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ABSTRACT An alternative approach for the creation of proton conducting platforms is presented. The methodology is based on the
so-called “pore-filling concept”, which relies on the filling of porous matrices with polyelectrolytes to obtain proton conducting platforms
with high dimensional stability. Polymer-silicon composite membranes, with well-defined polyelectrolyte microdomains oriented
normal to the plane of the membrane, were prepared using photoelectrochemically etched silicon as a microstructured scaffold.
Ordered two-dimensional macroporous silicon structures were rendered proton conducting by filling the micropores via a surface-
initiated atom transfer radical polymerization process. The morphological aspects, chemical stability, and performance of the hybrid
assemblies were characterized by a set of techniques including scanning electron microscopy, Fourier transform infrared spectroscopy,
X-ray photoelectron spectroscopy, nuclear magnetic resonance and impedance spectroscopy, among others. The fabricated silicon-
poly(sodium 2-acrylamide-2-methylpropane sulfonate) hybrid membranes displayed proton conductivities in the range of 1 × 10-2

S/cm. This work illustrates the potential of hybrid polymer-silicon composite membranes synthesized by pore-filling surface-initiated
polymerization to create proton conducting platforms in a simple and straightforward manner. Versatility and relative ease of
preparation are two key aspects that make this approach an attractive alternative for the molecular design and preparation of proton
conducting systems.
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INTRODUCTION

During the past decade increasing attention has been
focused on finding new avenues to produce proton
exchange membranes (PEMs). The reason for this

ever-growing interest lies in the fact that PEMs are key
constituting elements, with strong implications on the per-
formance of many technological devices, as is the case of
future power sources for automotive, stationary, and por-
table applications. Typical examples of their technological
applications include fuel cell vehicles, mobile devices, or
power stations for home use (1-4).

As a general rule, PEMs must display good proton con-
ductivity and exhibit good chemical resistance and mechan-
ical strength. Perfluorinated polyelectrolytes like Nafion or
Flemion have been used for this purpose for a long time. In
fact, in the case of Nafion, it has been historically considered
as “the golden standard” (5-8). However, these perfluori-
nated polymers display several deficiencies, as they are

costly to produce and lack mechanical strength and dimen-
sional stability. These polymers consist of a hydrophobic
fluorocarbon backbone and hydrophilic sulfonic pendant
chains that produce a microphase-separated morphology in
the membrane architecture, thus leading to the creation of
hydrophilic channels for the proton transport (4). Regarding
this latter, we have to note that recent work by Buratto and
co-workers demonstrated by using conductive atomic force
microscopy that 60% of the hydrophilic domains at the
surface of an operating Nafion membrane remain inactive
(9).

All these drawbacks with regards to the use of perfluori-
nated polyelectrolytes acted as a driving force for the
development of alternative approaches to PEMs. In recent
years, the scientific community actively explored a wide
variety of strategies ranging from the use of phosphoric acid-
based membranes to layer-by-layer polyelectrolyte films
(10-29). Another interesting class of ionically conductive
polymers comprises aromatic polymers functionalized with
sulfonic acid groups. Sulfonated polyaromatics are com-
monly prepared either by post sulfonating an existing
polymer or by reacting sulfonated monomers in condensa-
tion reactions (30). In many cases, depending on sulfonation
level, the postsulfonation strategy is preferable (31) because
it requires only one reaction step and can be carried out
using commercially available, cost-effective starting materi-
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als. In contrast, many of the monomers used in the
condensation polymerization strategy are not commer-
cially available and require multistep synthesis. Within
this framework, poly(2-acrylamide-2-methylpropane sul-
fonic acid) (polyAMPS), a polyelectrolyte bearing sulfonic
acid groups (-SO3H), has been prepared and employed
in electrochromic devices as proton conductor. Interest-
ingly, the conductivity of poly-AMPS was found to be com-
parable with that of Nafion under the same water content
(15 H2O per sulfonic acid group) (32-34). Okada and co-
workers have also reported that complex membranes using
polyAMPS and polyvinyl alcohol (PVA) displayed proton
conductivities comparable with Nafion 117 (35-37). In line
with these results, a number of new polymers based on the
copolymerization of AMPS monomer with other monomers
have been synthesized in recent years (38).

