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ABSTRACT: Controlled growth of nanometer-scale multilayered coat-
ings of negatively charged sulfonated poly(benzobisimidazole) (SPBI),
complexed with positively charged poly(2-vinylpyridine) (P2VP) on
quartz, and Nafion membrane as substrates has been explored. Both
polymers, SPBI and P2VP, possess a net charge in methanol as a result of
the dissolution of SPBI by complexation with triethylamine (TEA) and
the protonation of P2VP with HCl, respectively, and thereby can form a
multilayered molecular composite of alternating anionic SPBI and cationic
P2VP via an electrostatic layer-by-layer (LbL) self-assembly. UV−vis
absorption spectrophotometry was used to monitor the buildup and
growth rate of such SPBI/P2VP multilayer films. Atomic force
microscopy (AFM) was used to determine the roughness and thickness
of the resulting SPBI/P2VP multilayers. As a result, it was found that a
steady-state linear growth regime for the LbL self-assembled SPBI/P2VP multilayer films and coatings onto quartz and Nafion
membranes was observed after completion of the first few deposition cycles, indicating the successful formation of the SPBI/
P2VP multilayered assembly in methanol solutions. In addition, the SPBI/P2VP multilayer films in the perpendicular direction
(flat view) demonstrated isotropic orientation distribution on the Nafion membrane, while the SPBI/P2VP multilayer films
examined by X-ray scattering in the parallel direction (edge view) revealed anisotropic orientation, the combined observations
indicating confinement of SPBI rods to the plane of the coating. We further found that the SPBI/P2VP multilayer coated Nafion
possesses good thermal stability, as indicated by isothermal gravimetric analysis at 310 °C, and it was further observed that SPBI/
P2VP multilayer coatings using the LbL self-assembly technique on Nafion membrane significantly increased the membrane
stiffness, despite the small coating thickness employed.
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■ INTRODUCTION

In recent years, significant attention has been given to the
microfabrication and micropatterning techniques of nano-
structured materials using the layer-by-layer (LbL) self-
assembly technique. The LbL assembly technique is a relatively
straightforward and versatile technique for the preparation of
functionalized polyelectrolyte multilayer films with well-defined
structure and thickness.1−5 In LbL processing, substrates are
alternately exposed to dilute aqueous solutions containing
oppositely charged (cationic or anionic) polyelectrolytes. It is
commonly accepted that the electrostatic interaction between
oppositely charged polyelectrolytes is the main driving force for
the multilayer assembly as well as the main factor for its
stability,2,5 indicating the formation of a physically cross-linked
network structure. The charge density of polyelectrolytes and

the ionic strength of the surrounding medium are reported to
be of main importance in controlling the structure of the
multilayers.6 Thus, the physicochemical properties (stability,7

permeability,8 and stiffness9) as well as porosity and roughness
of the multilayers can be varied through composition, salt
addition, and pH adjustment.10−16 While electrostatic LbL self-
assembly techniques have been well established for polyelec-
trolytes in aqueous solution, comparatively little attention has
been paid to the polymers soluble in organic solvents. Here, we
attempt to investigate the application of the LbL technique to
nonaqueous polymer solutions, motivated by a technical
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motivation to do so for LbL adsorption on a water-swellable
polymer. The long-term goal driving this work is to apply the
developed method to the processing of proton exchange
membranes (PEMs) of fuel cell devices with balancing of such
properties as thermal stability, durability, proton conductivity,
and methanol crossover, noting that limited attention has yet
been given to such an approach.16

Perfluorosulfonated ionomer (PFSI) membranes were first
developed for applications as separators in chloroalkali
electrolyzers,17−19 and the first PFSI membrane was
commercialized by DuPont de Nemours under the trade
name Nafion, this polymer consisting of a fluorocarbon
backbone with long pendant perfluorosulfonated ionic pendant
groups. The exceptional properties of these membranes derive
from their chemical, mechanical, and thermal stabilities afforded
by the perfluorinated backbone as well as the ion-exchange
properties provided by the highly acidic pendant sulfonated
groups.
On the other hand, in order to develop high performance

