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CONSPECTUS

anoporous membranes are important for the study of the

transport of small molecules and macromolecules through
confined spaces and in applications ranging from separation of
biomacromolecules and pharmaceuticals to sensing and con-
trolled release of drugs. For many of these applications, chemists
need to gate the ionic and molecular flux through the nanopores,
which in turn depends on the ability to control the nanopore
geometry and surface chemistry. Most commonly used nanopor-
ous membrane materials are based on polymers. However, the
nanostructure of polymeric membranes is not well-defined, and
their surface is hard to modify. Inorganic nanoporous materials
are attractive alternatives for polymers in the preparation of
nanoporous membranes.

In this Account, we describe the preparation and surface modification of inorganic nanoporous films and membranes self-
assembled from silica colloidal spheres. These spheres form colloidal crystals with close-packed face centered cubic lattices
upon vertical deposition from colloidal solutions. Silica colloidal crystals contain ordered arrays of interconnected three
dimensional voids, which function as nanopores. We can prepare silica colloidal crystals as supported thin films on various
flat solid surfaces or obtain free-standing silica colloidal membranes by sintering the colloidal crystals above 1000 °C.
Unmodified silica colloidal membranes are capable of size-selective separation of macromolecules, and we can surface-
modify them in a well-defined and controlled manner with small molecules and polymers. For the surface modification with
small molecules, we use silanol chemistry. We grow polymer brushes with narrow molecular weight distribution and
controlled length on the colloidal nanopore surface using atom transfer radical polymerization or ring-opening
polymerization.

We can control the flux in the resulting surface-modified nanoporous films and membranes by pH and ionic strength,
temperature, light, and small molecule binding. When we modify the surface of the colloidal nanopores with ionizable
moieties, they can generate an electric field inside the nanopores, which repels ions of the same charge and attracts ions of
the opposite charge. This allows us to electrostatically gate the ionic flux through colloidal nanopores, controlled by pH and
ionic strength of the solution when surface amines or sulfonic acids are present or by irradiation with light in the case
of surface spiropyran moieties. When we modify the surface of the colloidal nanopores with chiral moieties capable of
stereoselective binding of enantiomers, we generate colloidal films with chiral permselectivity. By filling the colloidal
nanopores with polymer brushes attached to the pore surface, we can control the ionic flux through the corresponding films
and membranes electrostatically using reversibly ionizable polymer brushes. By filling the colloidal nanopores with polymer
brushes whose conformation reversibly changes in response to pH, ionic strength, temperature, or small molecule binding,
we can control the molecular flux sterically.

There are various potential applications for surface-modified silica colloidal films and membranes. Due to their ordered
nanoporous structure and mechanical durability, they are beneficial in nanofluidics, nanofiltration, separations, and fuel cells and
as catalyst supports. Reversible gating of flux by external stimuli may be useful in drug release, in size-, charge-, and structure-
selective separations, and in microfluidic and sensing devices.
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Introduction

Nanoporous membranes have been used for studying the
transport of small molecules and macromolecules through
nanopores'Z and in various applications, including separation
of biomacromolecules® and pharmaceuticals,* sensing,® and
novel medical devices® 8 Many of these applications are
based on gating the nanopore flux by noncovalent interac-
tions of surface-immobilized moieties with the diffusing
species® or by using responsive polymer molecules that can
sterically block and unblock the pores.'"!

Inorganic nanoporous materials, both intrinsically por-
ous, such as zeolites,'? and prepared through nanofabrica-
tion (e.g., in silicon nitride'3), etching (porous silicon'* and
anodized alumina'®), templating (mesoporous silica'®), and
controlled growth (nanotubes'”), are attractive alternatives
for polymeric membranes.'® Despite the impressive ad-
vances in the field of inorganic nanoporous membrane
materials, several problems remain unsolved. Many of the
inorganic nanoporous membranes possess low pore den-
sity. Second, it is difficult to vary the pore size in a broad
range in these materials. In addition, many of these mem-
branes require specialized methods for their preparation. In
contrast, silica colloidal membranes, developed in our group
in the past several years, provide a simple and powerful
approach to self-assembled nanoporous membranes with
high ionic and molecular flux, nanopore size that can be
easily varied in the 5-50 nm range, and facile surface
chemistry that allows gating of ionic and molecular flux
using a variety of external stimuli.