On the other hand, the fabrication of porous scaffolds
containing highly ordered and monodispersed nanochannels
is also attracting increasing interest as an alternative route
to manipulate proton conduction (39). Recently, Yang and
co-workers demonstrated the use of aligned mesoporous
silica as powerful platforms to modulate the proton transport
across thin films acting as membranes (40). Rather than
relying on the phase segregation of the perfluorinated
polymers, the new emerging approaches are based on
generating the channels with robust and durable scaffolds
and then incorporating into them the proton conducting
source. Within this framework, we should mention the
“pore-filling concept” (41-43). This methodology is based
on impregnating and filling porous substrates with proton
conducting polymers, thus resulting in the creation of ma-
trices with proton conductive properties and excellent me-
chanical properties. In this context, filling the pores of track-
etched membranes with polyelectrolytes resulted in a new
class of composite membrane in which the filling material
enabled the fine-tuning of the transport characteristics and
the track-etched membrane itself provided the required
mechanical stability and durability (44-49). These results
prompted further investigation into the use of polyelectro-
lytes confined within pores as platforms for channeling the
transport of species (50-58). However, one important
drawback of this powerful approach concerns on the stability
of the polyelectrolyte confined in the pore. In most cases,
the polyelectrolyte was physically adsorbed or impregnated
within the porous membrane. This implies that the poly-
electrolyte filling is intrinsically unstable in humid environ-
ments, leading to the leaching of the filling material. In this
regards, some research efforts were recently devoted to
overcome this serious limitation. Elabd and co-workers
described the use of commercial polycarbonate track-etched
(PCTE) membranes as host matrices filled with PolyAMPS
via plasma-induced surface graft polymerization (59, 60). In
this case, the plasma polymerization process provided
robust linkages between the polyelectrolyte and polycar-
bonate matrix (61), thus increasing the durability of the
composite and eliminating potential leaching of the poly-
electrolyte under hydrated conditions.

In this work, we describe a different approach to fabricate
composite proton conducting membranes based on the
surface-initiated polymerization of poly-AMPS from photo-
electrochemically etched silicon membranes. The chemical
nature of the silicon scaffold enables the use of a very robust
anchoring chemistry, as the silane linkage is, to immobilize
the polymerization initiators. Then, surface-initiated atom
transfer radical polymerization provided the route to the
facile synthesis of dense polyelectrolyte layers covaletly
tethered to the pore wall (62-67). These results describing
the use of highly ordered macroporous silicon modified with
polyelectrolyte brushes allowed for the generation of artifi-
cial proton conducting channels with conductivity values in
the 1 × 10-2 S/cm range. We believe that this approach
constitutes a valuable alternative for the preparation of
robust proton conducting systems with potential applica-
tions on the large-scale fabrication of membranes suitable
for different industrial applications.

EXPERIMENTAL SECTION
Materials and Methods. Sodium 2-acrylamino-2-methylpro-

pane sulfonate was obtained from ABCR GmbH & Co. KG,
Karlsruhe, Germany. (3-Aminopropyl)triethoxysilane 99%, 2-bro-
mopropionyl bromide 97%, 2,2′-bipyridine 99%, and copper(II)
chloride, CuCl2, g98% (Fluka), were used as-received from
Sigma-Aldrich, Schnelldorf, Germany. Sodium chloride 99.99%
was obtained from Merck, Darmstadt, Germany. Triethylamine
was refluxed overnight with calcium hydride before distilling
and stored under argon. Dry dichloromethane was obtained
from Acros organics, Geel, Belgium. 1H NMR was performed on
a Bruker Spectrospin 250 MHz NMR spectrometer (Fallanden,
Switzerland). Scanning Electron Microscopy (SEM) was per-
formed with a LEO Gemini 1530 SEM. Atomic absorption
spectroscopy (AAS) was performed on a Perkin-Elmer 5100 ZL
spectrometer working in flame emission mode. The proton
conductivity was measured by dielectric spectroscopy using
either an Alpha high-resolution dielectric analyzer equipped with
a Novocontrol active sample cell to expand the frequency range
to ∼10 MHz or an SI 1260 impedance/gain-phase analyzer. XPS
measurements were carried out using a Physical Electronics
5600A instrument. The Mg KR (1253.6 eV) X-ray source was
operated at 300 W. The XPS scans were analyzed using the
MultiPak 5.0 software.