portable direct methanol fuel cells, dramatic improvements to
such proton exchange membranes (PEMs) are needed beyond
the state-of-the-art Nafion materials.20−29 In particular, ion-
exchange membranes for direct methanol PEM fuel cells must
possess a combination of properties, including high proton
conductivity for T > 100 °C, low methanol permeability
(“crossover”), and thermal/mechanical/chemical stability. To
improve the elevated-temperature performance of PEMs, it is
not surprising that polymer scientists have adopted the two
most common approaches used for any “high” temperature
application of polymers; namely, (i) the use of heterocyclic
repeating units in the polymer backbone and (ii) the intimate
incorporation of inorganic phases via sol−gel chemistry.
Specifically, because of their outstanding physical and
mechanical properties, rigid-rod polymers are attractive
materials for use in high-performance structural applications,
including aircraft components, fire protection garments, and as
constituents of both traditional (e.g., fiber-reinforced) and
molecular composites.30 In addition to its advantageous
mechanical characteristics, past attempts to use heterocyclic
or rigid-rod polymers for ionic conductivity at high temper-
atures have included: (i) lithium-doped sulfonated Kevlar,27 (ii)
sodium-doped sulfonated poly(benzobisthiazole)s,28 (iii) acid-
doped polybenzimidazole,29 and (iv) lithium propanesulfonate-
derivatized sulfonated poly(p-phenylenebenzobisimidazole).31

In previous studies in our group, we have successfully
prepared sulfonated poly(p-phenylenebenzobisimidazole)/
poly(2-vinylpyridine) (SPBI/P2VP) molecular composites in
which the rigid rod-like SPBI polymers act as reinforcing
elements that can be dispersed within a flexible coil matrix at
the molecular scale.32,33 In this case, to achieve homogeneous
molecular dispersion without the self-aggregation of the rigid
rod-like SPBI polymers, it has been necessary to introduce
specific interactions between the rigid-rod reinforcement and
the matrix, such as hydrogen bonding and ion−ion and ion−
dipole interactions. Introduction of such interaction is a way to
improve the miscibility of the molecular composites through
favorable mixing enthalpy. This concept of ionic interaction
between negatively charged SPBI and positively charged P2VP
in methanol may be also applied to the LbL technique involving
common polyelectrolytes in aqueous media. The most
interesting reports have been based on the work30,31 on a
variety of sulfonated rigid-rod polymers such as SPBI and their
derivatives whose synthesis was developed at Air Force

Research Lab (AFRL). These polymers were found to possess
high ionic (including proton) conductivity that was quite
anisotropic, with higher values in the plane of the film than
across the film thickness. This was proven to be connected with
the distribution of rod orientation in the films which were also
quite planar. SPBI-P2VP LbL-coated Nafion membranes can be
expected to have reduced methanol crossover for DMFC fuel
cells due to the physical (ionic) cross-links inherent to the
SPBI-P2VP molecular composite system. Enhanced barrier
properties in terms of reduced methanol permeability have
been described in sulfonated poly(ether ketone ketone)
(SPEKK) systems with ionic cross-links34 as well as in acid−
b a s e p o l yme r b l e n d s i n v o l v i n g SPEEK - p o l y -
(vinylpyrrolidone).35 An added advantage of the incorporation
of the SPBI system is due to the unique hydration (moisture
retention) capability of the benzimidazole system36 that can
potentially enhance the fuel cell performance of Nafion at
temperatures >80 °C; it is well-known that Nafion shows poor
proton conductivity at high temperatures owing to a sudden
loss of hydration from the membrane. Thus, with the SPBI-
P2VP-modified Nafion system, the potential for both enhanced
high temperature proton conductivity and lower methanol
permeability can be realized.37−39

In this paper, we are primarily focused on the fabrication of
nanometer-dimensioned multilayered coatings of SPBI with
P2VP via an LbL self-assembly technique on both quartz and
Nafion membrane as substrates and investigate their
physicochemical properties, including thermal and mechanical
properties by thermogravimetric analysis (TGA) and dynamic
mechanical analysis (DMA) and the microstructure by wide-
angle X-ray scattering (WAXS).

■ EXPERIMENTAL SECTION
Materials. Sulfonated poly(p-phenylenebenzobisimidazole) (SPBI)

was supplied by researchers from the U.S. Air Force Research
Laboratories, Wright-Patterson Air Force Base, Dayton, OH, following
a previously published protocol.40 The intrinsic viscosity of SPBI used
was 8.9 dL/g in methanesulfonic acid at 30 °C, indicating that the rod-
like SPBI is a high molecular weight polymer.33 Poly(2-vinylpridine)
(P2VP, Mw = 500 kDa) was purchased from Specialty Polymer
Products and used as received. Nafion 117 perfluorinated membrane
films used in this work, manufactured by Dupont, were obtained from
Aldrich Chemical Co., Inc. The membrane has a nominal equivalent
weight of 1100 and a thickness of ca. 178 μm. Methanol and
triethylamine (TEA) were dried over anhydrous MgSO4 and CaH2,
respectively, and then distilled prior to use. A low molecular weight
poly(ethylenimine) (PEI, CAS No. 025987068) was purchased from
Aldrich and used as received. All chemicals of analytical grade were
used without further purification. The procedures for producing a fully
charged polymer were as follows. Negatively charged SPBI solution
was prepared by dissolving SPBI and TEA in methanol at a molar ratio
of 1:4 (based on the repeat unit of SPBI), followed by vigorously
stirring the mixture and then refluxing under nitrogen in the
temperature range of 70−80 °C until the solution was observed to
be clear and homogeneous. Positively charged P2VP solution was
prepared by treating it with equimolar amounts of hydrochloric acid
(based on the repeat unit of P2VP) in methanol. The concentration of
both polymer solutions was controlled to be 10−3 mol/L based on the
repeating unit of each polymer. Quartz (1 in. diameter × 1/16 in.
thick) discs (Chemglass) were used as the substrate for the
preparation of multilayered films by charged polymer spin assembly.