Originally, silica colloidal crystals were developed as
templates for the preparation of photonic'® and magnetic
materials,?®° macroporous polymer membranes,?' and
sensors.?? Silica colloidal crystals consist of a close-packed
face-centered cubic (fcq) lattice of silica spheres of a sub-
micrometer diameter (Figure 1) with ordered arrays of
interconnected three-dimensional nanoscale voids, which
constitute the nanopores.? The synthesis of silica spheres is
simple,>* preparation of colloidal crystals by self-assembly
of the spheres is well developed,?® and void size in the
crystals can be readily varied by the sphere size. Because of
the three-dimensional geometry of the voids, we use their
projection (Figure 1A) as a simplified description of the pore
geometry. The distance between the center of this projec-
tion and the silica sphere surface, which we call the nano-
pore “radius’, is ca. 15% of the silica sphere radius.

The surface silanol groups in colloidal crystals can be
modified by nucleophilic silylation to introduce a variety of
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FIGURE 1. SEM images of silica colloidal films prepared on glass from
440 nm diameter silica spheres deposited (A) top view (scale bar 4 um)
and (B) side view (scale bar 2 um). The geometric projection of a pore
observed from the (111) plane is outlined in the inset in panel A.
Reproduced with permission from ref 31. Copyright 2005 American
Chemical Society.

functional groups.>® Alternatively, the silica surface can be
modified with 3-aminopropyltriethoxysilane, followed by
treatment with organic molecules carrying electrophilic
moieties, including 2-bromoisobutyryl bromide, which can
serve as atom transfer radical polymerization (ATRP)
initiator,?” providing the possibility of growing polymer
brushes on the silica surface.
An estimate of the molecular flux, J., in the fcc lattice can
be obtained using eq 1:*®
Jeoloia = (AC/L)(e/7)Dso (1)

where Dy, is the diffusivity of molecules in free solution,
the void fraction ¢ (0.26) and the tortuosity 7 (~3.0) are
intrinsic geometrical parameters independent of the size
of the silica spheres used to prepare the colloidal crystal,
ACis the concentration gradient, and L is the thickness of
the lattice. Based on eq 1, the flux of small molecules
diffusing through the (111) plane of a colloidal crystal is
only 11.5 times lower compared with its free solution
value. Importantly, this flux is independent of the inter-
stitial void size and thus remains significant even in the
nanoscale regime, where ionic and molecular flux gating
is possible.

The above properties of silica colloidal crystals attracted
our attention in terms of using them as highly ordered
nanoporous materials. Starting in 2005, we developed a
new type of hybrid material, surface-modified colloidal
crystals, with gated ionicand molecular flux. These materials
are described below.

Colloidal Films Modified with lonizable
Groups

Initially, we focused on supported silica colloidal films. Such
films can be assembled on a hydrophilic solid support (glass,
oxidized silicon, etc) using the vertical deposition technique.?®
Because films are placed on a solid support, we used cyclic
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voltammetry to study the transport through the colloidal
nanopores. Thus, silica colloidal films were deposited onto
platinum microelectrodes shrouded in glass (called below opal
electrodes). We used opal electrodes in voltammetric experi-
ments to demonstrate the nanopore gating by measuring the
flux of redox-active species through the nanopores as a func-
tion of nanopore surface properties and external conditions.>°

Aminated and Sulfonated Colloidal Films®' 33, To pre-
pare silica colloidal nanopores with pH- and ionic strength-
dependent gating based on electrostatic interactions with
charged permeants, we modified the colloidal nanopore
surfaces with amino3'3? and sulfonic®® groups. We found
that the limiting current, iym, of Ru(NHs)e>", was greatly
reduced for amine-modified opal electrodes at low pH
(Figure 2A) compared with unmodified electrodes. At the
same time, i, for Fe(CN)¢*~ and Fc(CH,OH), remained

Fe(CN)s*

A RuNH)» B

" 0.015
e .S
%4.015 i 0,005
0.03 - 0.005
0.8 0.28 ]
c E vs. Ag/AgCL, V D
Fc(CH;0H), 6
‘.' . »
0,008
. g4 "
[ i
2 0002 I .
- '} FLL T “ a -
0.002 [] . e ——
0 0.2 04 3 4 5 & 7T 8 9
E vs. AgiagCl, V pH

