as
opposed to spin-cast.>® In this work, the conductivity of the
fullerene-based mixtures was investigated with a bottom-gate,
top-contact FET device configuration (Figure 3a), where
divinyltetramethyldisiloxane bis(benzocyclobutene) (BCB)
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Figure 3. (a) FET device configuration. (b) I4 vs Vi, plot for the films
of pure FPI and the mixtures.
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was thermally cross-linked before the spin-coating of fullerene
materials. To the best of our knowledge, this is the first example
of processing unfunctionalized fullerene and metallofullerene in
an alcohol solvent. Like pure FPI-1,”7 all fullerene mixtures
display conductive properties as the I values are independent
of gate voltage (Figures S4—S7). More importantly, all mixture
films show significantly improved current compared to pure
FPI (Figure 3b). The FPI-1 film exhibits a conductivity of 0.025
S/cm, consistent with our previous report.”” With much higher
currents, the mixtures M1, M2, M3, and M4 show 1 order of
magnitude higher conductivities of 0.46 + 0.07, 0.54 + 0.14,
0.63 + 0.09, and 0.68 + 0.12 S/cm, respectively. In a
conductor, conductivity is determined by ¢ = n-q-y, where n is
charge density, q is elementary charge, and y is carrier mobility.
In our system, we suggest the major contribution to the
increased conductivity is from significantly enhanced carrier
mobility () due to tighter and ordered crystalline structure of
the fullerene cages in the co-assemblies.""***” That said, M2
shows higher conductivity than M1 which is consistent with its
slightly tighter packing vide supra (Figure 2g). In M3 and M4
the intact fullerene or metallofullerene cage can contribute to
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higher charge mobility, as evidenced by their higher
conductivity values. Interestingly, M4 edges out M3 in
conductivity, which implies that the negative Cg°~ cage may
slightly enrich the charge density (1) of the system.

In conclusion, we have described the co-assemblies of an
amphiphilic fullerene derivative and a series of insoluble
fullerene-based molecules into large crystalline domains and
demonstrated corresponding film fabrication by simple spin-
coating. These co-assemblies maintain conductive property in
the FPI molecules while adopt the tight packing as in pristine
fullerenes or small fullerene derivatives. Furthermore, our
approach is generally applicable to diversified versions of
insoluble fullerenes with profound difference in size, shape, and
electronic properties. This will allow the tuning of nanoscale
parameters to optimize the macroscopic behavior. Our work
also provides a general approach to process insoluble
conjugated molecules in eco-friendly and biocompatible
solvents like alcohols and water. As applications of supra-
molecular fullerene assemblies are actively sought in various
devices, we believe the concept illustrated by our work adds an
important element to the molecular design and device
development of functional conjugated molecules.
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