Multilayer Buildup on Quartz via Layer-by-Layer Polyelec-
trolyte Spin Coating Assembly (LbL-SCA). Quartz substrate for
the LbL-SCA process was treated with piranha solution (70:30 v/v,
H2SO4/H2O2) (Caution: Piranha solution is extremely corrosive, and
special care must be taken during handling of the solution.) at 80 °C
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for 1 h, followed by sonication for 15 min. Substrates were then rinsed
multiple times in ultrapure deionized water (Milli-Q, ρ > 18 MΩ·cm)
and dried. After rinsing, the quartz substrate was further treated in a
base solution (1:1:5, NH3/H2O2/H2O) at 50 °C for 1 h, followed by
rinsing in ultrapure deionized water (Milli-Q, ρ > 18 MΩ·cm) for 15
min. Next, to achieve uniform surface charges for the successive
depositions of oppositely charged polymers, a layer of low molecular
weight poly(ethylenimine) (PEI) (25 wt % solution in methanol) was
deposited on the substrate by spin coating at 3000 rpm for a duration
of 8 s, followed by rinsing with pure methanol three times under the
same spinning conditions to remove the loosely adsorbed PEI and
obtain a uniform, positively charged layer on the quartz substrate. For
the growth of multilayers using LbL-SCA, the positively charged
quartz substrate was spin-coated with negatively charged SPBI solution
(10−3 M) as polyanion at 3000 rpm for 8 s, followed by rinsing at least
twice with pure methanol. Afterward, the negatively charged substrate
was spin-coated with the positively charged P2VP solution (10−3 M)
as polycation at 3000 rpm for 8 s, followed by two rinsing cycles. The
SPBI and P2VP adsorption steps were repeated to build multilayers on
the quartz substrate until the desired number of bilayer was reached.
Multilayer Coating on Nafion Membrane via Layer-by-Layer

Dip-Coating Assembly (LbL-DCA). For effective LbL procedures in
methanol, the Nafion membranes were first swollen in fresh methanol
for 12 h, achieving an equilibrium swollen state (degree of swelling, q
∼ 0.4 g/g). The rubbery, durable membrane was then used for LbL
multilayer buildup as a substrate.41 The SPBI/P2VP multilayer
coatings on Nafion were prepared as follows. Each methanol-swollen
Nafion membrane as a substrate was pretreated with a methanol
solution of low molecular weight poly(ethylenimine) (PEI) (25 wt %
in methanol) to achieve uniform surface charges for the successive
depositions of oppositely charged polymers according to the same
strategy. The sequential adsorption on Nafion membrane of SPBI
(10−3 M) and P2VP (10−3 M) for 20 min for each step with an
intervening rinse step was carried out, followed by a rinsing step with
fresh methanol for 2 min in order to remove the weakly adsorbed
polymers. By repetition of this process, we could build an LbL
multilayer of SPBI/P2VP on both sides of the Nafion membrane.
Methods. UV−Vis Spectroscopy. UV−vis spectra of the multilayer

assembly were collected using a PerkinElmer Lambda 6 UV−vis
spectrophotometer at a scanning speed of 120 nm/min. A clean quartz
disk with the same thickness was used as a reference in the case of the
LbL-SCA process, while in the case of the LbL-DCA process using
Nafion membrane, the Nafion membrane swollen in methanol was
used as a reference.
Thermogravimetric Analysis (TGA). Thermal stabilities of the

