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ABSTRACT: The self-assembly of carboxylated fullerene with
poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) with different molec-

ular weights, poly-2-vinylpyridine, and amine-terminated polystyr-

ene, at the interface between toluene and water was investigated. For  Toluene + PSP2VP12.5
all values of the pH, the functionalized fullerene interacted with the
polymers at the water/toluene interface, forming a nanoparticle
network, reducing the interfacial tension. At pH values of 4.84 and
7.8, robust, elastic films were formed at the interface, such that
hollow tubules could be formed in situ when an aqueous solution of
the functionalized fullerene was jetted into a toluene solution of PS-
b-P2VP at a pH of 4.84. With variation of the pH, the mechanical
properties of the fullerene/polymer assemblies can be varied by
tuning the strength of the interactions between the functionalized
fullerenes and the PS-b-P2VP.

KEYWORDS: assembly, interface, fullerene, nanoparticle surfactant, interaction
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1. INTRODUCTION

Colloids and nanoparticles, NPs, will assemble at fluid/fluid
interfaces to lower the interfacial energy, forming emulsions
that have attracted much theoretical and experimental
attention' "® and have found use in the pharmaceutics,
cosmetic, and food industries. NP assemblies at interfaces can
be achieved by adsorption/desorption equilibrium or by
interfacial interactions between functional NPs dispersed in
one fluid and ligands with complementary functionality
dissolved in a second fluid. Electrostatic interactions between
NPs and ligands at the water/oil interface result in nanoparticle
surfactants, which have been intensively investigated re-
cently,”~"" since the assembly of the NP surfactants at the
interface can jam to lock in nonequilibrium shapes of liquids
and are responsive to external stimuli. Most of the NPs in these
previous studies have been polymeric or inorganic NPs.
Regardless of the nature of the NPs, be they soft (polymeric)
or hard (silica, Au, CdSe, etc.), the wettability of NPs by the
fluids has been a critical factor in their self-assembly.'*~"

been shown to assemble at liquid/liquid interfaces, assuming
different orientations depending on the specific interfacial
interactions and the areal density of nanorods at the
interface.'”'” Two-dimensional carbon materials, like graphene
or graphene oxide, have also been found to be interfacially
active, since each particle occupies a significant area at the
interface.”°™>* As a zero-dimensional nanomaterial, fullerenes
and their derivatives, though, have only received scant
attention, even though they have very well-defined size, can
be easily functionalized,”* and are used in applications that
draw on their electronic characteristics. The assembly of
fullerene at liquid/liquid interfaces opens a new platform for
fullerene-device applications.

Fullerene C60 is a 0.7 nm diameter polyhedral sphere. For an
expansion in the potential use of this unique material,
derivatives such as carboxylated, aminated, and polymer-grafted
fullerenes have been developed.”>™" The self-assembly of
fullerene and its derivatives in solution and at interfaces has

The assembly of carbon-based nanomaterials at liquid/liquid
interfaces has also been studied. Nanorods,'® rod-like-virus
particles,'” and carbon nanotubes (single- or multi-walled) have
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been investigated.”>”” While carboxylic-acid-functionalized
fullerenes can be used for solution-based assembly processes,*
their assembly at liquid/liquid interfaces, in particular at the oil/
water interface, is of interest here. We consider the interactions
between maleic-acid-functionalized fullerenes dispersed in
water with polymers and block copolymers having comple-
mentary functionality, dissolved in oil, like toluene. With a
variation in the number of complementary functional groups on
polymers from mono-end-functionality to multifunctional
homopolymers to multifunctional block copolymer, different
properties of the interfacial assemblies have been achieved.
Studies were performed as a function of the pH of the aqueous
phase, which was found to dramatically alter the interfacial
interactions. Plateau—Rayleigh instabilities of a jetted aqueous
solution of the carboxylated fullerenes in a toluene solution of
the block copolymers were suppressed, allowing the formation
of aqueous tubules in toluene that could continuously transport
the aqueous phase from one reservoir to another.

