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Abstract

FullereneeNafion composite membranes have been fabricated through a new solution casting for the first time. The fullerenes used for the
composites included C60 and polyhydroxy fullerene (PHF), C60(OH)n (n w 12). The dispersion of the fullerene in the composite membrane was
much more refined with smaller agglomeration particles, relative to the previously prepared fullereneeNafion composites in which the fullerene
was introduced through doping. The miscibility of the hydrophobic fullerene, C60, in the Nafion matrix was further improved by a new fullerene
dispersant, poly[tri(ethylene oxide)benzyl]fullerene, C60[CH2C6H4(OCH2CH2O)3OCH3]n (n w 5), synthesized in this work. The solution-cast
fullerene composites also demonstrated a significant improvement in the physical stability relative to the fullerene-doped Nafion composites
through a better integration of the fullerene into the Nafion matrix. Furthermore, increased loadings of the fullerene in Nafion were made pos-
sible through the new solution-casting method, compared to the previous doping method. The water characteristics in the fullerene composites
have been examined by TGA and 1H pulse NMR measurements. The interactions between the fullerene and the Nafion have been studied
through ATR FT-IR and molecular dynamics simulations which suggested PHF resides primarily in the hydrophobic domain of Nafion when
the loading was low. The voltammetric measurements also have shown that the fullerene composites have the reduced limiting current density,
compared to Nafion membranes without fullerenes.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Fullerenes possess unique characteristics such as the high
electron affinity [1], the high volumetric density of the func-
tional groups [2], radical scavenging [3], the improved thermal
and mechanical stabilities of polymers [4e6], the enhanced gas
selectivity of polymers [7], and others. Yet, the fact that fuller-
enes are powders has hindered practical applications of their
unique properties. Incorporation of fullerenes into polymeric
materials to improve their processability has become a common
practice for practical applications of fullerenes in areas such as
optelectronics, photovoltaics, optics, fuel cell membranes, and
life science [8e13]. Chemical functionalization of fullerenes is
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often performed, for example, to increase the miscibility of ful-
lerenes with host polymers [14,15]. Yet, chemical attachment of
fullerenes to a polymer is not always straightforward, despite
a number of fullerene-attached polymers which have been suc-
cessfully synthesized in the past [16]. Also, chemical functional-
ization may affect the unique nature of C60 itself. On the other
hand, there have been a number of examples for fabrication of
fullerene composites with polymeric materials [11,17e24].
Among others, fullereneeNafion composite films have promis-
ing potentials in applications such as electrocatalysis [22], fuel
cells [2], and optics [10,19].

One of the first attempts to fabricate a C60eNafion composite
film was made by Guo et al., who soaked a Nafion membrane in
a saturated methanol solution of a series of methanofullerene
derivatives having hydrocarbon chains terminated by ethylene
oxide units [19]. The mixing of the fullerene derivative in
Nafion was achieved by a diffusion of the fullerene derivative
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through the Nafion matrix [19]. Though the dispersion of the
fullerene derivative was reported to be uniform with the average
agglomeration particle size of 5 nm, it was not clear how much
of the fullerene was incorporated into the Nafion membrane
through this ‘‘doping’’. Furthermore, the applicability of this
doping process depends strongly on the interactions between
the fullerene derivative and the Nafion. In fact, incorporation
of either C60 or hydrophobic peripheral chain-attached C60

into Nafion film was not observed by this particular method
[23]. Nor was controlling the amount of the fullerene incorpo-
rated into Nafion straightforward through the doping. The diffu-
sion-based process also requires long preparation time, e.g.,
several days just for the soaking of the Nafion film [19]. Melt
blending is another method by which a fullerene can be incorpo-
rated into a polymer, especially when the two components are
immiscible [6]. Still, a possibly significant morphological
change in the polymer during the melt processing raises a
concern, along with destruction through compounding and
extrusion of the polymer.

Improved fabrication methods for incorporation of fuller-
enes into polymeric materials will continue to benefit the
use of fullerenes in a variety of existing as well as new appli-
cations. In particular, solution-casting methods may provide
more flexibility in types of fullerenes used, controlling the dis-
persion, and the loading in a polymer than doping methods.
They also present a less distractive means, compared to doping
or melt blending. Yet, fullerene derivatives tend to aggregate
in solution as well as in polymeric materials. Thus, solution
casting of fullereneepolymer composites often poses a chal-
lenge, depending on the fullerene and the host polymer. Incor-
poration of C60 into Nafion, for example, has been only
reported by doping which differs from that used in Ref. [23]
[2]. Polyhydroxy fullerene (PHF), C60(OH)n (n w 12), is
another interesting fullerene in that it has an extremely high
volumetric density of functional groups, approximately 12
hydroxy groups in a cavity of about 1 nm in diameter, a size
of C60. Its strong hygroscopic characteristic has been found
recently [2]. Incorporation of neither C60 nor PHF into Nafion
membrane through solution casting has been reported. In
this report, we present a new membrane fabrication of the
C60eNafion and the PHFeNafion composites and their char-
acterization. We also synthesized a new fullerene dispersant,
poly[tri(ethylene oxide)benzyl]fullerene (to be denoted as
C60(TEO)n), to improve the dispersion of extremely hydropho-
bic C60 in the microphase-separated Nafion mixed with both
hydrophilic and hydrophobic domains and demonstrate its
effectiveness. As one of the possible applications of the ful-
lerene composite membranes prepared in this study, we fabri-
cated a membraneeelectrode assembly for direct methanol
fuel cell and measured the limiting current density of the ful-
lerene composites and their proton conductivity.

