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ABSTRACT: Fullerene molecule covalently functionalized
with 12 carboxylic acid groups on its periphery was
synthesized, and its solution behavior was explored. The
functionalized fullerene molecules behave as hydrophilic
macroions in polar solvents by showing strong attractions
with each other mediated from their counterions and
consequently self-assembling into single-layer, hollow, spherical blackberry-type structures in solvents with moderate polarity.
The fullerene molecules are not touching with each other in the assemblies, and the assembly size can be tuned by changing the
polarity of the solvents. More importantly, the transition between the self-assembly and the disassembly of the macroions can be
easily achieved by changing temperature. The discovery confirms that the semirigid clusters demonstrate the unique solution
behavior of macroions and open up a new way to assemble fullerene into functional materials and devices.

■ INTRODUCTION

The fullerene, with its important and amazing molecular
structure,1,2 excellent electronic properties,3−5 and appreciable
medical applications,6,7 has been leading to continuous and
extensive attentions in many different fields since its discovery
in 1985.8 Assembling fullerenes, in particular, their derivatives,
into hierarchical ordered structures across multilength scales
represents one of the most popular protocols in processing
fullerene into functional materials and devices.9−13 Non-
covalent interactions, including hydrogen bonding,14−16 hydro-
phobic interactions,17,18 and aromatic stacking,12,19,20 are the
most common driving forces for the assembly of fullerene
derivatives. Therefore, a thorough understanding of the roles of
noncovalent interactions playing in their self-assembly behavior
is quite critical in designing the fullerene derivatives and
programming them into required morphologies and func-
tions,21 as proved by the continuous efforts from different
groups on investigating the self-assembly of fullerene
derivatives driven by single or multiple types of noncovalent
interactions.22−26 In particular, as a class of most intensively
studied fullerene derivatives, the amphiphilic fullerenes provide
a versatile platform for engineering controllable assemblies of
fullerene derivatives in solution and in the bulk.22,24,27−30 Rich
phase behaviors and abundant hierarchically ordered structures
have been shown from the self-assembly of various amphiphilic
fullerenes involving driving forces such as hydrogen bonding,
hydrophobic interaction, and aromatic stacking.19,21−38

However, surprisingly, the study of the fully hydrophilic,
highly charged fullerenes in their solutions is completely
missing. Electrostatic interaction is expected to be dominant in
such solutions. The self-assembly of hydrophilic fullerenes

associating with electrostatic interactions is not only of
scientific interest to creating new hierarchical structures without
the involvement of hydrophobic interaction but also of practical
importance to paving a way for relevant applications. In this
paper we demonstrate our new effort on understanding the
solution behavior of hydrophilic, charged fullerenes, particularly
on applying simple electrostatic interactions to achieve their
spontaneous, reversible, and size controllable assembly, with
the help of our previous understanding on hydrophilic
macroionic solutions. The solution chemistry of macroions, a
group of highly charged molecules/particles at nanoscale,
represents a new regime in solution chemistry between simple
ionic solutions and colloidal suspensions.39−42 These macro-
ions, including but not limiting to polyoxometalates, metal−
organic cationic nanocages, and some biomacromolecules,
demonstrate unique solution behaviors by self-assembling
into single layer, hollow, spherical assemblies (coined by us
with the name “blackberry” structures), which is obviously
different from small simple ions.39,40,43 These macroions cannot
be treated as insoluble colloidal suspensions because they form
stable real solutions.39,40 The synthesis of highly charged and
symmetrical hydrophilic fullerenes provides perfect models for
expanding the study of macroions by pushing the size limit of
macroions to ca. 1.5 nm and other types of compounds/
clusters.44 Moreover, the “soft” layer of the hydrophilic
fullerene molecules not only provides convenience for
processing them into devices but also serves as analogue of
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the soft matter nature of biomacromolecules.45,46 The
deprotonation of carboxylic groups results in the high charge
on the fullerene molecules, sharing the similarity of negative
charged polymers and biomacromolecules. On the other hand,
a thorough study of solution behavior of these highly charged
hydrophilic fullerenes could open a new way to achieve unique
ordered structures beyond those from traditional fullerene
derivatives. Herein, we report the studies of the solution
behavior of 12 carboxylic acid group-capped fullerene (AC60) in
organic solvents and in water by using laser light scattering
(LLS), TEM, and AFM techniques.