2. EXPERIMENT

2.1. Materials. Fullerene-n-maleic acid, where n denotes the
number of maleic acid moieties attached to the fullerene and is
typically on the order of 30—50, was purchased from Solaris
Chem., Inc. Monoamine-terminated polystyrene (PSNH,),
poly(2-vinylpyridine) (P2VP), and poly(styrene-b-2-vinylpyr-
idine) (PS-b-P2VP) diblock copolymers of different molecular
weights and volume fractions of PS were purchased from
Polymer Source and used without further purification. The
different polymers used are shown in Table 1. Anhydrous
toluene from Sigma-Aldrich was used as received.

Table 1. Molecular Weight and PDI of All Polymer Samples
Used

material M, (g/mol) PDI abbreviation
poly(styrene-b-2-vinylpyridine) 7.5K-b-12.5K 1.05  PSP2VPI12.5
poly(styrene-b-2-vinylpyridine) 16.5K-b-3.5K 1.05  PSP2VP3.5
poly(styrene-b-2-vinylpyridine) 23.6K-b-104K  1.04  PSP2VP10.4
monoamine-terminated 2.5K 117 PSNH,
polystyrene
poly-2-vinylpyridine 3.5K 116  P2VP

2.2. Characterization. The interfacial tension between the
aqueous phase and toluene, the organic phase, was measured
with a dynamic pendant drop tensiometer (Kruss GmbH
Germany DSA30S). The volume of the droplets was controlled
to be 15 pL. Interfacial dilatational rheology was performed
using a pendant drop tensiometer coupled to an oscillation

drop generator housing a piezoelectric element able to produce
changes in drop surface area over broad ranges. In oscillatory
experiments, fullerene-n-maleic acid containing a water drop
was created inside a toluene solution of PS-b-P2VP (M, = 16K-
b-3.5K g/mol), and before the start of testing, with the drop
volume fixed, interfacial assembly was allowed to reach steady-
state. Analysis of a video recording of the drop shape provided y
as a function of time, which, in conjunction with area change,
allowed calculation of the elastic modulus and loss modulus.
The pH of the aqueous solution was measured with a Mettler
Toledo EL-20 pH/conductivity meter. Atomic force micros-
copy (AFM) images were performed using a Digital Instru-
ments Dimension 3100 AFM instrument. Plateau—Rayleigh
instability experiments were carried using a syringe with a
continuous pump and a high-frame-rate video camera. Different
flow rates of fullerene solutions were jetted through a capillary
with a 025 mm inner diameter into a toluene solution of

polymer.

3. RESULTS AND DISCUSSIONS

3.1. Interfacial Tension of Carboxylate Fullerene at
the Water/Toluene Interface. Solutions of the maleic-acid-
functionalized fullerenes were prepared in water. Three
different bulk solutions were used: one was a 1 g/L dispersion
at a pH of 11.17; the second was 0.224 g/L at a pH of 7.8; and
the third was a 0.08 g/L dispersion at a pH of 4.84. The
interfacial tension between water and toluene was unchanged
with the addition of maleic-acid-functionalized fullerene
dispersed in the water. Consequently, the maleic-acid-function-
alized fullerene is not interfacially active, since the water/
toluene interface carries an inherent negative charge.”’ With
P2VP dissolved in toluene, the interfacial tension of a water
droplet (pH of 7.8, not containing the functionalized fullerene)
was found to decrease. Similarly, if PS-b-P2VP (0.0S g/L) was
dissolved in the toluene, the interfacial tension was found to
decrease. In addition, the interface tension decreased with
increasing concentration of PS-b-P2VP. This indicates that
there was some quaternization of the 2VP, making the block
polar and, hence, enhancing its interfacial activity. These results
also indicate that the P2VP chains are adsorbing at the
interface, placing multiple 2VP units at the interface; ie., the
P2VP chains are orienting preferentially parallel to the interface
to increase the number of 2VP contacts with the water phase.
The PS portion of the copolymer is, of course, solubilized in the
toluene phase, since toluene is a good solvent for PS. If the
maleic-acid-functionalized fullerenes are dispersed in the
aqueous phase and the P2VP or PS-b-P2VP is dissolved in
the toluene phase, an even greater reduction in the interfacial
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Figure 1. (A) Dynamic interfacial tension of 0.112 g/L fullerene aqueous solution at pH 7.8 in contact with a toluene solution of PSP2VP3.5 at
different concentrations of the copolymer. (B) Dynamic interfacial tension for a fixed concentration of PSP2VP3.5 with an increasing concentration