Nafion membranes before and after LbL multilayer coating were
analyzed using a TA Instruments TGA Q500 under a continuous
nitrogen purge of 20 mL/min. The samples were heated from room
temperature to 800 °C with a heating rate of 10 °C/min.
Atomic Force Microscopy (AFM). Surface morphology, roughness,

and thickness measurements of the multilayers were obtained from the
height images collected with contact-mode using model 1520-00 tips
atomic force microscopy (AFM) (Topometrix TMX 2000 Scanning
Probe Microscope). Measurements were performed on the dried
multilayered films formed on the quartz substrate after deposition of
the desired number of bilayers of SPBI and P2VP. Several images were
recorded from different areas, and representative images are being
reported. AFM images were taken as 10 μm × 10 μm scans on the
multilayer film on quartz substrate, and roughness calculations were
then performed over 5 μm × 5 μm areas of the scan. AFM-based
thickness measurements were performed by first etching a portion of
the film using the sharp edge of a razor blade that penetrates to the
quartz substrate (but no further).42 AFM scans of 50 μm × 50 μm
were performed on a region including the bare quartz, and the
thickness was determined by the average height difference between the
areas with and without the multilayered films. The analysis of AFM
images was done by the Topometrix imaging software.
Wide-Angle X-ray Scattering (WAXS). Wide-angle X-ray scattering

(WAXS) experiments were performed on multilayer films using a
Bruker AXS instrument at room temperature equipped with a

chromium X-ray source (λ = 2.291 Å), a power source delivering 40
mA and 40 kV, and the exposure time was 120 min. The data were
gathered and analyzed via a General Area Detector Diffraction System
(GADDS) software version 3.317. The scattering patterns were
collected on a HiStar area detector with the distance of the sample to
detector set to 6.0 cm.

Dynamic Mechanical Analysis (DMA). TA Instruments DMA 2980
was run in tensile mode at an oscillation frequency of 1 Hz, a static
force of 10 mN, an oscillation amplitude of 10 μm, and an automatic
tension setting of 110%. Temperature ramps were conducted at 4 °C/
min over the range of 35 °C < T < 225 °C. Sample sizes (length ×
width × thickness) in mm: pure Nafion membrane (22.03 × 4.37 ×
0.17) and LbL Nafion membrane coated with 9 bilayers of SPBI and
P2VP (5.63 × 0.83 × 0.16).

■ RESULTS AND DISCUSSION

Multilayer Buildup and the Morphologies of SPBI/
P2VP on Quartz. We have investigated the capability for
building up SPBI/P2VP multilayers on quartz as a substrate
and in methanol as the organic medium, taking advantage of
the known solubilization of SPBI as its triethylammonium salt
in methanol.33 It is thus interesting to explore the possibility of
LbL self-assembly of SPBI and P2VP via an electrostatic
interaction in methanol. We note here that the electrostatic
force, Fe = (1/4πε)(q1q2/r

2), varies inversely with the dielectric
constant (for instance, water: εw = 78.54; methanol: εm = 32.6)
of the medium. Therefore, we expected that the LbL self-
assembly technique through an ion−ion interaction in
methanol might work well, as long as the polymers used are
completely soluble and also have an electric charge for the LbL
multilayer deposition. Moreover, it is expected that this method
may improve the Nafion membrane (Nafion 117, Dupont)
performance, in terms of its thermal and mechanical properties
as well as its low methanol crossover required for a high
temperature PEMFC, specifically.
The UV−vis absorption spectra from methanol solutions of

SPBI and P2VP, as their triethylammonium and hydrochloride
salts, respectively, are shown in Figure 1. Insets show their
chemical structures. It was observed that SPBI shows a strong
absorbance intensity at λmax = 450 nm corresponding to a
characteristic strong absorption band of the imidazole ring π →

Figure 1. UV−vis absorption spectra of SPBI (as its triethylammo-
nium salt) and P2VP (as its hydrochloride) solutions in methanol. The
concentrations of SPBI and P2VP solutions were 0.2 × 10−4 and 1.0 ×
10−4 M, respectively, based on the repeating unit of each polymer.
Insets show the chemical structures of SPBI and P2VP, as labeled.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01371
ACS Appl. Mater. Interfaces 2015, 7, 10365−10373

10367

http://dx.doi.org/10.1021/acsami.5b01371


π* transition peak while P2VP shows a weak absorption (λmax =
280 nm) in the UV−vis spectrum. The multilayer SPBI/P2VP
growth by LbL-SCA on quartz substrates was monitored by
measuring the absorbance intensity of the distinct SPBI band at
450 nm. Both polymers, SPBI and P2VP, possess a net charge
in methanol as a result of the dissolution of SPBI by
complexation with TEA and the protonation of P2VP with
HCl, respectively, and thereby can form the multilayered
molecular composite of alternating anionic SPBI and cationic
P2VP via an electrostatic LbL self-assembly. The SPBI/P2VP
multilayers were first constructed on a quartz support in order
to characterize their LbL growth. Figure 2a shows the
representative evolution of the absorbance spectra for the
SPBI/P2VP multilayers deposited with an increase in the