FIGURE 2. Voltammetric responses of a Pt electrode: (A) bare (bottom),
after opal assembly (middle), and after chemical modification of the thin
colloidal membrane with 3-aminopropyltriethoxysilane (top) at pH 4. (B,
Q) Bare (top), after opal assembly, and after surface modification of the
thin colloidal film with 3-aminopropyltriethoxysilane (middle) at pH 4.
(D) Voltammetric responses of as a function of pH for unmodified
(triangles) and modified (circles) opal electrode. Reproduced with per-
mission from ref 32. Copyright 2006 American Chemical Society.

approximately the same before and after the surface
amination (Figure 2B). Sulfonation of the colloidal films
led to reduced iy, for IrClg>~ (Figure 3A), increased iy, for
Ru(NHs)e>" (Figure 3B), and unchanged iy, for Fc(CH,OH),
(Figure 3C). These observations are consistent with electro-
static gating of the cationic species by the positively charged
nanopores carrying protonated amines on their surface,
electrostatic gating of anionic species by the negatively
charged nanopores carrying sulfonic groups, and electro-
static attraction of cationic Ru(NH3)s> " to the negatively
charged sulfonated surface. Our investigations of the effect
of pH on the ionic flux through aminated (Figure 2D) and
sulfonated (Figure 4) silica colloidal films further confirmed
these condlusions. Finally, we found that the flux of Ru(NHs)¢>"
through the sulfonated silica colloidal films decreased
with increasing ionic strength (Figure 5A), while increasing
ionic strength led to increased flux of IrClg>~ (Figure 5B), as
expected.®

The above experiments were conducted at 0.05 M elec-
trolyte concentration, where the Debye screening length
(< ")is ca. 1.5 nmand the electric field extends ~7.5 nm from
the surface (5 « "), while the nanopore ‘radius” was ca. 17 nm.
In other words, the electric field blocked only a part of
the pore, yet significant electrostatic pore gating was ob-
served. We speculated that this is the result of () the
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FIGURE 4. Relative limiting current of the sulfonated colloidal mem-
brane electrodes as a function of pH for Ru(NHs)s>* (A) and for IrCl>~ (B).
Reproduced with permission from ref 33. Copyright 2008 American
Chemical Society.
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FIGURE 3. Representative voltammetric responses of bare electrodes (top in A and C, bottom in B) and colloidal film electrodes before and after silica
surface sulfonation for (A) IrClg>~ (middle, unmodified film; bottom, sulfonated film), (B) Ru(NHz)e>" (top, unmodified film; middle, sulfonated film), and
(Q) Fc(CH,0OH), (middle, unmodified and sulfonated films) at pH 7 with 0.1 M aqueous KCI. The decrease (A) and increase (B) in the limiting current is
shown with arrows. Reproduced with permission from ref 33. Copyright 2008 American Chemical Society.
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FIGURE 5. Relative limiting current of the sulfonated colloidal mem-
brane electrodes as a function of KCl concentration for Ru(NHs)s>* (A)
and for IrClg>~ (B). Reproduced with permission from ref 33. Copyright
2008 American Chemical Society.

tortuosity of the diffusion pathway through the colloidal
crystal and (ji) the high surface area of the colloidal crystal.

More recently, we modified the surface of silica colloidal
nanopores with spiropyran moieties, which become
positively charged upon irradiation with UV light and de-
monstrated light-responsive ionic gating in the correspond-
ing colloidal films.>*

Colloidal Films Modified with Chiral Selector
Moieties

Once we established that modifying the colloidal nanopores
with small ionizable molecules allows gating the ionic flux
via noncovalent electrostatic interactions, we became inter-
ested in using noncovalent interactions with neutral mole-
cules for controlling their flux. One type of such interaction is
stereoselective binding of chiral molecules to surface-
immobilized chiral selector moieties (CSMs) through hydrogen
bonding and n—zx stacking. Thus, we modified the surface of
thin colloidal films with a chiral selector moiety 1 (Chart 1)*°
and studied the flux of three chiral ferrocene derivatives (2—4,
Chart 1) through the resulting chiral colloidal films assembled
on Pt microelectrodes shrouded in glass.