of the maleic-acid-functionalized fullerene at pH 7.8.
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Figure 2. Sequence of snapshots during the pendant drop experiment, where both the top and bottom droplets were formed by injecting 0.224 g/L
carboxylated fullerene aqueous solution into 0.05 g/L PSP2VP3.5 toluene solution. The bottom droplet was formed prior to the experiment and
pinched at the bottom of the cuvette. Images 1—3 and 6—8 show the expansion of the top droplet by continuously injecting carboxylated fullerene
aqueous solution, while images 4 and S depict the withdrawing process. The last four images describe the swinging motion between the two droplets,
which was realized by controlling the relative location between the needle and cuvette. The size of every image is 7.2 mm X 4.9 mm.
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Figure 3. Imaging of continuous injection of 0.08 g/L carboxylated fullerene (pH = 4.84) aqueous solution (from the top needle) at the speed of 4
mL/min into the droplet (bottom) at the atmosphere of 0.1 g/L PSP2VP12.5K toluene solution through the tubule. The droplet volume increased

with time.

tension is observed. Shown in Figures 1A are the interfacial
tensions at a constant concentration of the maleic-acid-
functionalized fullerene (0.112 g/L) in the water phase at a
pH of 7.8 as a function of concentration of the copolymer for
PSP2VP3.5. Similar plots for PSP2VP10.5 and PSP2VP12.5
(increasing P2VP molecular weight) are shown in Figure
S1A,B. As can be seen, with an increase in concentration of the
polymer, the interfacial tension in each system is decreased.
Increasing the molecular weight of the P2VP caused a decrease
in the interfacial tension, and similarly, for a fixed molecular
weight, increasing the concentration of the P2VP causes the
interfacial tension to decrease. Shown in Figure 1B is the
interfacial tension for a fixed concentration (0.05 g/L) of
PSP2VP3.5 with an increasing concentration of the maleic-acid-
functionalized fullerene. Here, with increasing concentration of
the fullerene, the interfacial tension is seen to decrease. From
these combined results the picture that emerges is that the
P2VP chains adsorb at the interface with multiple P2VP units in
contact with the interface. With increasing molecular weight,
the number of P2VP units at the interface increases. The
adsorption of these chains at the interface occurs initially, since
the maleic-acid-functionalized fullerenes are not interfacially
active. After the P2VP chains adsorb, the maleic-acid-function-
alized fullerenes diffuse to the interface and interact with the
P2VP unit at the interface. Since there are ~30 maleic acid
units per fullerene, it is likely that the fullerenes interact with
multiple chains, forming a cross-linked network at the interface
that can extend into the aqueous phase.

The interactions between the maleic-acid-functionalized
fullerenes and the P2VP and PS-b-P2VP are essentially acid—
base type interactions, and as such, the pH of the aqueous

34391

phase will affect the dissociation of the acid and the protonation
of the amine in the P2VP. Regardless of the pH, the maleic-
acid-functionalized fullerene dispersed in water was not
interfacially active, and the interfacial tension was essentially
the same as that of water/toluene. Figure S2 shows the
interfacial tension of a water droplet in a toluene solution of
P2VP homopolymer as a function of time for different values of
the pH, while Figure S3A,B,C shows the interfacial tension of a
water droplet in a toluene solution of PS-b-P2VP copolymer as
a function of time for different values of the pH, where the
molecular weight of the P2VP block is 3.5K, 10.4K, and 12.5K
g/mol. In all cases, the interfacial tension is markedly reduced,
reflecting the surfactant-like nature of the block copolymer and
the hydrophilic character of the P2VP block. While the rate at
which the interfacial tension decreased depended on the
molecular weight of the P2VP block, the polymer solution in
the different pH condition without fullerene in water reached
essentially the same interfacial tension at long times. At a pH of
7.8, upon reducing the volume of the pendant droplet, wrinkles
were rapidly formed on the surface of the droplet. At a pH of
7.8, droplets formed by injecting the 0.224 g/L carboxylated
fullerene aqueous solution into the toluene with 0.05 g/L
PSP2VP3.5 did not coalesce, even when the droplets were
forced into physical contact by forcing one droplet on the
syringe into an existing droplet (Figure 2). This indicates that
the formed interfacial film was elastic and very stable, which is
consistent with the results presented by the Monteux group.*”
For calculation of the elastic and loss modulus of the interfacial
film, interfacial dilatational rheology was performed using a
pendant drop tensiometer coupled to an oscillating drop
generator. As an example, Figure S4a shows the interfacial
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tension acquired during the droplet oscillation with frequency =
0.125 and deformation = 6%. As shown in Figure S4b,c, the
elastic modulus was always much greater than the loss modulus
in the entire frequency range used for the measurements, which
confirms that the interfacial film is elastic. In contrast, at pH
11.17, although the interfacial tension is reduced by the
addition of fullerene, wrinkling behavior was not observed
when the volume of the droplet was reduced. Moreover,
coalescence was observed when two droplets were forced into
physical contact. At pH 4.84, the interfacial tension was
technically not measurable, because of the formation of a solid
film at the water/toluene interface, as was also observed by
others.”> Consequently, with variation of the pH, the strength
of interactions between the fullerene and the copolymer can be
tuned.