number of deposition cycles. The absorbance (the peak
amplitude) at 450 nm with respect to cycle number shows a
linear growth after completion of eight deposition cycles (see
Figure 2b), indicating a successful buildup of the SPBI/P2VP
multilayers from methanol solutions. For the first few layers,
the absorbance grows with a different initial slope compared to
the later stage which represents a steady-state regime. This is
consistent with the previously reported paper,12 wherein
molecular dynamics simulations revealed that a steady-state
linear growth regime is usually observed in the experiments
after completion of the first few deposition cycles in the case of
LbL assembly.43,44 The growth rate difference at early stages is
believed to result from the difference in surface charge density

Figure 2. UV−vis absorption spectra versus wavelength for SPBI/P2VP multilayers deposited (on the quartz substrate by spin coating at 3000 rpm
for a duration of 8 s) by layer-by-layer spin-coating assembly (LbL-SCA) for different number of bilayers, shown in parentheses (a). (b) Absorbance
intensity (at λmax = 450) versus the number of bilayers for the same assembly. The spectra were obtained after the number of cycles from 2 to 28
bilayers. The concentration of both polymer solutions was controlled to be 10−3 M based on the repeating unit of each polymer.

Figure 3. Atomic force microscopy (AFM) images at different numbers of bilayers of SPBI and P2VP on the quartz substrate, (a) 10 bilayers, (b) 20
bilayers, and (c) 28 bilayers at the spinning rate of ca. 3000 rpm; (d) an illustration for measuring the thickness, which is calculated from the height
difference between the substrate side and the multilayer film (28 cycles). Inset shows height profile after scratching (28 cycles deposited layer),
allowing determination of the average coating thickness.
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of the substrate compared to the natural overcharging at the
steady-state regime.
The surface morphology, roughness, and thickness of the

formed SPBI/P2VP multilayered films were investigated by
using AFM. Figure 3 shows the surface topography obtained by
AFM at different numbers of bilayers of SPBI and P2VP, (a) 10
bilayers, (b) 20 bilayers, and (c) 28 bilayers at a spinning rate of
ca. 3000 rpm. It was observed that all SPBI/P2VP multilayered
films, regardless of the number of deposition cycles, are quite
smooth, with a root-mean-square (RMS) roughness value equal
to 0.9−1.3 nm. The thickness of the SPBI/P2VP multilayered
films was obtained in profilometry after scratching the surface
with a sharp razor blade before scanning it with AFM. This
procedure is illustrated in Figure 3d, where the vertically
oriented dark region in the image corresponds to the substrate
with the removal of the film by a sharp razor blade. The very
bright region is an artifact induced due to scratching. That is,
the thickness of the SPBI/P2VP multilayered films is calculated
from the height difference between the substrate side and the
multilayer film (see inset, Figure 3d). The total thickness of
multilayers of 28 bilayers of SPBI and P2VP is found to be
89.90 nm with a standard deviation of 12.75 nm, corresponding
to the thickness of approximately 3.2 nm per bilayer. As a
result, we could successfully fabricate the LbL self-assembled
SPBI/P2VP molecular composite films.
Multilayer Coating and Their Morphologies of SPBI/

P2VP on Nafion Membrane. Having demonstrated the

potential to grow the LbL self-assembled SPBI/P2VP multi-
layer films on quartz from charged polymers in methanol
solutions by a LbL-SCA method, the LbL self-assembly
technique was further extended to allow similar SPBI/P2VP
multilayered coatings on Nafion membranes, here using the
dipping technique. This was selected over spin-coating due to
the need to preserve the Nafion membranes in their methanol-
swollen state throughout processing. By sequential dipping of a
Nafion membrane into oppositely charged polymeric solutions
(anionic SPBI and cationic P2VP), we were able to build up
SPBI/P2VP multilayers on Nafion membrane. Figure 4a shows
UV−vis absorption spectra versus wavelength for the SPBI/
P2VP multilayer films deposited on Nafion membrane using
the layer-by-layer dip-coating assembly (LbL-DCA) method for
a different number of bilayers. The LbL growth was
characterized by the plot of absorbance intensity at λmax =
450 nm versus the number of bilayers for the multilayer films.
Interestingly, an abrupt increase of absorbance intensity in the
first two deposition cycles was observed (see Figure 4b),
probably due to the diffusion of SPBI solution (absorption)
into the bulk regime of Nafion membrane driven by a chemical
potential gradient.
Indeed, such an increase of absorbance intensity at early

stages is much higher compared to the SPBI/P2VP multilayers
deposited on the quartz substrate. Afterward, as the number of
dipping cycles further increases, a linear increase in absorbance
at the λmax value with each cycle was observed, indicating a

Figure 4. UV−vis absorption spectra versus wavelength for SPBI/P2VP multilayers deposited on Nafion membrane by the layer-by-layer dip-coating
assembly (LbL-DCA) for a different number of bilayers, shown in parentheses (a). (b) Absorbance intensity (at λmax = 450 nm) versus the number
of bilayers for the same assembly.