We observed the chiral permselectivity by measuring the
voltammetric response of 2 for the opal electrodes modified
with 1R (Figure 6A, Table 1). This selectivity was comparable
to that reported for chiral antibody-modified nanotube
membranes>® and higher than the selectivity reported for
chiral polyelectrolyte membranes.?” Colloidal films modi-
fied with 1S showed a reversed selectivity (Figure 6B,
Table 1). We investigated the transport of two more chiral
molecules (3 and 4, Chart 1) through the chiral colloidal films
and found similar chiral permselectivity that was reversed
with the reversal of the surface chirality (Table 1). These
results are consistent with a surface facilitated transport
mechanism>® where chiral selectors serve as fixed-site car-
riers that allow enantiomers to hop from one selector to the
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FIGURE 6. (A) Overlay of voltammetric responses of a colloidal film
electrode modified with 1R for 28 and 2R. (B) Overlay of voltammetric
responses of a colloidal film electrode modified with 18 for 28 and 2R.
Adopted with permission from ref 35. Copyright 2006 American Che-
mical Society.

TABLE 1. Selectivities of the Chiral Colloidal Film Electrode for 2—4

iim(S)itim(R)
probe 1R colloidal film 1S colloidal film
2 2.16+0.34 0.58 £0.01
3 1.33+0.20 0.82+0.11
4 2.01 £ 0.69 0.84 £ 0.04

next and thus cross the film. Enantiomers interact with the
chiral selector moieties to a different extent, which leads to
the permselectivity.

We varied the length and structure of the linker attaching
the chiral selector moiety 1 to the silica surface and explored the
influence of the chiral selector structure (Chart 2) on the perms-
electivity while maintaining the length of the linker constant
(Chart 2).3° The chiral selectivity of 4.5 found for the chiral
selector 7 is one of the highest reported for chiral membranes.

Responsive Polymer-Filled Colloidal Films

After demonstrating that permselectivity in silica colloidal
films can be achieved by surface modification with small
organic ionizable and supramolecular groups based on
noncovalent interactions, our attention turned to sterically
gating the molecular flux through the colloidal nanopores
using responsive polymers.
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FIGURE 7. Limiting current (Ru(NHs)s>") as a function of increasing
temperature for PNIPAM—opal film Pt electrodes after polymerization
for (A) 15 min and (B) 90 min. Reproduced with permission from ref 40.
Copyright 2007 American Chemical Society.

PNIPAM-Filled Colloidal Films®°. First, we prepared
polymer brushes of poly(N-isopropylacrylamide), PNIPAM,
a well-known temperature responsive polymer,*' inside the
colloidal nanopores using surface-initiated ATRP*?* and
measured the temperature response for the membranes
modified at different polymerization times. As can be seen
in Figure 7, we observed two types of gating. In the case of
nanoporous films whose pores were filled with a thin poly-
mer brush, the limiting current increased with temperature
(Figure 7A). For colloidal films filled with a thick polymer
brush, the limiting current decreased with increasing tem-
perature (Figure 7B). These results suggest that two different
of PNIPAM morphologies may form inside the nanopores.
At short polymerization time, PNIPAM forms a dense brush
(Figure 8A), and the probe molecules diffuse through the
polymer-free volume of the nanopores. At higher tempera-
ture, the polymer chains collapse, providing a larger free
volume for the diffusion (Figure 8A) and increased molecular
flux. At longer polymerization time, polymer chains meet
and interpenetrate in the middle of the nanopores, leading
to a highly porous and permeable hydrogel structure
(Figure 8B). At higher temperature, the hydrogel does not
shrink to open the nanopores but becomes dehydrated and
impermeable (Figure 8B).

Polyalanine-Filled Colloidal Films*3. We prepared an-
other type of colloidal nanopores gated by a temperature-
responsive polymer, those modified with polyalanine.** We
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FIGURE 8. Schematic representation of the processes that occur upon
heating and cooling of a (A) PNIPAM brush (15 min polymerization) and
(B) PNIPAM gel (90 min polymerization) inside a colloidal nanopore.
Reproduced with permission from ref 40. Copyright 2007 American
Chemical Society.

investigated the temperature response for poly(L-alanine)-
filled colloidal films (Scheme 1) using cyclic voltammetry and
a neutral probe molecule, Fc(CH,OH),. The limiting current
for the opal electrodes modified with a poly(-alanine)
brush reversibly increased with increasing temperature
(Figure 9). For the colloidal films modified with a thinner
polymer brush, the transition temperature was ca. 65 °C
(Figure 9A,B), while for the films modified with a thicker
polymer brush, the transition temperature was higher, ca.
75 °C (Figure 9C,D).