2. Experimental

2.1. Synthesis of fullerene derivatives

C60 was purchased from SES Research, Houston, TX. PHF
was synthesized according to Chiang et al., [25] through sul-
fonation of C60 and the subsequent hydrolysis. The synthesis
of C60(TEO)5 was based on the atom transfer radical addition
(ATRA) reaction in four steps to attach multiple ethylene ox-
ide chains to C60, as illustrated in Fig. 1. In a typical ATRA
step, C60 (720 mg, 1 mmol), tri-ethylene oxide benzyl bromide
(8 mmol) and bipyridine (1.56 g, 10 mmol) were dissolved in
100 ml ortho-dichlorobenzene (ODCB). The solution was de-
gassed for 10 min and CuBr (0.789 g, 8 mmol) was added
quickly. The vessel was sealed and heated at 110 �C for 2
days until a green precipitation occurred. H2S was bubbled
through the solution to completely precipitate the Cu residue,
then the solution was filtrated and ODCB was removed under
vacuum. The details of the characterization have been reported
elsewhere [26].

2.2. Preparation of membranes

The fullerene-doped Nafion composites (denoted as C60/
Nafion 117 or PHF/Nafion 117) were prepared as they were
in the previous method [2]. The preparation of the solution-
cast fullereneeNafion composites was as follows: a 5% Nafion
dispersion, purchased from Alpha Aesar, was dried at 80 �C
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Fig. 1. The synthetic route of poly[tri(ethylene oxide)benzyl]fullerene. In this work, the fullerene derivative with m¼ 3 and n¼ 5 was used.
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overnight. The dried Nafion film was dissolved in dimethyl-
acetamide (DMAc). This solution (to be denoted as the
NafioneDMAc solution) was stirred for several hours and cast
onto a Teflon substrate. The film was dried at 120 �C over-
night, then annealed at 150 �C for an hour and later at
170 �C for half an hour (to be referred to as the recast Nafion).
The same annealing process was taken for the composite
membranes as well. To fabricate the C60eNafion composite,
a small amount of ODCB was first added to the Nafione
DMAc solution at 80 �C under vigorous stirring. Subsequently,
a known amount of C60 was dissolved in chlorobenzene (CB),
and the C60eCB solution was added to the NafioneDMAc
solution while stirring. The resulting solution was cast onto
a Teflon substrate and dried overnight. The casting procedure
was the same for other membranes. The amount of C60 in
Nafion was 1 wt% (the composite to be referred to as C60e
Nafion). As to the PHF composite, PHF was first dissolved
in DMAc, which was added to the separately prepared
NafioneDMAc solution. The weight percentage of PHF ranged
from 1 to 3 (to be referred as PHFeNafion). Finally, C60(TEO)5

was mixed in another NafioneDMAc solution at 80 �C,
to which ODCB was added and mixed with the C60eCB solu-
tion, to fabricate the 1 wt% C60e0.5 wt% C60(TEO)5eNafion
composite. Finally, the membrane was treated by boiling in
1 M H2SO4 aqueous solution for 1 h, followed by washing
by deionized water.

2.3. Fullerene extraction from Nafion composite
membranes

The amount of PHF extracted from the Nafion composite
membrane in water was determined to examine the physical
stability of the fullerene derivative in the Nafion polymer ma-
trix. First, the PHF/Nafion 117 composite (doped) membrane
was dried in a flask by heating at 105 �C under vacuum for
1 h on a sand bath. Then, the flask was purged with nitrogen
and the membrane’s weight was determined. Subsequently,
the membrane was immersed in water at ambient temperature
for 120 h, after which the membrane was dried in the same
manner as above and the weight was measured. From the
weight difference between before and after the immersion in
water, the extraction of PHF was determined. As to the extrac-
tion from the PHFeNafion composite (solution cast) mem-
brane, UVevis spectroscopy was used to quantify the
extraction by identifying the peaks characteristics to PHF
in the extracted solution of the PHFeNafion composite.
PerkineElmer Lambda 20, UVevis Spectrometer was used.