Figure 5. Photographs of (a) pure Nafion membrane and (b) LbL Nafion membrane coated with 9 bilayers of SPBI and P2VP. The size of each
membrane was 4 cm × 4 cm (width × length).
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linear growth of the SPBI/P2VP multilayer films (see Figure
4b). It was therefore found that the formation of the SPBI/
P2VP multilayers on Nafion membrane follows a two-step
process: (1) absorption via a diffusion behavior of polymer
solutions at an early stage, followed by (2) surface deposition of
SPBI/P2VP multilayers via an LbL self-assembly. It is possible
that the absorption of SPBI and P2VP into the Nafion bulk
(step 1 of LbL) will adversely impact proton conductivity.
Figure 5 shows photographs of (a) pure Nafion membrane

and (b) LbL Nafion membrane coated with the 9 bilayers of
SPBI and P2VP. It is seen that the SPBI/P2VP multilayer-
coated Nafion membrane exhibits a shiny, foil-like surface.
Further, we found the coated membranes to be noticeably
stiffer than the uncoated Nafion membrane. Moreover, the
SPBI/P2VP multilayer coated Nafion membranes were quite
environmentally durable, with no visible changes upon
exposure to boiling water. In order to get a better under-
standing of the surface morphology of the SPBI/P2VP
multilayer coated Nafion membrane, contact mode AFM was
conducted on both pure Nafion membrane and LbL Nafion
membrane coated with the 9 bilayers of SPBI and P2VP,
respectively. It was found that the surface of the SPBI/P2VP
multilayer coated Nafion membrane is smoother than that of
the pure Nafion membrane. The surface roughness of LbL
Nafion membrane coated with the multilayers of 9 bilayers of
SPBI and P2VP and that of pure Nafion membranes was found
to be 6.88 and 15.82 nm, respectively. Specifically, the SPBI/
P2VP multilayer-coated Nafion membrane did not reveal any
pinholes or open pores (data not shown), which implies that
the SPBI/P2VP multilayer coatings are even and homogeneous.
The effects of SPBI concentration and dipping time on the

SPBI/P2VP multilayer growth on Nafion membranes were also
explored, anticipating that increases in either would lead to an
increased rate of deposition per bilayer. Figure 6a shows the
dependence of SPBI/P2VP multilayer growth on SPBI
concentration (using only two concentrations) as examined
via monitoring the absorbance intensity of SPBI at 450 nm. It
was observed that the SPBI/P2VP multilayers grow in a two-
step process similar to that of the SPBI/P2VP multilayer
buildup on quartz substrate (see Figure 2b). Also, at the
decreased SPBI concentration of 10−4 M, we did not observe
the dramatic increase of absorbance at an early stage (less than
2 bilayers) that had been observed for 10−3 M and attributed in
that case to higher bulk absorption. Thus, the concentration of
SPBI solution has a profound impact on the growth rate and
growing pattern of the SPBI/P2VP multilayers. For the lower

concentration of SPBI solution (10−4 M), the SPBI/P2VP
multilayers were found to grow gradually until 6 dipping cycles
and then eventually slowed down, with a reduction in quantity
of polymer deposited per cycle. Specifically, the 10-fold
decrease in polymer concentration led to a 7-fold decrease in
the growth rate of multilayers (see Figure 6a). The effect of
concentration is evidently kinetic in origin, since a similar
decrease in the adsorption rate is observed when decreasing the
dipping time with polymer solutions. Figure 6b shows the
influence of the dipping time on the SPBI/P2VP multilayer
growth. Similar to the effect of SPBI concentration, the dipping
time of SPBI solution has a similarly strong influence on the
SPBI/P2VP multilayer growth. That is, in the case of a shorter
dipping time, the growth rate became smaller than that
corresponding to the longer dipping time. The decrease in
dipping time of a factor of 2 led to a 9.5 decrease in growth rate
(see Figure 6b).

