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’ INTRODUCTION

Recently, fuel cells have attracted much attention for future
energy devices because of their high conversion efficiency and
environmental friendliness.1�3 Among the fuel cells of several
kinds, polymer electrolyte fuel cells (PEFCs), which use proton
conductive polymer electrolyte membranes (PEMs) as electro-
lytes, have been an active area of research because of their wide
application in vehicles, portable electric devices, and others using
its lightweight and thin structure.4,5 Present PEFCs typically use
perfluorosulfonated polymers such as Nafion, Flemion, Aciplex,
and Dow membranes as PEMs. Recently, several groups have
reported ultrathin PEMs produced by layer-by-layer (LbL)
deposition of a polyanion/polycation couple.6�9 Application of
such ultrathin films for PEMs is interesting not only for techno-
logical applications but also for studying proton conductivity in a
nanoscale-confined area, which is called “nanoionics”.10�13 Pro-
tons are well known to move through hydrophilic nanochannels
in PEMs.14 Therefore, for proton nanoionics research, a uniform
and consecutive hydrophilic nanochannel is necessary.

We have reported that N-dodecylacrylamide (DDA) polymer
forms a highly oriented polymer monolayer at the air�water
interface. The polymer forms a densely packed and stable
polymer monolayer (polymer nanosheet) because of the two-
dimensional hydrogen-bonding network that exists between
amide groups. The polymer monolayer can be deposited onto
a solid substrate using the Langmuir�Blodgett (LB) technique
to produce a polymer nanosheet multilayer film. The polymer

nanosheet multilayer film forms a layered structure with 1.74 nm
periodicity composed of hydrophilic amide and hydrophobic
alkyl side chain regions in each layer.15 The structure is suitable
for studying proton nanoionics using the hydrophilic region as a
proton conductive nanochannel. In this report, a proton con-
ductive molecule, 2-acrylamido-2-methylpropanesulfonic acid
(AMPS) was copolymerized with DDA to prepare a proton
conductive polymer nanosheet. The monolayer property of the
polymer was studied using a surface pressure (π)�area (A)
isotherm. The polymer monolayer was transferred onto a solid
substrate and characterized with UV�vis absorption spectros-
copy and X-ray diffraction (XRD) measurements. The proton
conductivity of the transferred film was studied using impedance
spectroscopy.

’EXPERIMENTAL SECTION

Poly(N-dodecylacrylamido-co-2-acrylamide-2-methylpropane-
sulfonic acid), p(DDA/AMPS) (Figure 1), was prepared through
free radical copolymerization of DDA with AMPS in THF/H2O
mixture solvent at 60 �C using 2,20-azobis(isobutyronitrile)
(AIBN) as a thermal initiator. The mole fraction of AMPS in
the copolymer was determined through elemental analysis using
the atomic content of sulfur (2.06%). The AMPS content was
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determined as 15 mol %. π-A isotherm measurement and the
deposition of p(DDA/AMPS)monolayer were conducted using a
computer-controlled Langmuir trough (FSD-50 and 51; USI
Systems Inc.). Hydrophobic silicon, quartz, and glass substrates
were used as a deposition substrate. Interdigitated array (IDA)
electrodes were fabricated using thermal deposition of Au
(50 nm) with a metal mask onto the glass substrate. The IDA
electrode has two sets of comb-type Au arrays. Each array has
eight electrode elements that are 0.5 mm wide and 8.0 mm long
and separated by 0.2 mm from adjacent elements. The polymer
monolayer was transferred onto substrates using a vertical deposi-
tion method at a dipping speed of 10 mm/min under surface
pressure of 45 mN/m at 15 �C. Impedance measurements of the
polymer were conducted using impedance analyzers
(LCR HiTESTER 3522; Hioki E.E. Corp., or 1260 Impedance/
Gain-Phase Analyzer with a 1296 Dielectric Interface system;
Solartron Analytical). An atmosphere of saturated humidity was
generated using a closed glass vessel containing water at the
bottom that was not in contact with the sample (see Figure S1 in
the Supporting Information for details of the measurement
apparatus). Humidity between 70% and 95% at 25 �Cwas created
with a temperature-controlled climate chamber (LHU-113; Espec
Corp.). The surfacemorphology of the polymer filmwasmeasured
using atomic force microscopy (AFM) (SPA-400; SII NanoTech-
nology Inc.). XRD measurements were conducted (D8 Advance;
Bruker AXS K.K.) with CuKa (0.154 nm) as a target.