■ EXPERIMENTAL SECTION
Synthesis of the Carboxylic Acid Functionalized Fullerene

Molecules. The synthesis of targeted hydrophilic fullerene (AC60) by
installing 12 carboxylic acid groups on the periphery of fullerene
molecule was achieved based on the procedures described in the
previous publications.30,47 Despite the reported procedures, the
chemical characterizations of AC60 and the corresponding important
intermediate compounds (tC60) have not yet been provided
previously. To ensure the well-defined structures and high purities
of as-prepared AC60, the chemical structures of tC60 and AC60 were
fully characterized by 1H NMR, 13C NMR, and MALDI-TOF mass
spectra (see section 2 of Supporting Information). In the mass
spectrum of tC60 (Figure S1), only one strong peak exists, where the
monoisotopic mass peak observed at m/z = 2701.1 agrees well with
the calculated value (2700.8). The deprotection of tert-butyl groups on
hydrophobic tC60 to afford hydrophilic AC60 is unambiguously
evidenced by the complete disappearance of tert-butyl protons at
1.45 ppm in the 1H NMR spectrum as well as the tert-butyl carbons at
28.2 and 82.9 ppm in the 13C NMR spectrum. In particular, the
appearance of sp3 carbon atoms at 68.7 ppm and the two different
types of sp2 carbon atoms at 140.8 and 145.7 ppm suggest Th
symmetry of carbon cage, validating precisely defined structures of
AC60.

48,49

Static Light Scattering. The functionalized fullerene samples
were fully dissolved in required solvent with the help of stirring and
sonication. The obtained solution was then filtered to a precleaned 20
mL vial by passing the solution through a 500 nm filter. The filtered
solution was ready for both DLS and SLS studies. The concentrations
of the assemblies were determined by UV−vis measurements (see
section 6 of Supporting Information). A commercial Brookhaven
Instrument LLS spectrometer equipped with a solid-state laser
operating at 532 or 637 nm was used for measurement of both SLS
and DLS. SLS experiments were performed at scattering angles (θ)
between 20° and 120°, at 2° intervals. However, due to the large
fluctuations in scattered intensities at low scattering angles, we
removed the data from 20° to 40° in the final analysis. Derived from
Rayleigh−Gans−Debye equation,50 a Zimm plot was used to analyze
the SLS data to obtain the radius of gyration (Rg) and molecular
weight (Mw) of the assemblies.
Dynamic Light Scattering. DLS measures the intensity−intensity

time correlation function by means of a BI-9000AT multichannel
digital correlator. The field correlation function |g(1)(τ)| was analyzed
by the constrained regularized CONTIN method51 to yield
information on the distribution of the characteristic line width Γ
from |g(1)(τ)| = ∫ G(Γ)e−Γτ dΓ. The normalized distribution function
of the characteristic line width, G(Γ), so obtained, can be used to
determine an average apparent translational diffusion coefficient, Dapp
= Γ/q2. The hydrodynamic radius (Rh) is related to D via the Stokes−
Einstein equation: Rh = kT/(6πηD), where k is the Boltzmann
constant and η the viscosity of the solvent at temperature T. From
DLS measurements, we can obtain the particle-size distribution in
solution from a plot of ΓG(Γ) versus Rh. The Rh of the particles is
obtained by extrapolating Rh,app to zero scattering angle.
Transmission Electron Microscopy. 20 μL of the AC60 assembly

solution was carefully titrated on the surface of one copper grid. The
excess solution was then quickly wicked away by filter paper. The

copper grid containing samples was then allowed to dry under ambient
conditions. The bright-field images were recorded on a digital CCD
camera in JEOL-1230 microscope with an accelerating voltage of 120
kV.