Synthesis of Initiator (1) for SI-ATRP. Two grams of (3-
aminopropyl)triethoxysilane and 1.13 g of triethylamine in 40
mL of dry dichloromethane were mixed, stirred, and gradually
cooled to 0 °C. A 50% by volume solution of 2.56 g of
2-bromopropionyl bromide in dry dichloromethane was dropped
in the reaction mixture over a period of 30 min and the reaction
mixture was allowed to stir at 0 °C for 6 h under N2(g). The
reaction mixture was then filtered to remove the Et3N+Br- salt
precipitated during the reaction and residue was washed with
small amount of dichloromethane. The filtrate was washed with
brine (3 × 25 mL). The organic phase was dried over MgSO4

and the solvent was removed in vacuo to yield 2-bromo-2-
methyl-N-(3-triethoxysilyl-propyl)-propionamide 1 as a colorless
oil-like liquid (yield ) 66%). 1H NMR (250 MHz, CDCl3): δ 6.8
(1H, s), 3.76 (6H, q, J ) 6.9), 3.21 (2H, q, J ) 6.6 Hz), 1.88 (6H,
s), 1.57 (2H, m), 1.16 (9H, t, J ) 6.9), 0.58 (2H, t, J ) 8 Hz).

Anchoring 1 onto the Surface of Macroporous Silica and
Subsequent PEB Growth by SI-ATRP. The plasma-activated
macroporous silica membranes were placed in a Schlenk tube
containing 5 µL of 1 in 10 mL of dry toluene at 120 °C for 6 h
under N2(g). The membranes were then subjected to ultrasoni-
cation for 5 min in each of toluene, ethanol, and THF. After
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drying with a stream of N2(g), the membranes were stored
under N2(g) until further use. Thick sulfonate PEB was grown
on macroporous silica functionalized with 1. The polymerization
procedure is as follows:

Three grams of the sodium 2-acrylamino-2-methylpropane
sulfonate was dissolved by stirring in 5.2 mL of 2:1 methanol/
water solvent mixture at room temperature. To this solution
0.12 g of BiPy and 2.1 mg of Cu(II)Cl2 were added. The mixture
was stirred and degassed by N2(g) bubbling for an hour before
31 mg of Cu(I)Cl was added. The mixture was degassed with
N2(g) bubbling for another 15 min. Initiator-coated macroporous
silica samples were sealed in a Schlenk tube and degassed by
four high vacuum pump/N2(g) refill cycles. The reaction mixture
was syringed into this Schlenk tube, adding enough to cover
the sample completely, and the mixture was left overnight
under N2(g). The samples were removed and thoroughly rinsed
with deionized water. After the polymerization, the macroporous
silica with PEB was extensively rinsed with water and kept
overnight in 0.01N aq. HCl for exchanging the Na+ ions that
originally coordinated the monomer with H+.

Stability Evaluation of PolyAMPS under Acidic
Conditions. PolyAMPS was dissolved in 0.1N HCl aq. solution.
The solution was left to stir at room temperature for 1 week
followed by 1 week of dialysis (MWCO ) 3500). The dialyzed
solution was lyophilized to give a white polymer. 1H NMR
spectra prior to and after the acid treatment were used to
observe the hydrolysis.

Fabrication of the Macroporous Silicon Scaffolds. The
samples were fabricated using a lithographic prestructuring
process (68-70). Briefly, in the first step, the initiation spots
for the pores were defined photoligraphically on the (100)-
oriented n-type silicon wafer. Subsequent alkaline etching
formed etch pits that served as pore nuclei. The macropores
were obtained by applying a photoelectrochemical etching
process. To enable electrochemical dissolution of n-type silicon
in HF, electronic holes had to be generated by light absorption.
For this purpose, the sample was inserted in an etch cell with
its front side exposed to aqueous HF while the back was
illuminated. The sample was anodically biased via a transparent
back side ohmic contact and the cathode was formed by a
platinum wire immersed in HF solution. The photogenerated
holes diffused from the wafer back side to the etch front and
were consumed by the etch process at the pore tips. This
promoted dissolution of the silicon almost exclusively at the
pore tips leading to further pore growth perpendicular to the
Si(100) surface. Electrochemically etched macroporous silicon
exhibited pores with a diameter in the micrometer regime and
a depth of up to the thickness of the silicon wafer.