Microstructure Analysis. Like other ionomers, the
microstructure of Nafion is complex. Although the exact
structure is not known, several models have been proposed
since the early 1970s to describe ways in which ionic groups
aggregate within the material. Such structural models have been
proposed for the interpretation of scattering patterns and
dynamic mechanical data.45 In small-angle X-ray scattering
(SAXS), these membranes were shown to be characterized by a
microphase separation between the ionic domains and the
polymer matrix, that gives rise to a small-angle scattering
maximum (interplanar distance d-spacing = 40 Å), commonly
called the “ionomer peak”. The SAXS curves generally exhibit
scattering maxima at q = (4π/λ)sin(θ), approximately equal to
the inverse of cluster size. On the basis of both SAXS and
WAXS (as well as DMA), it has been proposed that Nafion
membranes exhibit network structures with interconnected
reverse micelle-like ionic clusters.46−49 Along these lines, it is
interesting to investigate the multilayered microstructures
composed of rod-like SPBI and coil-like P2VP coated on
Nafion membrane. To understand the microstructures of the
SPBI/P2VP multilayered coatings, we acquired WAXS patterns
in two different beam orientations: X-ray beam (I)
perpendicular (flat view) and (II) parallel (edge view) to the
plane of the SPBI/P2VP multilayer coating layer. Figure 7
shows the two-dimensional WAXS patterns of pure Nafion
membranes (a: perpendicular; b: parallel) and SPBI/P2VP
multilayer coated Nafion membranes (c: perpendicular; d:
parallel) under these two experimental conditions.

Figure 6. Dependence of (a) SPBI concentration (10−4 M: ●; 10−3 M: □) and (b) dipping time (10 min: ●; 20 min: □; concentration: 10−3 M) on
SPBI/P2VP multilayer growth as examined via absorbance intensity of SPBI at 450 nm.
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For both pristine and SPBI/P2VP multilayer coated Nafion
membranes, a large amorphous halo at 2θ = 25° (d-spacing of
5.3 Å), which is attributed to the interchain spacing in the
amorphous component of the PTFE-like structure, was
observed.44 We could also observe another peak at 2θ = 5°
(d-spacing = 35 Å), commonly attributed to scattering from
ionic clusters present in the Nafion membrane and, in this case,
coincidentally corresponding to the layer-by-layer multilayered
orderings.50,51 That is, the probing X-ray photons transmitted
through the thickness “see” only cluster-based electron density
fluctuations, which are isotropically distributed in the plane of
the coating. However, the intensity of the long-range peak at 35
Å features contributions from two structures: one is a function
only of ionic clusters present in Nafion, and the other is the
number and stratification degree of the SPBI/P2VP multilayers
(Supporting Information, Figure S1). Accordingly, the intensity
of this peak in the parallel direction increases dramatically
compared to pure Nafion, due to a presence of the LbL
multilayers coated on Nafion. On the other hand, as seen in
Figure 7b, the 2-D scattering pattern of pure Nafion in the
parallel direction shows obvious orientation of the large angle
halo, indicative of residual orientation from manufacturing, but
no orientation of the ionomer peak. In addition, the SPBI/
P2VP multilayer films caused no alteration of the scattering
pattern in the perpendicular direction (through-thickness view)
due to its isotropic ordering on Nafion (see Figure 7c). In
contrast, Figure 7d shows evidence for orientation in the plane
of LbL molecular composite microstructures coated on Nafion
membrane in the parallel direction (edge view), which
contributes positively to the anisotropic scattering at low
angles. This is expected to further increase by increasing the
number of the SPBI/P2VP multilayers. A schematic repre-
sentation of the anisotropy evident in the LbL molecular
composite coatings is provided in the Supporting Information,
Figure S2.

Thermal and Mechanical Properties. In the direct
methanol fuel cell (DMFC), the important requirements for
the proton exchange membrane (PEM) are high thermal
stability, high mechanical properties, high proton conductivity,
and low methanol crossover. We studied the thermal stability of
the SPBI/P2VP multilayer coated Nafion membrane by
thermogravimetric analysis (TGA). It was observed that the
thermal decomposition of pure Nafion and SPBI/P2VP
multilayer coated Nafion membranes proceeded in two distinct
stages (Supporting Information, Figure S3). The first modest
decomposition of both samples starts in the temperature region
of 300−400 °C, which is commonly attributed to the loss of
−SO3H groups52 Afterward, the SPBI/P2VP multilayer coated
Nafion and pure Nafion start to decompose at the same rate
after 450 °C. Figure 8 shows the isothermal TGA data at 310