Atomic Force Microscopy. AFM experiments were carried out
on a Dimension Icon AFM (Bruker AXS). Samples were prepared by
depositing 30 μL of AC60 assembly solution in THF onto the silicon
wafer and drying under ambient conditions. The images were obtained
at the scanning rate of 0.5 Hz in the tapping mode over 1.2 × 1.2 μm2.

■ RESULTS AND DISCUSSION
Synthesis and Molecular Structure. C60 is regiospecifi-

cally functionalized with 12 carboxylic acid groups on periphery
of six symmetric active sites through the Bingel−Hirsch
cyclopropanation reaction52−55 (Figure 1). Structural study of

the AC60 molecular structure after DFT optimization and the
dynamic analysis of the soft chain indicate that the size of the
molecule is ca. 1.5 nm (section 3 in Supporting Information).
The anchored carboxylic acid groups make AC60 an almost fully
hydrophilic molecule, which cannot be dissolved in nonpolar
solvent, e.g. toluene, but can be soluble in polar solvents and
water (at high pH). The AC60 molecules can only be dissolved
in water with pH > 11.2 to achieve the concentration 0.5 mg/
mL since they carry more charges at a higher pH. Dynamic light
scattering (DLS) measurements on aqueous solution (pH ∼
13.0) of AC60 indicate the existence of particles with size as ca.
1.3 nm, which is consistent with the structural analysis results
(Figure S6 in Supporting Information) that the AC60 clusters
exist as discrete anions in aqueous solution.

Self-Assembly Behavior of the AC60 Molecules. The
AC60 molecules are quite soluble in THF to achieve as high
concentration as ca. 1.30 mg/mL. The scattered intensity at 90°
for the freshly prepared THF solution of AC60 (0.65 mg/mL) is
very low, at 8.5 kcps (scattered intensity for benzene is ca. 69
kcps), suggesting that almost all AC60 exist as monomers. Time-
resolved static light scattering (SLS) measurement on this
solution shows a continuous, significant increase of scattered
intensity with time, indicating the self-assembly of AC60
molecules into supramolecular structures. The overall intensity
growth shows a sigmoid-shape kinetic curve. The self-assembly
process shows a lag phase of 4 days and reaches equilibrium in
ca. 40 days (Figure 2a) at room temperature.56,57 A typical
CONTIN analysis51 of dynamic light scattering (DLS)
measurements of the solution indicates the formation of larger
structures with an average hydrodynamic radius (Rh) of 95 ± 5
nm with no angular dependence (Figure 2b). No obvious
change of the assembly size is observed during the whole self-
assembly process, suggesting it is the number of the assemblies,

Figure 1. Chemical structure (a) and ball−stick model (b) of the AC60
molecule. The ball−stick model is built based on DFT optimization.
Color code of spheres: gray, C; white, H; red, O.
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not the size of the assemblies, that increases with time during
the assembly process (Figure 2c).56,57 DLS study of other two
THF solutions of the AC60 molecules with different
concentration (0.93 and 0.20 mg/mL, respectively) shows
that the average Rh value of the assemblies are 91 ± 5 and 85 ±
5 nm, respectively, indicating that the size of the formed
assemblies is concentration-independent (Figure 2d). Zimm
plot fitting58 of the SLS measurements of the assemblies
(Figure 3a) in the above three solutions indicates that radius of
gyration (Rg) of the assemblies is 90 ± 5 nm, which is very
close to their Rh values (95 ± 5 nm). The Rg ∼ Rh result
suggests that hollow, spherical assemblies are formed in THF,
which is also confirmed by bright-field TEM observations
shown in Figure 3b. The wall thickness of the assemblies was
measured to be ca. 2 nm from this TEM image (the dark ring
circles at the outmost sides of the assemblies). Since the
dimension of AC60 molecules is around 1.5 nm, it is proposed
that the assemblies are constructed by a single-layered
molecular packing, as schematically illustrated in Figure 3c.
Further analysis of the Zimm plot indicates that the average
molecular weight of the assemblies is ca. 1.44 × 105 kDa,
corresponding to around 76 000 AC60 molecules for each
assembly. Since the sizes of the AC60 and the assemblies are
known, it is straightforward to draw the conclusion that the
assemblies are single-layer hollow spherical structure (section 6
in Supporting Information); that is, AC60 molecules are likely
to form “blackberry” structures instead of forming bilayer
surfactant-like vesicles. To further validate the single-layered
model, the layer thicknesses of the collapsed assemblies after
slowly evaporating the solvent were characterized by the atomic
force microscopy (AFM). As the typical height profile of two
assemblies exhibited in Figure 3d, the average thickness of
assemblies was measured to be 4.0 ± 0.5 nm from 10
independent measurements, which is in good agreement with
the theoretical double thicknesses of AC60 molecules (ca. 3 nm)
of the collapsed “blackberry” model (Figure 3e and section 7 in
Supporting Information). The double-layered vesicles have