For a further demonstration that an elastic solid film was
formed at a pH of 4.84, the volume in the pendant drop was
increased, such that the reduction in the interfacial tension and
gravitation forces extended the droplet to the point where a
droplet would fall to the bottom of the measurement cell.
However, as shown in Figure 3, and Video S1 in the Supporting
Information, the droplet extended, forming a neck connecting
the droplet (one reservoir) to the syringe (a second reservoir).
With time, the neck stretched into a tubule, connecting the
syringe to the droplet at the base of the chamber, such that the
aqueous phase could be continuously pumped from the syringe
into the droplet. This thin tubule of the aqueous phase in the
toluene solution was stabilized by the formation of the elastic
film at the interface. Plateau—Rayleigh instabilities and the
breakup of the stream into droplets were suppressed, in a
manner similar to that seen with the formation of nanoparticle
surfactants.”® In this example, the tubule was formed by
injecting a 0.08 g/L fullerene solution (pH = 4.84), at a rate of
4 mL/min into 0.1 g/L PSP2VPI12.5 toluene solution.
Subsequent to the formation of the tubule, the aqueous
phase was continuously passed through the tubule, causing the
droplet at the base of the chamber to increase in volume with
time. These results demonstrate that the interfacial film is not
only elastic but also very stable and that there are strong
interactions between the fullerene and the block polymer. The
same phenomenon was not observed when the flow rate was
less than 4 mL/min. However, at pH 7.8 and 11.17, since the
aqueous phase was more basic, the degree of protonation of the
P2VP decreased, and tubule formation was not observed,
regardless of the injection speed. Consequently, pH provides a
simple means of controlling the strength of the interaction
between the functionalized fullerenes and the polymer.

The interfacial tension of homopolymer P2VP was also
investigated in the presence of the functional fullerene. The
equilibrium interfacial tension between pure water and 0.1 g/L
P2VP in toluene was ~5.5 mN/m (Figure 4). When the 0.112
g/L fullerene (pH = 7.8) solution was used, the equilibrium
interfacial tension decreased to ~4.5 mN/m, because of the
interactions between the carboxylated fullerene and the P2VP.
Upon comparison of the interfacial tension of 0.1 g/L
PSP2VP3.5 and P2VP polymer in toluene with a 0.112 g/L
fullerene (pH = 7.8) solution, the rate of reduction in the
interfacial tension with PSP2VP3.5 was more rapid than that
with P2VP. The time-dependent reduction in the interfacial
tension was described by

—t/7)
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Figure 4. Time dependence of the interfacial tension for 0.1 g/L P2VP
toluene solution with and without 0.112 g/L carboxylated fullerene
aqueous solution (pH = 7.8). The imaging is the wrinkling film formed
in the presence of fullerene.