°C for pure Nafion and SPBI/P2VP multilayer coated Nafion
membranes. It can be seen that the LbL coated Nafion presents
a somewhat better thermal stability under isothermal conditions
for more than 6 h, evidenced by a lower weight loss over that
period of time. To determine the level of mechanical
reinforcement caused by the molecular composite coating, we
performed dynamic mechanical analysis (DMA) for pure
Nafion and SPBI/P2VP multilayer coated Nafion membranes.
Figure 9 shows the plots of the tensile storage modulus (E′)
and tan δ versus temperature using an oscillation frequency of 1
Hz. It can be seen that the storage modulus of pure Nafion
membrane decreases dramatically around 80 °C, presumably
indicative of a Tg, whereas the tensile storage modulus of the
SPBI/P2VP multilayer coated Nafion membrane decreases
gradually with temperature in this region and then starts to
drop only after reaching T = 160 °C. Also, the initial storage
modulus of the SPBI/P2VP coated Nafion membrane was
higher than that of the untreated Nafion. Thus, the pure Nafion
membrane was substantially reinforced with SPBI/P2VP
multilayer coatings on its surface. In particular, the SPBI/
P2VP multilayer coated Nafion had a nearly constant tensile
storage modulus from 850 MPa at 35 °C to 670 MPa at 100
°C, while the bare Nafion storage modulus decreased drastically
from 563 MPa at 35 °C to 48 MPa at 100 °C. Moreover, we
observed that, by increasing the number of SPBI/P2VP
multilayer cycles from 9 to 14 at the same solution

Figure 7. Two-dimensional WAXS patterns of pure Nafion
membranes (a: through-thickness; b: edge-on) and a SPBI/P2VP
multilayer-coated Nafion membrane (c: through-thickness; d: edge-
on) under two experimental conditions. For (b) and (d), the film
normal was vertically oriented relative to the patterns shown.

Figure 8. Isothermal thermogravimetric analysis (Iso-TGA) at 310 °C
for (dotted line) pure Nafion membrane and (solid line) LbL Nafion
membrane coated with the 9 bilayers of SPBI and P2VP under N2 (60
mL/min).
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concentration of 10−3 M, a significant increase of modulus near
room temperature was obtained. Specifically, the modulus at T
= 35 °C was found to increase by 21% from 851 MPa for 9
cycles to 1027 MPa for 14 cycles. With all of these factors
considered, such SPBI/P2VP multilayer coated Nafion
membranes might be used as promising PEMs for a high
temperature DMFC.

■ CONCLUSIONS

We have reported on a LbL technique for the deposition of
SPBI/P2VP molecular composite multilayers for enhancing the
properties of proton exchange membranes (PEMs) such as
Nafion, in particular aiming at the improvement of the thermal
and mechanical properties of PEMs for direct methanol fuel
cells. It was found that a steady-state linear growth regime for
the LbL self-assembled SPBI/P2VP multilayer films and
coatings onto quartz and Nafion membranes was successfully
achieved after completion of the first few deposition cycles,
indicating a successful buildup of the SPBI/P2VP multilayers in
methanol solutions, as evidenced by UV−vis spectroscopy.
WAXS studies revealed stratification of the LbL coatings with
orientation of the layers parallel to the surface and with a length
scale overlapping with the ionomeric nanostructure of the
Nafion membrane. From isothermal TGA experiments at 310
°C under nitrogen, it was found that the SPBI/P2VP
multilayer-coated Nafion exhibited higher thermal stability for
more than 4 h. Moreover, it was also observed that pure Nafion
membranes were rendered mechanically tougher and stronger
after the deposition of SPBI/P2VP multilayer coatings of
Nafion membrane using the LbL self-assembly technique. From
DMA experiments, it was evident that the SPBI/P2VP
multilayer coating by the LbL technique enhanced the
thermo-mechanical properties of the Nafion membrane. The
multilayer-treated Nafion showed a distinctly higher and stable
storage modulus in the temperature range in which the storage
modulus of Nafion decreased drastically. Besides the enhance-
ment of thermo-mechanical properties, potential also exists for
the Nafion membranes to exhibit increased proton conductivity
at higher temperatures due to the strong hydration (moisture
retention) capabilities of SPBI as well as decreased methanol

crossover (permeability) due to the ionic (physical) cross-links
inherent in the SPBI/P2VP molecular composite system.
Although methanol permeability measurements have not yet
been performed, preliminary studies of thermal stability and
mechanical property show large improvements of the physical
properties of such membranes in comparison to pure Nafion
membranes. Detailed studies with regard to the measurement
of proton conductivity and methanol permeability of such
membranes should be performed in the future. Finally, the high
controllability of the LbL process gives the potential for fine-
tuning of the end-use properties of the processed membranes
for a high performance portable direct methanol fuel cells
application.
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