2.4. Water uptake measurements

The water uptake was measured by soaking the membrane
in water at room temperature for 24 h. The membrane was re-
moved from water and blotted gently to remove surface waste,
then transferred quickly into a sealed vial and weighed (Wwet).
The membrane was then vacuum dried at 105 �C overnight,
transferred quickly into a sealed vial under dry N2 protection
and weighed (Wdry). The wet water uptake was determined by
the following equation:

Wet water uptake¼
�
Wwet �Wdry

�

Wdry

ð1Þ

To measure the water uptake under 25% RH, the membranes
were equilibrated under 25% RH for 2 days and weighed after-
ward as W25%. Dry water uptake was estimated from the fol-
lowing equation:

Dry water uptake¼
�
W25% �Wdry

�

Wdry

ð2Þ

2.5. Thermogravimetric analysis (TGA)

After all samples were equilibrated in water for 24 h, they
were blotted on the surface before the measurement. For con-
stant temperature measurements, the weight of the sample was
monitored under dry N2 gas flow of 50 ml min�1 at 30 �C for
40 min. For heating measurements, the sample was first sub-
jected to dry N2 gas for 30 min at a rate of 50 ml min�1 prior
to heating cycle and gradually heated at the rate of 2 �C min�1.
Mettler Toledo TGA/SDTA 851e was used for the TGA
measurements.

2.6. 1H pulse NMR T2 measurements

The experiments were performed on a Bruker Avance
300 MHz solid state instrument. The membranes were cut to
the desired size to fit into the solid state NMR sample holder.
Prior to the measurements, the membranes were soaked for
24 h in water and then removed from the water and the surface
was blotted. The sample was then placed in the sample holder,
which was then placed in the NMR probe. T2 experiments
were run using the CarrePurcelleMeiboomeGill pulse se-
quence [27,28] with a 90� pulse of 4.4 ms at room temperature.
Using a 2t of 100 ms, 92 points on the decay curve were sam-
pled at various evolution times, for the following samples: the
recast Nafion, the 1 wt% PHFeNafion, the 3 wt% PHFe
Nafion, and the 1 wt% C60eNafion composites. Sixteen scans
were co-added to improve the signal-to-noise ratio. The data
was processed to obtain a plot of signal intensity against evo-
lution time. The data was fit to the equation MðtÞ ¼
Mð0Þ

P
Piðe�t=T2iÞ, where M(t) and M(0) are the intensity at

time t and 0, respectively, Pi is the fraction contributing to
the relaxation time T2i, and t the evolution time [29].

2.7. ATR Fourier transform infrared (ATR FT-IR)
spectroscopy

ATR FT-IR spectroscopy was employed to investigate the
interactions between the fullerene and the Nafion polymer.
Measurements were recorded using Nicolet Impact 400 FT-
IR spectrometer. After saturation in water overnight, the fuller-
ene composites were dried in an oven at 80 �C for 6 h,



4441K. Tasaki et al. / Polymer 48 (2007) 4438e4448
followed by further drying under a vacuum at room tempera-
ture for 18 h, prior to the measurements.

2.8. AC impedance measurements

AC impedance of the membranes was determined at 20 �C
in the frequency range of 1 to 105 Hz using Solartron SI 1260
Impedance Analyzer and SI 1287 Electrochemical Interface.
The membranes were subjected to on-plane measurements.
The temperature and the relative humidity (RH) of the cell
were maintained at 20 �C and under 80%, respectively. The re-
sistance associated with the membrane at zero phase angle was
used to estimate the proton conductivity of the membrane us-
ing the equation, s¼ (1/R)(L/A), where R is the bulk resistance
of the membrane, L represents the membrane length, and A the
cross section area of the membrane. The thickness of the
membranes was around 110 mm.

2.9. Limiting current density measurements

The MEA was fabricated by the decal method [30]. The an-
ode catalyst for the methanol oxidation was PteRu (RV 30-30,
E-TEK, Inc.) and the cathode catalyst for the hydrogen reduc-
tion was Pt black (20 m2 g�1, Johnson-Matthey). The catalyst
ink was prepared by adding 5% Nafion dispersion to the cata-
lyst. The ink composition was 85 wt% PteRu and 15 wt% Na-
fion for the anode, while that for the cathode was 85 wt% Pt
and 15 wt% Nafion. Both the inks were uniformly painted
onto two Teflon blanks (2.85 cm2) to give the desired catalyst
loading which was 5 and 0.5 mg cm�2 for the anode and the
cathode, respectively. During the measurement of the limiting
current density, the 1 M methanol solution was fed into the
cathode at the rate of 5 mL min�1, while the humidified nitro-
gen gas to the anode at the rate of 35 mL min�1. The limiting
current density of the oxidation of methanol, at the anode, per-
meating through the membrane was determined voltammetri-
cally [31]. The cell voltage sweeping rate was 10 mA min�1.