Effective Loading by Weighing the Macroporous Silica
Membrane after Each Step of Functionalization. A 36.82 mg
piece of the initiator-modified porous silicon membrane weighed
38.49 mg after growing the PEB by SI-ATRP followed by
extensive washing with water, exchange of K+ counterions with
H+, drying with a stream of N2, and overnight storage under a
vacuum at room temperature. The mass change reflected a
4.3% increase in weight during the functionalization of the
membrane with the polyelectrolyte brush.

Ion Exchange Capacity. A 38.49 mg piece of porous
silicon-PEB hybrid membrane in -SO3H form was immersed
in 15 mL of 2 mM solution of NaCl. After 24 h the concentration
of Na+ in the supernatant was reduced to 1.64 mM as deter-
mined by AAS. The ion exchange capacity of the membrane
was calculated from eq 1 and was found to be 0.14 meq/g of
the porous silica-PEB hybrid membrane.

M1 and M2 are the molarities of the NaCl solution before and
after immersing the porous silica-PEB hybrid membrane, W
is the weight of the membrane, and V is the volume of the NaCl
solution in which the porous silica-PEB hybrid membrane were
immersed.

Water Uptake Study. Water uptake was measured gravi-
metrically. The porous silicon--PEB hybrid membrane was
weighed after exposing to 100% relative humidity (RH) for 24 h
(Wh). Subsequently, the membrane was allowed to dry first
under ambient atmosphere (31% RH) followed by evacuating
at 50 °C for 2 h and weighed (Wdry). The water uptake (WU) of
7% ((1%) was calculated from eq 2

Proton Conductivity Measurements. The proton conductiv-
ity was measured by dielectric spectroscopy in a two-electrode
geometry. The combination of high conductivity and thin
sample can lead to distortions of impedance plots above 1 MHz.
We have initially used an Alpha high-resolution dielectric ana-
lyzer and a Novocontrol active sample cell to expand the
frequency range to ∼10 MHz. After proving that the resonance
is below 1 MHz, wee recorded the spectra using an SI 1260
impedance/gain-phase analyzer and a Novocontrol broadband
dielectric converter. An atmosphere of saturated humidity was
generated by using a closed sample cell with a water reservoir
at the bottom that was not in contact with the sample. Satura-
tion was controlled by a Sensirion SHT75 humidity sensor and
found to be 100%, within the error bar of the sensor (2%).
Humidity between 18 and 95% was created using a tempera-
ture controlled climate chamber (Binder KBF 240). From the
Cole-Cole and Bode plots, the resistance of the composite
membrane was estimated, and then the specific conductivity
of the composite membrane was calculated using the apparent
thickness and electrode area.

RESULTS AND DISCUSSION
Surface-Initiated Atom Transfer Radical

Polymerization of Poly(sodium 2-acrylamide-
2-methylpropane sulfonate) Brushes on Planar
Surfaces. During the past decade atom transfer radical
polymerization (ATRP) emerged as a most versatile synthetic
tool to grow a plethora of monomer units, including charged
ones (71-76). This led to the widespread use of ATRP to
synthesize different polyelectrolyte architectures. Despite
this fact, the use of ATRP to grow poly(sodium 2-acrylamide-
2-methylpropane sulfonate) has been less frequently studied
than sulfonated polyelectrolytes bearing other chemical
functionalities (77, 78). First, in order to corroborate if
surface-initiated atom transfer radical polymerization of
poly(sodium2-acrylamide-2-methylpropanesulfonate)brushes
is feasible, we studied the brush growth from planar sur-
faces. We used 2-bromo-2-methyl-N-(3-triethoxysilyl-propyl)-
propionamide self-assembled monolayers as surface-con-
fined ATRP initiator (Figure 1).