been generally achieved by the assembly of fullerene-based
amphiphiles,19,22−24 yet no example has been demonstrated to
form single-layered hollow spherical structures from fullerene-
based derivatives. Thus, this work might provide a new and
facile strategy to control the generation of single-layered
assemblies of fullerenes and their derivatives.

Figure 2. (a) Time-resolved SLS measurements of 0.65 mg/mL AC60 in THF at 90° scattering angle. (b) CONTIN analysis of the DLS data of 0.65
mg/mL AC60 in THF solution (on the 40th day) at different scattering angles. (c) CONTIN analysis of time-resolved DLS data of 0.65 mg/mL
AC60 in THF at 90° scattering angle. (d) CONTIN analysis of DLS data of AC60 in THF solutions with different concentrations (0.93, 0.65, and
0.20 mg/mL, 40th day) at scattering angle of 60°.

Figure 3. (a) Zimm plot of three AC60/THF solutions with different
concentrations (0.93, 0.65, and 0.20 mg/mL). (b) TEM images of the
assemblies from the AC60/THF solution (0.65 mg/mL). (c)
Schematic illustration of single layer hollow spherical structure formed
by AC60 in THF (each blue sphere represents one AC60 molecule). (d)
AFM height profile of collapsed assemblies after solvent evaporation.
Inset is typical AFM image of two individual assemblies. (e) Schematic
illustration of collapsed single-layer hollow spherical assembly model.
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Mechanism of the Self-Assembly. The self-assembly
mechanism is investigated by studying the solution behavior of
AC60 in solvents with different polarities. Time-resolved SLS
studies confirmed that the self-assembly process, suggested
from the high scattered intensities, was observed in the
solutions of acetone, acetonitrile, ethanol, isopropanol, and n-
butanol (Figure S7). However, the AC60 molecules are soluble
in DMF, DMSO, methanol, and water (at pH > 11.2) without
forming larger assemblies, indicated by the very low scattered
intensities of corresponding solutions (Figure S5). The latter
group of solvents is actually solvents with higher polarities than
the former group. It is acknowledged that the high polarity of
solvent environment favors the hydrophobic interaction-driven
self-assembly process. Therefore, the above observation rules
out the possibility that hydrophobic interaction is the driving
force for the self-assembly of AC60 in solution. The structure of
this fully hydrophilic AC60 molecule does not provide any
domain for hydrophobic interaction either.
Meanwhile, hydrogen-bonding interaction is also excluded as

the major driving force for such self-assembly process. The
AC60 molecules are observed to self-assemble in alcohols,
including ethanol, isopropanol, and n-butanol, implying that
hydrogen bonding might not be the major driving force for the
self-assembly process since the abundance of alcohol molecules
could terminate the intermolecular hydrogen bonding of AC60.
Moreover, the solution behavior of the AC60 was further
studied in hexafluoro-2-propanol (HFIP). HFIP is a polar
solvent and a hydrogen donor, which enable it to dissolve
substances and serve as hydrogen bond cutting agent.59

However, the formation of vesicular assemblies with sizes as
ca. 200 nm are observed in LLS and TEM results, providing
strong evidence to rule out hydrogen bonding as the major
driving force (Figure 4).