PDMAEMA-Filled Colloidal Films*>. Next, we filled the
colloidal nanopores with polymer brushes of 2-
(dimethylamino)ethyl methacrylate (DMAEMA),*> whose
environmental response is controlled by electrostatic and
hydrophobic interactions. We observed a ~80% increase in
the flux of Ru(NHs)s>" through PDMAEMA-filled colloidal
films with increasing pH (Figure 10). The flux increased
abruptly at pH ~ 45 (Figure 11), above which the amines
in the polymer are deprotonated and thus do not repel
the diffusing positively charged Ru(NHz)>". At this pH, the
polymer also exists in a collapsed conformation and the
diffusion of Ru(NHs)e>" is not hindered sterically. On the other
hand, at low pH, the polymer chains become protonated and
thus stretch. This blocks the diffusion of Ru(NHs)s>" both
electrostatically and sterically. For compatison, we measured
the flux of a neutral redox-active molecule, Fq(CH>OH),,
through PDMAEMA-filled colloidal films. Fc(CH,OH), limiting
current decreased only by ~30% (Figure 10B) at lower pH,
which should correspond exclusively the steric hindrance by
the PDMAEMA chains.

We found that the diffusion across the protonated
PDMAEMA-filled colloidal films was affected by the solution
ionic strength. The flux of both Ru(NHs)s>" and Fc(CH,OH),
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FIGURE9. (A, C) Representative voltammetric responses and (B, D) plots
of Fc(CH,OH), limiting current as a function of temperature for poly(t-
alanine)—colloidal membrane Pt electrodes after polymerization for 1
and 3 h, respectively. Reproduced with permission from ref 43. Copy-
right 2009 Royal Society of Chemistry.
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FIGURE 10. Representative voltammetric responses for PDMAE-
MA—colloidal film Pt electrodes (20 h polymerization) at different pH for
Ru(NH3z)e>" (A) and for F(CH,OH), (B). Voltammograms recorded above
pH 5 are at the bottom in panel A and at the top in panel B. Voltam-
mograms recorded below pH 4 are at the top in panel A and at the
bottom in panel B. Reproduced with permission from ref 45. Copyright
2008 American Chemical Society.

increased at higher KCI concentration, which screened the
charge on the polymer chains and thus facilitated the diffu-
sion of Ru(NHs)g>". The diffusion of Fc(CH,OH), was not
affected by ionic strength, suggesting that the conformation

fims NA
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FIGURE 11. Limiting current (Ru(NHs)s>") as a function of increasing pH
for PDMAEMA —colloidal membrane Pt electrodes for 5 h (A) and for 20 h
(B) polymerizations. Reproduced with permission from ref 45. Copyright
2008 American Chemical Society.

of the PDMAEMA chains was not significantly affected by the
charge screening under these conditions.

We also converted PDMAEMA into a polyelectrolyte
brush with fixed charges by treating the polymer with
ethyl bromide. The limiting current of both Ru(NH3)s> " and
Fc(CH,OH), for the opal electrodes decreased significantly
after the quaternization (Figure 12) and was not pH-dependent.
Addition of 0.5 M KCl did not screen the positive charge of the
quaternized polymer brush (Figure 12A), but small conforma-
tional changes in the polymer chains were evident from the
limiting current change (Figure 12B).

Aptamer-Modified Colloidal Films*®, To complete our
studies of colloidal nanoporous films modified with responsive
polymers, we explored a system where the polymer conforma-
tion responds to a small molecule binding. We used a respon-
sive DNA aptamer“® that exhibits selective and specific binding
toward cocaine.*” The secondary structure for this 32-base
aptamer possesses a three-way junction, in the middle of which
there is a cavity that binds the target molecule (Figure 13). In the
absence of a target, the aptamer is thought to remain partially
unfolded, with only one of the three junctions folded.

The aptamer described above was attached to the surface
of silica colloidal film via maleimide-activated chemistry.
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FIGURE 12. Representative voltammetric responses of PDMAE-
MA—colloidal film Pt electrodes for (A) Ru(NHs)s>+ before quaternization
(bottom), after quaternization (top), and after quaternization in the
presence of 0.5 M KCI (top) and (B) Fc(CH,OH), before quaternization
(top), after quaternization (bottom), and after quaternization in the
presence of 0.5 M KCl (middle). Reproduced with permission from ref 45.
Copyright 2008 American Chemical Society.
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FIGURE 13. (left) Cocaine-sensing aptamer binding to cocaine and
(right) representative Fc(CH,OH), voltammetric response for an
aptamer-modified opal electrode in the absence (bottom) and in the
presence of cocaine (top). Reproduced with permission from ref 46.
Copyright 2011 Institute of Organic Chemistry and Biochemistry AS CR.