Synthesis of polyelectrolyte brushes bearing sulfonate
moieties was carried out using aqueous ATRP of the AMPS
monomer, in the sodium salt form, following previously
reported procedures (79). Briefly, the polymerization solu-
tion consisted of the Cu(I)/ Bipy catalyst (promoting the
activation), Cu(II)/Bipy deactivator (promoting capping), and

IEC ) (M1 - M2

W )V (1)

WU ) (Wh - Wdry

Wh
)100 (2)
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the monomer (AMPS, sodium salt) in an aqueous methanolic
solvent. The ratio between Cu(I) and Cu(II) thus determines
the rate of polymerization and if, e.g., the Cu(I) concentration
is increased, the reaction rate will increase as well. The
aqueous environment leads to strongly accelerated polym-
erization, leading to full conversion in minutes instead of
hours or days (80). The substrates are left in the polymeri-
zation solution for a certain period of time and then copi-
ously rinsed with water to yield smooth, covalently attached
poly(sodium2-acrylamide-2-methylpropanesulfonate)brushes
of varying thicknesses according to the polymerization time
(Figure 2). Under our experimental conditions (see Experi-
mental Section for details), 50 min of surface-initiated
polymerization led to the formation of 100 nm thick brushes
(the average growth rate was 1.6 nm/min). It is worthwhile
indicating that for surface-initiated atom transfer radical

polymerization (ATRP), a constant radical concentration
should yield a linear relationship between film thickness and
polymerization time if mass transfer of monomers to the
growing radicals is constant. However, although ATRP is
often a controlled/living process, it is well-known that the
growth rate of polymer films during surface-initiated ATRP
frequently decreases with time. The data displayed in Figure
2 describe a fairly rapid brush growth (∼8 nm/min) during
the early stages of polymerization (<5 min) followed by a
moderate decline for longer polymerization times. This
observation suggests that termination (presumably because
of radical coupling), loss of active catalyst, or hindered mass
transport of monomers to radicals may be limiting, at some
extent, the surface-initiated polymerization process.

The chemical composition of the synthesized brushes was
then corroborated by FTIR and spectroscopy (Figure 3),
which revealed the presence of the main chemical groups
corresponding to the polyAMPS.

Considering that the anionic polymer brushes are planned
to be used as proton sources, we proceeded to study the
stability of the brushes in highly acidic environments during
the exchange of sodium ions by protons. XPS analysis
confirmed that Na+ counterions were effectively removed
from the sulfonated brush film during overnight treatment
with 0.1 N HCl (Figure 4).

FTIR spectroscopy also indicated that no appreciable
degradation of the brush film is observed after immersing
the substrates in 0.1 N HCl during one week. In a similar
vein, comparative XPS analysis of the surface surface atomic
concentrations performed on Na+-coordinated and proto-
nated polyAMPS brushes (Table 1) revealed that the ion
exchange procedure in aqueous HCl did not hydrolyze the
brushes, i.e., no evidence of quantitative changes in chemi-
cal composition were detected.

FIGURE 1. Synthesis of poly(sodium 2-acrylamide-2-methylpropane sulfonate) (polyAMPS) brushes using surface-initiated atom transfer radical
polymerization (ATRP).

FIGURE 2. Time-resolved growth of poly(sodium 2-acrylamide-2-
methylpropane sulfonate) brushes on silicon surfaces by surface-
initiated atom transfer radical polymerization. The polymerization
used a monomer concentration of 2.5 M in a methanol/water (2:1)
solvent mixture at room temperature. The errors bars are smaller
than the symbol size.

A
R
T
IC

LE

282 VOL. 2 • NO. 1 • 279–287 • 2010 Yameen et al. www.acsami.org



In addition, complementary 1H NMR experiments per-
formed in ATRP-grown polyAMPS in solution further cor-
roborated that the polyelectrolyte does not evidence hydrol-
ysis, even after long periods in highly acidic aqueous solutions
(Figure 5).

Growth of Polyelectrolyte Brushes on a
Scaffold. Once corroborated that the formation of proto-
nated polyAMPS brushes is feasible we proceeded to the
growth of the hydrophilic proton conducting channels

(Figure 6). The robust scaffold was constituted of photoelec-
trochemically etched macroporous silicon whose etched
area (∼3 cm2) was conformed by perfectly parallel channels
with a density of ∼1 × 107 pores/cm2 (Figure 7).