’RESULTS AND DISCUSSION

The FT�IR spectrum of p(DDA/AMPS) shows peaks related
to AMPS groups at 1042 cm�1 and around 1200 cm�1 (broad),
which is assigned to SdO and hydrated sulfonic acid and DDA at
1642 cm�1 (Amide I), 1550 cm�1 (Amide II), and at the region of
2800�3500 cm-1 (C�H and N�H) (see Figure S2 in the
Supporting Information).16 The number average molecular weight
(Mn) and polydispersity index (Mw/Mn) of p(DDA/AMPS) were
determined respectively as 4000 and 1.5 using a polystyrene
standard. It should be mentioned that accurate measurements of

Mn is difficult because of the polyelectrolyte effect.17 The onset
temperature of decomposition was about 270 �C in the N2

atmosphere (see Figure S3 in the Supporting Information).
p(DDA/AMPS) was spread on a water surface from a chloroform
solution to measure the π�A isotherm at 15 �C. The isotherm
showed a steep rise in surface pressure with decreasing surface area,
which indicates a stable andhighly orientedmonolayer formation at
the air�water interface (Figure 2). The average limiting surface
area (Aav) is estimated by extrapolating the linear portion of the
condensed state in the π�A isotherm to 0 surface pressure. From
the average limiting surface area, the surface occupied by the AMPS
unit is calculated as 0 nm2/molecule,18 which indicates that the
AMPS unit located below the water surface.

The copolymer monolayer can be transferred onto a solid
substrate using the LB technique, yielding a stable polymer
nanosheet. The transfer ratioswere 1.0( 0.1 in both the downward
and upward strokes, creating a Y-type LB film layer structure.
Deposition of the monolayer was monitored by an optical absorp-
tion spectrum of the deposited film (see Figure S3 in the Support-
ing Information). The copolymer monolayer showed a broad
absorption around 192 nm related to amide bond in the side
chains of the polymer. The absorbance increased linearly with an
increasing number of deposition layers, indicating that regular
deposition of the monolayer was conducted. The XRD pattern
of a 30-layer p(DDA/AMPS) film has Kiessig fringes caused by
interface reflection and one Bragg peak caused by periodic bilayers,
as shown in Figure 3a. The monolayer thickness, as determined
from the Bragg peak, is 1.85 nm, which is slightly larger than that of
the monolayer thickness of p(DDA) nanosheet (1.74 nm).15 The
XRD spectrum of the multilayer film showed no peak at higher
angle (5�20�), which indicates that the p(DDA/AMPS) has no
regularity in the layer plane (see Figure S5 in the Supporting
Information). The π�A isotherm, UV�vis spectra, and XRD
results indicate that p(DDA/AMPS) forms a uniform and highly
oriented structure. The observation of Kiessig fringes in the XRD
spectrum also supports the uniform and flat film formation.19,20

The dodecyl side chains orient almost perpendicularly to the layer
plane similar to p(DDA) polymer nanosheet.15 The AMPS units
located in the hydrophilic head-to-head region in the layer plane
caused by the fact of the increase of the monolayer thickness
(Figure 3b). The two-layer p(DDA/AMPS) nanosheet surface
morphology was observed using AFM. The AFM image showed a
uniform surface with RMS = 0.65 nm (Figure 4, Figure S6 in the
Supporting Information).

Figure 1. Chemical structure of p(DDA/AMPS).

Figure 2. π�A isotherm of p(DDA/AMPS) at 15 �C. The straight arrow
indicates the line extrapolated to determine the limiting surface area.

