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Responsive membranes alter their properties when specific
stimuli are present in their environment. These stimuli could

include temperaturg,* pH>8 ions?10 ultrasound! and

electric potential? Responsive membranes have important
applications in many areas such as controlled drug deliv-

ery 13 jon selectiorf,” molecular separatiot;*® and
regulation of cell adhesiolR.Here, we report the modification

of alumina membranes with ultrathin polymer skins that

exhibit unusually large pH-responsive properties.

To date, many methods have been used in the preparation
of dense high-performance skins on mechanically strong

membranes, including self-assembled monol&yét$ and
polymer films prepared by surface-initiat&€d,y photo-
initiatec?1® and plasma route’$,by adsorption of polyelec-
trolyte multilayers’®?! as well as by dip coatirt§ and

solution casting?® Recently, we have reported a new surface-
catalyzed polymerization process to grow polymethylene

(PM)-rich copolymer films with randomly distributed ester
side chains (poly(methylenss-ethyl acetate); PM-CO2Et)
from two-dimensional (2D) gold surfac&sThis process
enables growth of copolymer films with controlled film

thickness in the range of a few to several hundred nanometers’
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Scheme 1. Preparation of pH-Responsive Copolymer Films
on Gold-Coated Alumina Membranes
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by controlling polymerization time and/or monomer con-
centrationg* The most important aspect of this PM-CO2Et
film is that the ester side chains can be hydrolyzed to
carboxylic acids (denoted as PM-CO2H) to exhibit pH
dependent propertié8 At a 1-4% molar acid content, the
copolymer film exhibits a change in its resistance to ion
transport by 5 orders of magnitude over2 pH units. In
this paper, we demonstrate that PM-CO2Et films can be
grown atop a Au-coated nanoporous alumina support (pore
diameter= 20 nm) and hydrolyzed to form a pH sensitive
[trathin membrane skin. Herein, we use these PM-CO2H
skins to examine the effect of solution pH on ion transfer.

Scheme 1 shows the strategy we have developed to prepare
pH-responsive membrane skins. First, we deposit a thin layer
of chromium (1.5 nm) followed by gold (20 nm) onto the
feed side of alumina membranes with 20 nm pore sizes. A
top-view scanning electron microscopy (SEM) image (Figure
1b) shows that the pores are still open after the gold
deposition, as further verified by electrochemical impedance
spectroscopy (EIS). Next, copolymer films are then grown
selectively from the gold surface by immersion of the entire
membrane in an ether solution at°C containing 2 mM
diazomethane (DM) and 160 mM ethyl diazoacetate (EDA)
for 24 h to yield a film with ester side chains (Scheme 1).
Figure 1c shows the PM-CO2Et coated membrane, and
Figure 1d demonstrates a cross-sectional SEM image of a
typical membrane construction. The bright clusters on the
membrane surface in Figure 1d are gold, which exists at the
outer periphery of the pores. From Figure 1d, the average
thickness of the polymer skin from 10 different sites on the
surface is~100 nm. The PM-CO2Et film only grows from
the gold surface as evidenced by the open interiors of the
pores. We have placed the bare alumina support into the same
solution containing both DM and EDA and found that no
polymerization occurred. Alumina is not an appropriate
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Figure 1. SEM images of the feed side of porous alumina (a) before Au 10°.
deposition, (b) after deposition of 20 nm Au, and (c) after copolymer growth; &
(d) shows a cross-sectional image of the membrane from (c). g 104:
: L)
(o] E
catalytic surface for promoting the polymerization of diazo ® a3 ¢
. e o 107
molecules whereas gdfdand atomically modified gofd = ] * ,
surfaces are very effective catalysts. o 102 ¢ . .
In the final step of Scheme 1, the ester side chains within é 15 L4
the film are hydrolyzed to carboxylate in a solution of 0.1 L e e e s e
4 5 6 7 8 9 10 11

M KOH in 2-propanol at 75°C for 3 h toprepare a pH-
responsive membrane skin. To investigate the ester and
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Figure 2. (a) Electrochemical impedance spectra in the

orm of Bode plots

carboxylate acid content within the copolymer film after as'a function of pH for membrane skins. The inset shows a schematic of

hydrolysis, we performed reflectaneabsorption infrared
spectroscopy (RAIRS) on a 2D flat silicon surface coated

the U-tube test cell with counter electrode (CE), reference electrode (RE),
and working electrode (WE). (b) Membrane resistance as a function of pH.