where y(t), 7, and 7, are the dynamic interfacial tension, the
interfacial tension at time ¢ = 0, and the equilibrium interfacial
tension, respectively. 7 is the characteristic relaxation time. 7 for
PSP2VP3.5 was found to be 408 s, while for P2VP, 7 = 440 s
indicating that the rate of interfacial assembly was controlled by
the P2VP block and that the attached PS chain, although quite
soluble in toluene, did not influence the interfacial adsorption.
After the interfacial assembly of the homopolymer and block
copolymer equilibrated, the aqueous phase was withdrawn from
the droplet, decreasing the volume and the interfacial area of
the droplet. At a volume reduction (remaining volume V/initial
volume V) of 36% and 26.7%, corresponding to the interfacial
area reduction (remaining area A/initial area A,) of 46.7% and
43.2%, the interfacial assemblies of the PSP2VP3.5 copolymer
and P2VP homopolymer were observed to wrinkle. Con-
sequently, a much larger compression of the homopolymer
layer is required to induce wrinkling than for the copolymer,
indicating that the copolymer more effectively covers the
interface. This is in agreement with the greater reduction in the
interfacial tension for the block copolymer. The difference,
more than likely, results from an enhanced localization of the
block copolymer at the interface, since the P2VP block is
covalently bound to the PS which is soluble in toluene only.
This effectively anchors the P2VP block at the interface. For the
homopolymer case, the homopolymer assembly with the
fullerene can be forced into the aqueous phase, providing an
alternate route for the homopolymer assembly to respond to
the applied compression.

For further exploration into the effect of the functionalized
fullerene on the interfacial assembly, dynamic interfacial tension
experiments were performed using an amine-terminated
polystyrene, PSNH,, dissolved in toluene. With a 0.112 g/L
fullerene solution (pH = 7.8; Figure S), the interfacial tension
was reduced because of the interactions of the amine terminus
of the polymer with the carboxylic acid functional groups on
the fullerene. With an increase of concentration of PSNH,, the
equilibrium interfacial tension was seen to decrease. This
indicates that nanoparticle surfactants were formed at the
interface between the water and toluene. At a pH of 7.8, as the
volume of the pendant drop was decreased, the assembly
wrinkled, but only if the assembly was aged for ~1 h. For a 0.5
g/L PSNH,, wrinkling became evident at a V/V; of 15.9%,
which is lower than that for 0.5 g/L PSP2VP3.5, where
wrinkling was observed at a V/V; of 39.4%. Consequently, even
though the reduction in the interfacial energy is substantial, a
significant reduction in the interfacial area is required to induce
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Figure S. Time dependence of the interfacial tension for 0.112 g/L
carboxylated fullerene aqueous solution (pH = 7.8) and (b) 0.5 g/L
and (d) 1.0 g/L PSNH, in toluene; Control experiments in the
absence of fullerene with (a) 0.5 g/L and (c) 1.0 g/L PSNH, in
toluene. The image on the right is the wrinkling state of the fullerene
with 0.5 g/L PSNH,.

wrinkling. Unlike nanoparticle surfactants formed with larger
inorganic nanoparticles, where wrinkling occurs at a much
larger V/V,, for the fullerene—PSNH, nanoparticle surfactants,
the areal density of the assembly must be lower.

3.2. Dynamic Adsorption of Carboxylate Fullerene at
the Interface. The different pH condition results in the
entirely different adsorption kinetics of the fullerene to the
interface. The interfacial tension as a function time for an
aqueous dispersion of fullerene at different pH values in contact
with a 0.05 g/L PSP2VP12.5 toluene solution is shown in
Figure 6. The concentration of fullerene was 0.25, 0.224, and

w
o

N
(3]

Interfacial Tension (mN/m)

50 100 150
Time (s)

Figure 6. Dynamic interfacial tension of carboxylated fullerene with
0.05 g/L PSP2VP12.5 at different pH values.

0.08 g/L corresponding to a pH of 11.17, 7.8, and 4.84,
respectively. It should be noted that the concentration used
(0.224 and 0.08 g/L) is the maximum concentration of
carboxylated fullerene in the resulted pH condition. The
interfacial tension is seen to decrease rapidly initially (regardless
of the pH). However, with increasing adsorption time,
markedly different behavior is observed. At a pH of 4.84, the
interfacial tension decreased to ~20.9 mN/m, and then
remained constant. At a pH of 7.8, the initial decrease in the
interfacial tension is similar to that seen at a pH of 4.84.
However, after ~25 s, a very sharp decrease in the interfacial
tension was seen, decreasing to values of less than 3 mN/m. At
a pH of 11.17, the initial decrease in the interfacial tension is
more rapid, and the interfacial tension continues to decrease to
a value less than 3 mN/m. It should be noted that, for pH
values of 4.84, an autowrinkling phenomenon was observed
(see Video S3 in the Supporting Information), where the