These macroporous silicon substrates were surface-func-
tionalized with initiator-terminated self-assembled mono-
layers prior to proceeding with the surface-initiated atom
transfer radical polymerization. The polymerization was
carried out for overnight followed by careful rinsing with
water. Afterward they were placed during 15-20 h in 0.1 N
aqueous HCl in order to exchange the Na+ counterions by
protons.

Scanning electron microscopy (SEM) imaging revealed
that the surface-initiated polymerization led to the homoge-
neous modification of the silicon membrane resulting in a
covalently linked polymer layer evenly distributed on the
porous substrate (Figure 8). To further corroborate the
success of the SI-ATRP inside the channels, we performed
repeated longitudinal cross-sectional analysis of the brush-
modified macroporous samples.

Figure 9 clearly indicates that the channels are completely
filled with the polyAMPS brushes, thus indicating that the
SI-ATRP proceeded smoothly even in the confined environ-
ment of the macroporous silicon leading to the formation
of robustly “scaffolded” and covalently anchored polyelec-
trolyte “microrods” (Figure 10) acting as oriented hydrophilic
channels and suitable for conducting protons across the
silicon membrane.

Once confirmed the successful filling of the micropores
with the polyAMPS brushes the proton conductivity of the
hybrid membrane was measured using impedance spec-
troscopy. Results indicated that in humidity saturated atmo-
spheres the membrane displays conductivity values in the
range of 1 × 10-2 S/cm (Figure 11), which is close to the
typical values obtained with phase-segregated perfluorinated
polyelectrolytes, like Nafion or Flemion (5, 6).

FIGURE 3. FTIR corresponding to polyAMPS brushes (a) prior to and
(b) after proton exchange of Na+ in 0.1 N HCl. The indicated IR
signals are: (A) 1650 cm-1 (CdO) vibration mode, (B) 1564 cm-1

(N-H) bending mode, (C) 1182 cm-1 asymmetric sulfonate stretch-
ing, (D) 1037 cm-1 symmetric sulfonate stretching.

FIGURE 4. Survey XP spectra of polyAMPS brushes prior to (red trace)
and after (blue trace) proton exchange of Na+ counterions in 0.1 N
HCl. The area delimited by the gray frame highlights the disappear-
ance of the tenuous signal corresponding to the Na 1s photoelectrons
after ion exchange

Table 1. Surface Atomic Concentrations of
Protonated and Na+-Coordinated PolyAMPS Brushes,
As Determined by X-ray Photoelectron Spectroscopy
(XPS)

brush C (%) N (%) O (%) S (%) Na (%)

polyAMPS-Na 62 7 23 5 3
polyAMPS-protonated 61 6 27 6

FIGURE 5. Assigned 1H NMR spectra for poly(sodium 2-acrylamide-
2-methylpropane sulfonate) before (A) and after (B) stirring during
one week in 0.1 N HCl at room temperature. After the acidic
treatment, the samples were dialyzed (against pure water) and
lyophilized to obtain a solid white polymer.
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This can be attributed to the fact that the continuous
hydrophilic channels constructed in the membrane facilitate
the proton transfer (81-83). This is accomplished in a
scenario where part of the protons combined with water
molecules generating H3O+ clusters are transferred through
the water channels in the membrane. In addition, part of
the protons can be transferred via ionic and hydrogen bonds
by jumping from one function to another. It is also worth-
while to mention that the very high density of-SO3H groups
in the brush further shorten the distance between hopping
sites, thus leading to a efficient proton conducting pathway.
Furthermore, Figure 11 is also evidence that, in close
resemblance to Nafion, decreasing the RH promotes a
gradual decrease in proton conductivity (84, 85). In the case
of phase-segregated perfluorinated polyelectrolytes, the hy-
drophobic part plays a structural role and acts a scaffold for
the immobilization of the sulfonic acid groups (-SO3H) that
constitutes the hydrophilic region (where the transport of
water and protons occurs). The hydrated morphology of
these two-phase systems has a strong impact on the trans-
port of protons in the membrane, whereas a low humidity
environment leads to the dehydration and the collapse of
the membrane physical architecture. In our case, even
though the physical characteristics of the microchannels are

not affected by decreasing RH, it is obvious that the dehy-
dration at low RH seriously affects the formation of hydro-
philic water channels along the confined polyelectrolyte
“microrods”.