2.10. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed in
the gas phase for a C60 or PHF molecule in the presence of
a single Nafion oligomer having the following structure:

CF2-CF2 CF

O CF2CFCF3

O CF2CF2SO3H

CF2
mn

where n and m are 5 and 8, respectively. During the simula-
tions, the hydrogen atoms were kept connected to the sulfonic
acid groups of the Nafion chain, since no water was present to
dissociate them. The COMPASS force field was used to calcu-
late the potential energy of the system [32]. After equilibra-
tion, each simulation was run for 1 ns to collect the data.
The electrostatic interactions were treated by the Ewald sum-
mation [33]. Bonds with hydrogens were constrained using
SHAKE algorithm [34].

3. Results and discussion

3.1. Membrane characterization

It was found that simple mixing of fullerene with commer-
cially available Nafion dispersions, consisting primarily of al-
cohol and water, only gave a composite membrane with poor
dispersion of fullerene (see Fig. 2a). A difficulty of choosing
the solvent for solution casting of the fullereneeNafion com-
posites stems from sharply different solvents available for ful-
lerenes from those for Nafion in general. This circumstance
makes fabrication of fullereneeNafion composites through so-
lution casting difficult, especially when the fullerene is hydro-
phobic. So far, no co-solvent for hydrophilic fullerenes such as
C60 and Nafion has been found.

Our search for the solvents was based on the thermody-
namic compatibility and the boiling points of the two solvents.
With these considerations in mind, ODCB and DMAc have
been chosen as our choice for the solution casting of the
C60eNafion composite. ODCB has a high solubility of C60,
while DMAc is often used to recast Nafion membranes. More-
over, ODCB and DMAc are completely miscible with one
another, while having their b.p. at 180 and at 165 �C, respec-
tively, close enough one another for simple membrane drying
Fig. 2. Photographs of (a) the PHFeNafion composite film cast from the iso-propanol solution (a white line running across the film is an artifact), (b) the PHFe

Nafion composite film cast from the DMAc solution, and (c) the C60eNafion composite film cast from ODCB and DMAc. See text for the details. The loading was

1 wt%.
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process. As to the PHFeNafion composite, since alcohols are
in general poor solvents for PHF and DMAc happens to be
a good solvent for both PHF and Nafion, DMAc was used
as the co-solvent for the solution casting.

Fig. 2 displays the photographs of the solution-cast fuller-
eneeNafion composite films using ODCB and DMAc, along
with the PHFeNafion composite film prepared by using iso-
propanol as the main co-solvent for both PHF and Nafion.
The loading of the fullerene in the Nafion composite was
1 wt%. The PHFeNafion film cast out of the iso-propanol
solution (Fig. 2a) shows a poor dispersion of PHF in the film
with a visibly extensive aggregation of PHF. On a sharp con-
trast, the PHFeNafion composite prepared by DMAc as the
co-solvent (Fig. 2b) displays a much more improved disper-
sion of the fullerene in the film, as is the case for the C60e
Nafion composite (Fig. 2c). The color of the C60eNafion
composite film is dark brown, while that of the PHFeNafion
composite film is reddish brown which is a characteristic of
PHF’s red shift in the UVevis spectrum from that of C60.

Fig. 3 illustrates the optical micrograms (OMs) of the
doped and solution-cast composites, revealing the dispersion
of the fullerenes in more detail. The loading of the fullerene
was 1 wt%. The OMs were chosen according to the size of
the fullerene agglomerates in the composite membranes.
Dramatic differences in the dispersion of the fullerene in the
Nafion matrix between the doped and the solution-cast films
were apparent. Though the C60 agglomerate particles were
larger in the solution-cast film than they were in the doped
film, the background color was significantly darker than that
of the doped film, suggesting a higher concentration of the
C60 particles in the solution-cast membrane. It is also sus-
pected that some of C60 in the doped film may have resided
on the film surface after evaporation of the solvent and not
all C60 molecules may have entered into the Nafion membrane
matrix which can be a reason for the lighter color, compared to
that of the solution-cast composite. In the doping of C60 into
a Nafion membrane, toluene was used as the solvent for C60,
while methanol was used in the previous work [23]. The larger
agglomerates may have been formed during the sedimentation
after mixing of the C60eCB solution into the NafioneDMAc
solution. In the PHFeNafion composites, on the other hand,
the agglomerates were much finer and denser than those in
the doped film which showed larger, isolated PHF particles.
The contrast between the C60eNafion and the PHFeNafion
composite films reflects the difference in the miscibility of
the fullerene in Nafion: C60 is highly hydrophobic, thus immis-
cible in Nafion, while PHF miscible in Nafion.

Fig. 4 displays the OM of the C60eNafion and PHFe
Nafion composites in various loadings. Due to the low misci-
bility of C60 in Nafion, the composite was prepared only up to
1 wt% of C60 in Nafion. The size of the C60 agglomerate grew
and the background color quickly darkened in the C60eNafion
film as the loading increased. On the other hand, a significant
change in neither the particle size nor the background color
was observed for the PHFeNafion films up to 1.5 wt%.
Even at 1.5 wt% of loading, the PHF composite showed no
significant growth of the agglomerate, whereas large agglom-
erations were observed in the 1 wt% C60eNafion composite.