Figure 3. (a) XRD pattern for 30-layer p(DDA/AMPS) polymer
nanosheet multilayer film on a silicon substrate. (b) Schematic illustra-
tion of the film structure.
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The proton conductivity of p(DDA/AMPS) polymer nanosheet
through the layer plane direction was measured using IDA gold
electrodes. Thirty layers of p(DDA/AMPS) were deposited onto
the electrode for a polymer nanosheet multilayer film sample. Spin-
coated film of p(DDA/AMPS) was prepared onto the electrode
using 1 wt % toluene solution at a spin speed of 500 rpm. The spin-
coated film thickness was determined to be 130 nm(10 nm using
surface profiler (decktack 3ST). The film resistance was given
directly by the intersection of a semicircle with the real axis in the
complex plane of impedance plots (Cole�Cole plots). The proton
conductivity (σ) of the samples was calculated as

σ ¼ const=ðRdÞ
where const = 1.47� 10-3, which is related to the shape of the IDA
electrode, R represents the resistance, and d denotes the film
thickness (55.5 � 10�7 cm for polymer nanosheet multilayer and
120 � 10�7 cm for spin-coated film). Figure 5a shows the proton
conductivities of p(DDA/AMPS) polymer nanosheet multilayer
film and spin-coated film at 100% RH with different temperature.
The p(DDA/AMPS) polymer nanosheet multilayer showed con-
ductivity of 10�5 S/cm at room temperature and increased to
1 � 10�2 S/cm at 70 �C. A dramatic increase of the conductivity
around 55�70 �C might result from the increase of microscale
movement of the polymer side chains. The glass transition tem-
perature of p(DDA/AMPS) was measured as ca. 63 �C. We have
reported that local movement of side chains in polymer nanosheets
starts at a temperature lower than the Tg.

21 It should be described

that the layer structure of the p(DDA/AMPS) polymer nanosheet
multilayer film was retained, even when the temperature was
increased to 70 �C and set in this condition about 2 h, although
the monolayer thickness was decreased to 1.55 nm/monolayer (see
Figure S7 in the Supporting Information). The slight decrease in the
monolayer film thickness shows that the side chains were tilted
because of the microscale movement. The proton conductivity of
the polymer nanosheetmultilayer film shows amore than 10 times
higher value than that of the spin-coated film in the measurement
temperature condition. The higher proton conductivity in the
polymer nanosheet is explainable by the difference in a proton
conductive channel structure. In the polymer nanosheet multi-
layer film, the AMPS units locate at the layered hydrophilic region,
which acts as a uniform proton conductive nanochannel. How-
ever, the AMPS units were distributed randomly in the spin-
coated film, which results in a discontinuous proton conductive
channel. The uniform and continuous nanochannel in the poly-
mer nanosheet assembly is the reason for the high proton
conductivity. The activation energy of p(DDA/AMPS) nanosheet
assembly below the transition was estimated as 29 kJ/mol, which
is smaller than that of the spin-coated film (36 kJ/mol). Figure 5b
shows the effects of humidity to the proton conductivity of the
polymer nanosheet multilayer film. The conductivity of 100% RH
is three times higher than that in 70% RH, which indicates that
water molecules adsorbed in the hydrophilic region to support the
proton conduction in the nanochannel.

In conclusion, an ultrathin-layered proton conductive membrane
was prepared using a p(DDA/AMPS) polymer nanosheet. The
p(DDA/AMPS) forms a stable polymer nanosheet at the air�water
interface. The polymer nanosheet can be transferred onto a solid
substrate to form a multilayer film with thickness of 1.85 nm/
monolayer. The polymer nanosheet multilayer film shows more
than 10 times higher proton conductivity than that of the spin-
coated film because of a uniform proton conduction nanochannel at
the hydrophilic region. Because the Tg of p(DDA/AMPS) was ca.
63 �C, the uniform conduction channel will be disrupted in the
prolonged time setting in the sample above theTg. The stability will
be increased by cross-linking each layer with a photochemical or
thermal reaction.22Combination of p(DDA/AMPS) with a cationic
polymer nanosheet23 is in progress to prepare a heterogeneous
nanointerface. Measurement of the proton conductivity of the
polymer nanosheet multilayer film through the deposition direction
is also in progress.
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