This approach provides a robust and highly reproducible
strategy to firmly anchoring the PEL layer into the channels.
This is a major improvement with respect to other methods
based on polyelectrolyte impregnation into porous sub-
strates in which humid environments can promote the
leakage of the proton conducting polymer. In our case, the
chemical nature of the silane linkage provides a robust
anchoring for the polyelectrolyte chains which in turn
determines the stability of the macromolecular assembly.
In addition, it is worth mentioning that this procedure to
achieve highly proton conducting membranes is based on

FIGURE 6. Simplified scheme illustrating the construction of the polyAMPS brush-coated channels. The macroporous silicon membrane modified
with 2-bromo-2-methyl-N-(3-triethoxysilyl-propyl)-propionamide self-assembled monolayers (a) is immersed in the monomer AMPS-containing
ATRP solution where the surface-initiated polyelectrolyte growth is carried out (b).

FIGURE 7. Scanning electron micrograph of the ordered macroporous
silicon membrane used as a scaffold for creating the polyelectrolyte-
based proton conducting channels. Scale bar: 4.5 µm. Imaging
conditions: landing voltage ) 3 KeV@WD ) 3 mm; in-lens detector.

FIGURE 8. Scanning electron micrographs corresponding to the
cross-sectional imaging of a polyAMPS brush-modified silicon mem-
brane at different magnifications: (a) scale bar, 3 µm; (b) scale bar,
400 nm. Imaging conditions: landing voltage ) 0.7 KeV@WD ) 1
mm; in-lens detector.
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simple synthetic tools, thus avoiding the use of tedious
synthetic routes to achieve proton conducting nanochannels,
as is the case of bulk copolymer-based PEMs.

CONCLUSIONS
The experimental results described in this work illustrate

the use of highly ordered macroporous silicon modified with
polyelectrolyte brushes as a promising alternative approach
to create and molecularly design hybrid conducting mem-
branes. The proposed methodology based on the “pore-
filling concept” points to a new direction in the rational
design and development of proton conducting platforms.
Contrary to what happens in proton-conducting channels

generated from microphase-separated block copolymers
architectures, this approach introduces a simple strategy to
create highly conducting membranes, as demonstrated by
proton conductivity values of ∼1 × 10-2 S/cm, in which the
physical architecture is not affected by environmental vari-
ables. The use of ATRP to grow the polymers provides a
simple and reliable synthetic framework in which a large
number of monomers are compatible with the technique,
without requiring very demanding reaction conditions. The
simple experimental protocols and the large variety of
monomers available constitute a toolbox of chemical tech-
niques to be harnessed by chemists, materials scientists, and
engineersdevotedtothestudyofprotonconductingmembranes.

Finally, considering the wide diversity of macroporous
silicon architectures that can be fabricated by photoelectro-
chemical etching, we believe that this approach will serve

FIGURE 9. Longitudinal cross-sectional SEM imaging of a hybrid
polyAMPS brush-silicon membrane. The image shows in detail the
filling of the pore as a result of the surface-initiated polymerization.
In the figure are also indicated the different constituents of the
hybrid membrane. Imaging conditions: landing voltage ) 0.7
KeV@WD ) 1 mm; in-lens detector.

FIGURE 10. Simplified cartoons illustrating: (a) the cross-sectional view of the hybrid membrane, (b) the orientation of the hydrophilic channels/
microrods passing through the membrane, and (c) the overall dimensions of the polyelectrolyte brush-based hydrophilic channels.

FIGURE 11. Variation of the proton conductivity with increase in
relative humidty. Measurements were performed at room temper-
ature. The error bars are smaller than the symbol size.
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to the study of model proton conducting systems and could
lead, in the not too distant future, to alternative methods for
large-scale production PEMs. We envision that much of this
success will depend on the synthesis of new monomer units
fully compatible with the harsh conditions of fuel-cell opera-
tion. As such, we are confident that this approach will turn
out to be a proper guidance for further rational molecular
design of hybrid proton conducting membranes.
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U.; Busch, K. Appl. Phys. Lett. 2001, 78, 1180–1182.

A
R
T
IC

LE

286 VOL. 2 • NO. 1 • 279–287 • 2010 Yameen et al. www.acsami.org
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