In order to examine the effect of the new fullerene disper-
sant to improve the dispersion of C60 in Nafion, C60(TEO)5

was mixed in the C60eNafion composite. Fig. 5 demonstrates
the effectiveness of C60(TEO)5 as a dispersant in the 1 wt%
C60eNafion composite. The OM displays the much smaller
C60 agglomerate particles having the average agglomerate
Fig. 3. Optical micrograms of (a) the C60/Nafion 117 and (b) the PHF/Nafion 117 composites by doping, and (c) the C60eNafion and (d) the PHFeNafion

composites by solution casting. See text for the notations.
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Fig. 4. Optical micrograms of (a) 0.2 wt%, (b) 0.5 wt%, and (c) 1 wt% C60eNafion and (d) 0.5 wt%, (e) 1.0 wt%, and (f) 1.5 wt% PHFeNafion composites.
size of approximately 10 mm in diameter, significantly reduced
from 100 mm without C60(TEO)5 and the increased dark or-
ange color in the background than that in the absence of
C60(TEO)5. This fullerene dispersant should be effective not
only to C60 but also to other hydrophobic fullerenes. Fig. 6
illustrates the SEM images of the 3 wt% PHFeNafion com-
posite at different scales. The average particle size is approx-
imately 5 mm in diameter, much smaller than that of the
0.5 wt% C60eNafion composite.

The physical stability of the fullerene in a Nafion composite
film is a concern since it is not chemically attached to the Na-
fion polymer. The extraction was measured by the membrane
weight loss between the dried membrane and the membrane
which had been soaked in water at 20 �C for 120 h. Table 1
summarizes the results from the extraction test. For PHF/
Nafion 117, the extraction of PHF out of the composite was
65% of the initial amount in the composite membrane. The
large loss of PHF is no surprise. In the doped composite,
the PHF molecules diffused into the hydrophilic pores of the

Fig. 5. Optical microgram of 1 wt% C60e0.5 wt% C60(TEO)5eNafion composite.
Nafion membrane which had been swollen by alcohol. Once
the composite was soaked in water for the extraction test,
the pores may have been opened again and thus PHF was
prone to diffusion into water.

As to the solution-cast PHFeNafion composite, the amount
of extracted PHF was too small to be detected by the weight
measurements. Accordingly, UVevis spectroscopy was
employed for the more sensitive determination of PHF in the
extracted solution. Separately, a calibration curve was devel-
oped to measure the PHF concentration in water from the ab-
sorbance in UVevis spectroscopy. Using the calibration curve,
the amount of extracted PHF out of the Nafion composite was
determined, as is listed in Table 1. No more than 2.5 wt% of
the original PHF was extracted from the composite film, dem-
onstrating a significantly improved stability of PHF in the
solution-cast composite, compared to the doped film. In com-
parison, the extraction of phosphotungstic acid from the Na-
fion recast composite membrane has also been reported, and
the loss of heteropolyacid after immersing the composite
membrane in water for 48 h at 30 �C was 24% [35]. Addition-
ally, another PHFeNafion composite was soaked in boiling
water for 2 h and the extracted amount was measured to be
less than 1% of the original PHF, showing a favorable stability
under the given conditions. Apparently, the solution-cast com-
posite membrane holds the fullerene more tightly than the
doped membrane, demonstrating the sharply increased inte-
gration of PHF into the Nafion polymer network.

The water characteristics in membranes are important prop-
erties for processes such as separation, proton conduction, and
others. First, the water uptake was measured both from soak-
ing in water (wet) and under 25% RH (dry). The results are
summarized in Table 2 for the 1 wt% C60eNafion, 3 wt%
PHFeNafion, and the recast Nafion. Apparently, both fuller-
ene composites held more water than the recast Nafion, espe-
cially under 25% RH. The higher wet and dry water uptakes of
the PHF composites, relative to those of the recast Nafion,
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Fig. 6. SEM images of 3 wt% PHFeNafion at different scales.
were believed to be due to the highly hygroscopic nature of
PHF. As to the C60 composite, the cause for the higher water
uptakes is not clear at this point. There are several possibilities
such as the water trapped in the interface between the C60 ag-
gregates and the Nafion domain or the morphological change
of Nafion caused by the introduction of C60 into the Nafion
matrix. Due to the small amount of C60, w1 wt%, no experi-
mental evidence has been found to support either possibility.
Only the morphological change by PHF is discussed later.