with the same amount of Cr and Au and exposed to the same 0.06

conditions of 2 mM DM and 160 mM EDA for 24 h in ether 0.05. b

solution at @C. The ester content within the copolymer film « 0.04] + .

is 1.6%, and upon hydrolysis, the conversighdf the ester z ]

to carboxylic acid is~25%. Thus, the final acid content gu 0.03, . d

within the film is ~0.4%. Higher conversion can be obtained o 0.02-

by increasing the KOH concentration and the hydrolysis time, 0.01- ¢

but these conditions may also damage the alumina mem- ol @ § R

brane. More information on the hydrolysis kinetics and IR 4 5 6 7pH3 9 10 11|

spectra of the hydrolyzed copolymers on 2D surfaces can Figure 3. Peak area ratio of the carboxylate stretching band at 1560 cm

be found in our recent articlé$2>

to the sum of the asymmetric (2919 c# and symmetric (2851 cm)

To investigate the response of the polymer skins to pH methylene stretching bands as a function of pH for a film with acid content

of 0

we obtained electrochemical impedance spectra (Figure 2a)
for the PM-CO2H-coated alumina membrane supported
between two halves of a U-tube filled with pH buffer solution
(see inset of Figure 2a). Solid curves in the plot represent
best fits of the data with an appropriate equivalent circuit
model to provide quantitative information on the effect of
pH on membrane properties. Figure 2b shows that the av-
erage membrane resistance decreases as pH is increased. T|
membrane resistance decreases freh®* Q-cn¥ at pH 4

to ~500Q-cn¥ at pH 6 and then gradually decreases-0
Q-cn? at pH 11, suggesting a small but measurable barrier
to ion transfer. This resistance at pH 11 corresponds to an
impedance that is only 28% higher than that for a gold-coated
membrane without the polymer skin. The film response to
pH is reversible as evidenced by obtaining similar membrane

4% grown from a 2D gold surface.

resistances (within 10%) upon first decreasing pH incre-
mentally from 11 to 4 and then increasing pH incrementally

from 4 back to 11.

The response of the film can be related to its composition,
as determined by RAIRS analysis of copolymer films on a
5) surface with 0.4% acid content at each pH increment
etween 4 and 11; Figure 3 shows the £@ CH, (both
asymmetric and symmetric) stretching peak ratio within the

films as a function of pH. Since the GhHtretching peak

area does not change, the ratios here reflect the relative
concentration of carboxylate within the film. From pH 4 to
6, a slight increase in CO content corresponds with a
dramatic 20-fold reduction in membrane resistance (Figure

2b). The initial deprotonation of groups in the film has a
profound effect on water and ion transport, likely leading to
some interconnected pathways for ion conduction. As pH is
increased from 6 to 11, the GOcontent increases in a nearly
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linear manner and membrane resistance drops by anotheprecise control over film thickne$4,and offers the ability
factor of 10, exhibiting a more gradual decay with pH. These to tune the concentration of the pH-sensitive groups within
results suggest that a percolation threstuilel achieved at  the film.2% In this particular application, we have prepared
lower pH and that further increases in pH enhance the densitypH-responsive PM-CO2H films atop a porous alumina sup-
of ion conducting pathways. Over the entire range of pH (4 port by a surface-catalyzed polymerization and subsequent
to 11), the resistance drops by a factor of 200 but is recoveredhydrolysis. Film resistances decrease by a factor of 200 be-
upon decreasing pH back to 4. The pH response of thetween pH 4 and pH 11, demonstrating the effect of pH and
membrane skins (factor of 200) is less than that for similar charge on film hydrophobicity. The surface-catalyzed growth
films grown from 2D gold surfaces (factor of 98 because  of the pH-responsive copolymer film on a porous membrane
of the lower resistance (1&s 10 Q cn¥) of the skins at support provides a new way to prepare composite mem-
low pH. We attribute this effect to grain boundaries within branes.
the skin (see Figure 1c) imparted by surface-initiated growth
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