Counterion-mediated attraction is expected to be the main
driving force for the self-assembly process. It is believed that the
carboxylic acid groups are able to partially deprotonated, and
therefore, the AC60 molecules are charged in polar solvents,
which can be regarded as typical microanions. Polarity index
(PI), defined as a measure of the ability of the solvent to
interact with various test solutes, is key parameter of the
indication of solvent polarity.60 Herein, PI can be used to
estimate the interaction between the solvent molecules and the
solute of carboxylic acid-capped fullerenes. The interaction will
directly lead to the deprotonation of the carboxylic acid groups.
The amount of charge AC60 carries relies on the degree of
deprotonation (α) of the capped carboxylic acid groups, which
could be estimated based on FT-IR results. The value of α
could at least qualitatively indicate the degree of deprotonation.
Obviously, the AC60 possesses a much higher α value in DMF
(ca. 62%)61 and methanol (ca. 47%) than that in THF (ca.
19%) (section 8 in Supporting Information). It is observed that
the AC60 macroanions are able to self-assemble in organic
solvent with medium polarities (e.g., THF), not able to self-
assemble in solvents with high polarities (e.g., methanol).
Because of the different deprotonation degree of −COOH
groups in the solvents, the carboxylic acid groups shelled AC60

are highly charged in solvents with high polarities, which could
surpass the charge density limit in forming “blackberry”
structures.40,62,63 Further analysis indicates that the assembly
sizes become larger in solvents with lower polarity indexes,
which is consistent with previous theories of counterion
mediated attraction (Figure 5 and Figure S9 of Supporting
Information).40,62,63 The deprotonating degree of −COOH
group is higher in solvents with higher polarity index value, and
therefore the surface charge density of AC60 becomes too high,
which decreases the attraction among the monomers and lead

Figure 4. (a) CONTIN analysis of DLS data of the AC60/HFIP solution (0.5 mg/mL) at scattering angle as 90°. (b) TEM image of the assemblies
in the AC60/HFIP solution (0.5 mg/mL).

Figure 5. (a) CONTIN analysis of the DLS data of 0.5 mg/mL AC60 in various solvents at scattering angles as 90°. (b) Summary of the Rh value of
the assemblies vs the polarity index of the corresponding solvents including acetonitrile, acetone, ethanol, isopropanol, THF, and n-butanol.
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to a larger curvature, e.g., smaller sizes for “blackberry”
structures.
It is worthy to note that the AC60 macroanions are able to

self-assemble in acetonitrile, however, not in acetic acid despite
the identical polarity index of these two solvents (Figure S8 in
Supporting Information). The deprotonation of −COOH
shelled on the AC60 core relies on not only the polarity of
the organic solvent but also other features of the solvent. Acetic
acid provides abundant carboxylic groups in the AC60 solution,
which will significantly inhibit the deprotonation of AC60.
Therefore, AC60 exists as neutral molecules in acetic acid,
making counterion-induced attraction impossible.
Thermodynamics of the Self-Assembly Process. The

time-resolved SLS monitoring of the solutions of AC60 at
different temperatures could provide information on the
stability of the assemblies and the thermodynamics of the
self-assembly process. It is suggested from our previous results
that the individual macroions and their assemblies coexist in
equilibrium state in the solutions.64,65 The counterion-mediated
interaction and possible hydrogen bonding contribute to the
self-assembly. Raising temperature can accelerate the self-
assembly process of macroions.65 However, no study has been
carried out so far to investigate the temperature effect on the
thermodynamics of the self-assembly process.
SLS measurements on 0.5 mg/mL AC60 in isopropanol

indicates that the scattered intensity at 90° scattering angle
decreases as the temperature increases stepwise from room
temperature to 60 °C. DLS studies of the same solution
indicate that the Rh value of the assemblies does not change
noticeably during the temperature-changing process. This
suggests that the number of the assemblies in solution is
decreasing while their sizes do not change when the
temperature increases (Figure 6a,b). The scattered intensity
at 60 °C is comparable to the intensity of the AC60/isopropanol
solution without assemblies, suggesting that tiny amount of
assemblies exist while most of the assemblies disassemble at
higher temperature. The scattered intensity I is used to estimate