Next, the water retention in the composites was examined
by TGA measurements. The weight loss of the composites
was monitored at 30 �C for 40 min, assuming the weight
loss under this condition was primarily due to the water
loss. Fig. 7(I) displays the weight loss decays of various com-
posite films including the recast Nafion at 30 �C. The weight
losses of the same samples during heating up to 250 �C are
shown in Fig. 7(II). Both figures indicate considerable differ-
ences among the membranes. Table 3 summarizes the water
characteristics in each film obtained from the TGA measure-
ments. The data is consistent with the results of the dry water

Table 1

Extraction of PHF out of Nafion composites

1 wt% PHF/Nafion 117 1 wt% PHFeNafion

Extracted PHF,a wt% 65b 2.5c <1d

a The weight percentage of the extracted PHF relative to the original amount

in the composite.
b Determined by weight measurements after soaking in water for 120 h at

20 �C.
c Determined by UVevis spectroscopy after soaking in water for 120 h at

20 �C.
d Determined by UVevis spectroscopy after soaking in boiling water for

2 h.
uptake. Under both conditions, the 3 wt% PHFeNafion com-
posite maintained more water in the membrane than any other
membranes studied, suggesting extremely high water reten-
tion. The recast Nafion showed the second smallest water
loss, while the water remained in the membrane was smaller
than others since it had the smallest water uptake to begin
with, as shown in Table 2. The 1 wt% C60eNafion composite
lost more water than the 3 wt% PHFeNafion composites,
though it had more wet water uptake than the 3 wt% PHF
composite. It is clear that it does not hold water as tightly as
the 3 wt% PHFeNafion composite. Our previous MD simula-
tions have revealed strong interactions between the OH groups
of C60(OH)12 and the SO3H groups of Nafion [2]. The sharp
difference in the water loss of the 3 wt% PHF composite
from any other membranes warrants further study.

T2 relaxation time determined from 1H pulse NMR spec-
troscopy can provide valuable information on the water mobil-
ity in the membrane [36,37]. Fig. 8 displays T2 decays of the
fullerene composites including the recast Nafion. Significant
differences are observed among the membranes. The slow
decay for the 1 wt% C60eNafion composite suggests the mo-
bile water in the membrane, a manifestation of weaker interac-
tions between water and its surrounding in the C60eNafion
composite. On the other hand, the recast Nafion shows

Table 2

Water uptake for fullereneeNafion composite membranes (%)

Water uptake Recast Nafion 1 wt% C60eNafion 3 wt% PHFeNafion

Weta 23.87 27.96 26.62

Dryb 3.71 5.89 7.96

a See Eq. (1).
b See Eq. (2).
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a very quick decay, indicative of the immobile water, rather
unexpected. Our separate DSC measurements confirmed that
the recast Nafion had little free water, showing the endother-
mic heat flow peak due to the melting of ice well below
0 �C. With little free water in the membrane, the water in
the recast Nafion can be mostly characterized as bound water,
thus the slow decay. This may be a result of the annealing at
170 �C. Lee et al. have found that a recast Nafion annealed
at high temperatures had smaller ionic clusters and lower wa-
ter uptake than those annealed at lower temperatures [38]. Kim
et al. have reported similar T2 results for their membranes hav-
ing little free water [37]. The water characteristics of the recast
Nafion needs further study. The PHF composites exhibit the
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Table 3

Water characteristics in the membranesa

Recast

Nafion

1 wt%

C60eNafion

1 wt%

PHFeNafion

3 wt%

PHFeNafion

At 30 �C after 40 min

Water loss, % 6.58 9.79 8.04 3.66

Water remained,b % 17.29 18.35 18.35 22.96

At 250 �C with a heating rate of 2 �C min�1

Water loss, % 13.72 14.12 17.15 7.28

Water remained,b % 10.15 13.84 9.24 19.34

a From TGA measurements under dry N2 gas flow.
b The amount of water in the membrane after the measurements.
decays in between 1 wt% C60eNafion and the recast Nafion,
suggesting the state of the water in those membranes to range
from somewhat tightly bound water to loosely bound water.
Table 4 includes the T2 values obtained from curve fitting to
the decays.

The location of the fullerene in the Nafion matrix is critical
in understanding the composite properties. Yet, probing the lo-
cation of C60 in Nafion was difficult due to the small loading
and a rapid growth of aggregation with increasing loading
made any change in spectroscopy obscure. Accordingly, we
focused on the examination of the location of PHF in the
Nafion matrix. Fig. 9 displays the ATR FT-IR spectra for the
dry samples of (a) the recast Nafion, (b) 1 wt% PHFeNafion,
and (c) 3 wt% PHFeNafion in the region for the SO3

� symme-
try stretching, where the largest change was observed upon the
addition of PHF to Nafion. Though the 1 wt% PHF composite
shows little change, the 3 wt% PHF composite exhibits a clear
shift to a lower frequency which suggests interactions between
PHF and the SO3

� group of Nafion, possibly hydrogen-bond
like interactions. This change is consistent with the hydro-
philic nature of PHF which is likely to reside more in the ionic
cluster of the Nafion matrix.