adsorbed layer on the interface, without a reduction in the
volume of the droplet, spontaneously began to wrinkle. This
behavior also precludes an accurate measurement of the
interfacial tension, since it is evident that a film has been
produced at the interface. One usually associates a wrinkling
behavior with a compression of the assemblies at the interface
where the areal density of the element on the interface is
increased to the point where either elements must be ejected
from the interface to accommodate the reduction in the
interfacial area to avoid wrinkling, or the assembly is strong
enough to remain intact as the assembly is forced out of a
planar arrangement. Here, though, the adsorption rate is very
rapid, and the molecular weight of the P2VP block is
sufficiently high, so that a cross-linked network is rapidly
formed that is swollen by both water and toluene. As more
functionalized fullerenes interact with the P2VP, the cross-link
density increases, causing a deswelling of the network which, in
the plane of the interface, corresponds to a compressive force
that give rise to the observed spontaneous wrinkling behavior.

AFM experiments were performed on a droplet that was
transferred to a silicon substrate (Figure SS). Because of the
geometry of the droplet, the transferred layer corresponds to a
double layer, when the aqueous phase is removed from the
droplet and the droplet collapses. We also cannot be absolutely
certain that all of the residual, nonadsorbed fullerenes are
removed, even though water was used to rinse the transferred
droplet. The double layer that was transferred for 0.05 g/L
PSP2VPI12.5 in toluene without the fullerene in the aqueous
phase was 10.0 + 1.0 nm. If functionalized fullerene is present
in the aqueous phase, the thickness of the double layer
increases to 12.6 & 1.0 nm, which is slightly thicker than that of
pure polymers. Although AFM experiments exhibit some
sample—sample variations, it could demonstrate that the
interlayer at the toluene/water interface is a monolayer of
polymers with some fullerene particles. Consequently, the
picture that emerges is that the fullerene and the P2VP block
interpenetrate (which would be expected if a cross-linked layer
is formed) and that solvated polystyrene is tethered to the
cross-linked layer, anchored by the P2VP block. From the AFM
measurements it is difficult, if not impossible, to quantify the
extent to which the polystyrene chains are stretched at the
interface. Figure 7 illustrates the assembly of fullerenes and
PSP2VP12.5 at the water/toluene interface.

R

Toluene + PSP2VP12.5

Water + Fullenes I

n m

— e — p
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Black: P2VP block Blue: PS block

Figure 7. Schematic diagram of fullerene—PSP2VP compound
assembly at the water/toluene interface, where the linear lines stand
for PSP2VP biblock copolymers, and spheres represent carboxylated
fullerene molecules.
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4. CONCLUSION

Using carboxylic-acid-functionalized fullerene in water and
polymer PSP2VP, P2VP, and PSNH, in toluene, the self-
assembly of fullerene at the oil/water interface was investigated.
The dynamic interfacial tension data show that the interaction
between fullerene and polymer or copolymer results in the
formation of a cross-linked network at the interface. The layer
that is formed at the interface is a robust, elastic layer that can
support a compressive load and wrinkle. The assemblies are
sensitive to pH, and at the appropriate pH and concentrations,
Plateau—Rayleigh instabilities can be suppressed, enabling the
stabilization of a jet of aqueous phase that was strong enough to
act as a conduit of the aqueous phase through toluene. At low
pH, a self-wrinkling behavior was observed, because of a rapid
cross-linking of the adsorbed P2VP that the fullerene
nanoparticles can enter into with the polymers and result in
the reduction of interfacial tension. At different pH values, the
interfacial interaction between the fullerenes with the polymers
was different. At pH 7.8 and pH 4.84, a robust and jammed film
was found at the water/toluene interface irrespective of the
chemical structure of polymers. Interestingly, at pH 4.84, the
interaction was very strong, and the adsorption of fullerene
onto the interface was fast, which resulted in the in situ
formation of the tube at the interface. The interaction between

fullerene and the polymer attributes the hydrogen bonds.
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