the equilibrium constant. The ln I vs −1/T linear fitting curve
can be used to qualitatively estimate the enthalpy and entropy
changes (ΔH and ΔS) of the “blackberry” formation process
(Figure 6, and section 9 in Supporting Information). Both the
slope and intercept values of the linear regression are negative,
suggesting that both ΔH and ΔS are negative for such a self-
assembly process. The self-assembly is exothermal and entropy
decreasing, and therefore, there should be a critical temper-
ature, at which the Gibbs free energy (ΔG) becomes zero and
the self-assembly is not favored. Further quantitative analysis of
the thermodynamic results can be used to calculate the
disassembly temperature for the above systems. Since the
solution scattered intensity I is proportional to the concen-
tration of the assemblies, there exists the relation ln k ∼ B ln I
with B being constant. For the change of Gibbs free energy of
the assembly process, ΔG = ΔH − TΔS = −RT ln k ∼ −BRT
ln I. Therefore, ΔS/BR − (ΔH/BR)(1/T) ∼ ln I. By fitting the
plot of ln I vs −1/T, two parameters can be obtained: slope =
ΔH/BR; intercept = ΔS/BR. At the critical temperature, ΔG =
ΔH − TcΔS = 0. Therefore

= Δ Δ = = ∼ °T H S/
slope

intercept
338.26 K 65 Cc

(1)

The critical temperature is calculated to be ca. 338 K (65 °C)
based on the ratio of slope and intercept of the linear function
shown in Figure 6a, in excellent agreement with our
experimental results above. Interestingly, the scattered intensity
of this AC60/isopropanol solution increases back to its original
value when the solution temperature tunes back to room
temperature, proving that such temperature-controlled assem-
bly/disassembly process is reversible. Another two of such
temperature-control cycles have been observed, and similar self-
assembly/disassembly behaviors are confirmed (Figure 6c,d).
This is the first time the transition between “blackberry”
assemblies and single macroanion has been achieved by
changing temperatures.

Figure 6. (a) ln I vs −1/T data of the thermodynamic study of the isopropanol solution of the AC60 and the linear fit curve of the data. The linear
fitting results: y = −17258x − 51.02. (b) The Rh value of assemblies in the isopropanol solution of the AC60 vs the corresponding solution
temperature. (c) The reversible process of “blackberry” self-assembly/disassembly process by monitoring the scattered intensity of AC60/isopropanol
solution at 90° scattering angle while the temperature was equilibrated at room temperature (RT, 21.5 °C) and high temperature (HT, 55 °C). (d)
Graphic representation of the reversible self-assembly/disassembly process of “blackberry”.
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Similar temperature-dependent self-assembly experiment is
carried out with 0.5 mg/mL AC60/acetonitrile solution. The
scattered intensity at 90° scattering angle decreases to half of its
original value when the temperature is increased from room
temperature to 65 °C (Figure S12). The scattered intensity is
back to high value when the solution temperature is back to
room temperature (Figure S12). The observation is consistent
with the above conclusion on the thermodynamics of
“blackberry” formation. The assemblies would completely
disassemble into monomeric AC60 macroanions in isopropanol
at 65 °C while only around 50% of the assemblies disassemble
in acetonitrile. The AC60 macroanions can interact with
isopropanol through the hydrogen bonding from the
interaction between −COOH of AC60 and −OH of
isopropanol. Compared to acetonitrile, isopropanol favors to
dissolve AC60 at individual anion level. Therefore, the
assemblies of AC60 macroanions could be easier to be broken
into monomers in isopropanol.

■ CONCLUSION
In summary, a hydrophilic fullerene derivative (AC60) with 12
carboxylic acid groups shelled on the periphery shows the
behavior of macroions by self-assembling into single-layer
“blackberry” structures. Its solution behavior is different from
previous amphiphilic fullerenes. The size of the assemblies is
inversely dependent on the polarity of the solvent. The major
driving force is confirmed to be counterion-mediated attraction.
The self-assembly and disassembly of AC60 in solutions have
been proved to be reversible via temperature. Our protocol
provides a new way to assemble fullerene derivatives into
ordered vesicular structures with tunable sizes and narrow size
distribution and might afford a feasible strategy to the design
and preparation of single-layered structures based on fullerene
and their derivatives.
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