Computer simulations may give valuable insight into the in-
teractions between the fullerene and the Nafion polymer. De-
tailed analysis requires many samplings of condensed phase
simulations including the fullerene located in various domains
of the Nafion polymer after adequate simulation time, which
demands serious computer resources, beyond the scope of
this study. On the other hand, simple MD simulations in the
gas phase may give insight into the essential aspect of the full-
ereneeNafion interactions. Fig. 10a depicts the initial struc-
ture where the Nafion oligomer chain had both backbone
and side chains stretched all in trans conformation adjacent
to which the fullerene was placed.
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Table 4

T2 Values for the fullerene composites including the recast Nafiona

Recast Nafion 1 wt%

PHFeNafion

3 wt%

PHFeNafion

1 wt%

C60eNafion

T2, ms 0.5 4.4 8.4 17.3

a Determined by curve fitting to the plots in Fig. 8.
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First, the Nafion oligomer chain alone was subjected to MD
simulations. After 200 ps, the chain transformed itself to a coil
with the side chains pointing inside and the backbone outside
and largely remained the same as illustrated in Fig. 10b. This
conformation ensured the maximum interactions among the
hydrophilic side chains. Then, MD simulations of the fullere-
neeNafion complex were performed. The initial structure,
shown in Fig. 10a, gradually underwent a transition to the ful-
lerene completely wrapped around by the Nafion oligomer
after approximately 200 ps for both (C60eNafion and PHFe
Nafion) complexes (Fig. 10c and d, respectively) and stayed
unchanged afterward.

Fig. 11 illustrates the history of the radius of gyration for
each system. It is of particular interest to note that the radius
of gyrations of all three systems converged to more or less the
same value, w10 Å, after 400 ps. This observation suggests
that the Nafion oligomer can accommodate either fullerene,
C60 or PHF, at least partially, in the ionic cluster without
much perturbation of its inherent chain dimension. Indepen-
dent simulations with the fullerene originally placed on the op-
posite side of the Nafion backbone shown in Fig. 10a, thus, the
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3 wt% PHFeNafion. The spectra are expanded for the region due to the SO3
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symmetry stretching.
fullerene facing the hydrophobic domain of the Nafion oligo-
mer, eventually resulted in configurations similar to those in
Fig. 10, but the simulations took longer.

The detailed inspection from the trajectories of the simula-
tions of the PHFeNafion oligomer revealed that the hydroxy
groups of PHF and the SO3H groups of Nafion had close con-
tact within the distances of hydrogen bonds: the oxygene
oxygen distances between PHF and the SO3H groups of
Nafion were within 3 Å. This is consistent with the shift ob-
served in the above ATR FT-IR data. After several indepen-
dent simulations, it seemed that the Nafion chain tried to
accommodate the PHF molecule by having the maximum in-
teractions through the SO3H groups where all SO3H groups
were more or less occupied by the hydroxy groups of PHF.
It is of interest to note that C60, highly hydrophobic, is still sur-
rounded by the Nafion chain with its side chains pointing
toward C60. C60 is electronically neutral with zero charge on
each atom in the force field used for simulations, thus creating
no electrostatic repulsions between C60 and the Nafion oligo-
mer during the simulations. The interactions were strictly con-
trolled by the van der Waals interactions, attractive in nature.
Furthermore, the configuration shown in Fig. 10c not only en-
sured the maximum contact between C60 and the oligomer, but
also preserved the Nafion’s stable coil conformation (shown in
Fig. 10b). The interactions between C60 and the CF2 groups of
the side chain, hydrophobic in nature, and the attractive inter-
actions among the side chains pulled the side chains toward
C60. Though these interactions may not be as strong as those
between PHF and the Nafion side chains, the smaller radius
of the C60 molecule, approximately 2 Å less than that of
a PHF molecule, gave rise to the comparable overall average
radius of gyration for both complexes: 9.6 and 9.8 Å, respec-
tively, as shown in Fig. 11. Yet, the C60-side chain interactions
created packets between C60 and the backbone chain of the
Nafion oligomer. These voids may accommodate some water
molecules which are trapped in the C60eNafion complex to
increase water uptake, as is shown in Table 2.
Fig. 10. (a) The initial structure of C60 and the Nafion oligomer and the snapshots of (b) the Nafion oligomer, (c) C60 and the Nafion oligomer, and (d) PHF and the

Nafion oligomer; the last three taken after 1 ns of MD simulations.
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The stabilization energy was calculated from the following
equation:

DEðfullerene�NafionÞ ¼ EðfullereneÞ �EðNafionÞ
�Eðfullerene�NafionÞ ð3Þ

where E(fullerene) and E(Nafion) are the potential energies
for the fullerene and the Nafion oligomer, respectively, and
E(fullereneeNafion) is the potential energy for the fullerenee
Nafion oligomer complex, all in the gas phase. The stabiliza-
tion energy should be distinguished from the interaction
energy between the fullerene and the Nafion oligomer since
the conformation of the Nafion oligomer without the fullerene
is different from that in the fullerene complex; thus, E(Nafion)
is expected to be lower than the energy of the Nafion oligomer
in the fullerene complex. The average was taken over the pe-
riod during which no significant change in the radius of gyra-
tion was any longer observed. The calculations indicated that
while the stabilization energy for the PHFeNafion oligomer
complex was 58.94 kcal mol�1, that for the C60eNafion olig-
omer was only 0.2 kcal mol�1. Clearly, Nafion favorably inter-
acts with PHF due to their hydrophilic nature. As to C60, the
result suggests that Nafion can accommodate C60 in the hydro-
philic domain without much penalty, but the stabilization
resulting from the complexation is very small. Since no calcu-
lations for the condensed phase were performed, such as the
calculations of fullerene sublimation energy, no discussion
on the favorable location of the fullerene in the Nafion matrix
can be made.

Finally, the limiting current density of the composite mem-
branes was determined voltammetrically. Table 5 summarizes
the results. The results for the commercial Nafion membranes,
112, 115 and 117, show a linear relationship between the
inverse of the limiting current density and the membrane
thickness, as is expected [31]. In fact, the current density
normalized by the membrane thickness, Jliml, where l is the
membrane thickness, is almost the same for all commercial
Nafion membranes. The limiting current density is express
as follows:
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Jlim ¼ 6kFDC=l ð4Þ

where k the coefficient, F the Faraday constant, D the metha-
nol diffusion constant, C the methanol concentration, and l the
membrane thickness [31]. The limiting current density nor-
malized by l is also listed in Table 5. The fullerene composites
all showed lower values for Jliml, relative to the recast Nafion
and the commercial Nafion membranes. We assumed the
electro-osmotic drag coefficient of the fullerene composites
was the same as that of the Nafion membrane, given the small
fullerene loading in Nafion, thus the contribution from the
convective flow of methanol from the anode to the cathode
was likely the same for all the membranes tested. The water
characteristics in the fullerene composites discussed above
are critical in understanding the limiting current density data
of the composites.

It is often observed that inorganic fillers such as SiO2 and
zirconium phosphate can increase the membrane impedance,
while reducing the methanol crossover [39,40]. We have mea-
sured the proton conductivity of the fullerene composites
at room temperature under 80%RH. As is demonstrated in
Table 6, the proton conductivity of the fullerene composites
is comparable to that of the Nafion membranes; thus the fuller-
ene did not increase the membrane impedance.

4. Conclusion

Both C60eNafion and PHFeNafion composite membranes
have been successfully fabricated through the solution-cast
method for the first time. The fullerene composite membranes
exhibited robustness in handling, though thorough mechanical
examination needs to be performed for quantitative conclu-
sion. The optical microgram demonstrated a better integration
of the fullerene into the Nafion matrix. Somewhat large
agglomerations were still observed in the C60eNafion com-
posite due to the C60’s poor miscibility in Nafion, while the

Table 5

The limiting current density (Jlim) of the fullerene composites and Nafion

membranes

Jlim, mA cm�2 Jlimla, mA cm�1

1 wt% C60eNafion 44.2 0.51

1 wt% PHFeNafion 40.3 0.47

3 wt% PHFeNafion 40.0 0.44

Recast Nafionb 48.3 0.52

Recast Nafionc 30.4 0.52

Nafion 117 37.0 0.68

Nafion 115 54.1 0.68

Nafion 112 125.0 0.69

a l is the membrane thickness in centimeter.
b l¼ 0.0108 cm.
c l¼ 0.0171 cm.

Table 6

The proton conductivity of the fullerene composites and Nafion membranes

Nafion

117

Recast

Nafion

1 wt%

C60eNafion

1 wt%

PHFeNafion

3 wt%

PHFeNafion

s, �10�2 S cm�1 4.6 4.4 3.1 3.2 4.6
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PHFeNafion membrane displayed a uniform dispersion
throughout the composite. The dispersion of C60 was sharply
improved by the new fullerene dispersant, C60(TEO)5, which
demonstrated its effectiveness. The physical stability of the
PHF composite has been significantly increased from the pre-
viously prepared doped membrane, suggesting PHF mostly in-
tegrated into the Nafion matrix at a micrometer level. TGA and
1H pulse NMR measurements have suggested that the fullerene
composites have the increased water retention and decreased
water mobility, which may be interesting characteristics in
light of manipulating the state of water in the membranes.

Based on the results from ATR FT-IR measurement and
MD simulations, it is speculated that the PHF molecules can
reside in the hydrophilic domain of Nafion while interact-
ing with the SO3

� groups when the loading is small. The
fullereneeNafion composites prepared in this work should
find applications such as fuel cell membranes or optics as
suggested earlier [10,19]. The new solution-cast method opens
a possibility of direct incorporation of C60 into otherwise
immiscible polymers without chemical modification of C60

which could alter its very unique characteristics. By designing
a fullerene dispersant for a given host polymer, the dispersion
and the loading of C60 can be optimized.
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