The flux of a redox-active probe molecule (ferrocene
dimethanol) through the resulting nanoporous films was
measured as a function of cocaine concentration using cyclic
voltammetry. The limiting current for the aptamer-modified
opal electrodes increased after the addition of cocaine to the
solution (Figure 13). The observed reversible 9.0% =+ 3.5%
change corresponds to 0.6 nm increase in effective nano-
pore radius. This behavior was attributed to the conforma-
tional change as described above.

We found that the change in limiting current resulting
from cocaine binding was affected by the size of the nano-
pore. For 7.8 nm ‘radius” nanopores, the limiting current
increase was ca. 2.6 times higher compared with 22.5 nm
nanopores. This observation was rationalized by assuming
that the aptamer size change remains constant regardless of
the nanopore size, thus having a greater effect for the
smaller nanopores.

Free-Standing Silica Colloidal Membranes

Despite the fact that the silica colloidal films described above
provide valuable fundamental information about the ionic

446 = ACCOUNTS OF CHEMICAL RESEARCH = 440-449 = 2014 = Vol. 47, No. 2

FIGURE 14. SEM images of sintered colloidal crystals comprised of 180 nm
silica spheres: (A) SEM image showing no major cracks over a large area
(size bar = 50 um); (B) Magnified image displaying the close-packed fcc
lattice (size bar = 2.5 um). Reproduced with permission from ref 50.
Copyright 2009 American Chemical Society.

FIGURE 15. Photographs of sintered silica colloidal membranes: (A) as-
sintered; (B) without PTFE washers showing the sintered colloidal
membrane in the epoxy; (C) with PTFE washers. Reproduced with
permission from ref 50. Copyright 2009 American Chemical Society.

and molecular transport through surface-modified inorganic
nanopores, the practical applications of the films are limited.
In order to prepare responsive colloidal membranes, free-
standing structures were required. Our initial attempts to
prepare free-standing membranes by suspending silica col-
loidal crystals in silicon*® and glass*® supports provided
limited success. More recently, we discovered that mechani-
cally durable and large area free-standing silica colloidal
membranes®® (Figures 14 and 15) can be prepared by
physically bonding the colloidal spheres at 1050 °C. We
confirmed that such membranes are crack-free and have no
major defects by measuring their diffusional flux of Fe(bpy)s*"
in acetonitrile. Furthermore, we found that free-standing silica
colloidal membranes show size selectivity for the diffusion of
macromolecules.”

Aminated Colloidal Membranes. In order to compare
the electrostatic gating in free-standing colloidal mem-
branes to that in thin colloidal films, we aminated the surface
of the nanopores in free-standing membranes. This process
required an additional rehydroxylation step because most
of the surface hydroxyl groups are lost during the high
temperature sintering used to prepare the free-standing
membranes. Moreover, to introduce a relatively high num-
ber of amines onto the free-standing membrane surface, two
treatments with 3-aminopropyltriethoxysilane were required.
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FIGURE 16. Diffusion rates of Fe(bpy)s*" through PDMAEMA-modified
colloidal membranes with (black) and without (gray) 50 mM trifluoroa-
ceticacid after (A) 16 h and (B) 22 h of polymerization. Reproduced with
permission from ref 52. Copyright 2010 Wiley, Inc.

FIGURE 17. SEM images of (A) self-assembled and (B) sintered SiO,@Au
colloidal membranes. Scale bar is 2 um in (A) and 5 um in (B). Repro-
duced with permission from ref 53. Copyright 2013 American Chemical
Society.

Even in this case, the amine coverage was 0.8 groups per nm?,
compared with 1.3 groups per nm? found for thin colloidal
films. The twice-aminated free-standing membranes showed
amodest electrostatic gating, with 22% decrease in the flux of
Fe(bpy)s*>" under the acidic conditions. We explained this
observation by the relatively small number of amine groups
that could be placed on the surface of free-standing colloidal
membranes.

PDMAEMA-Filled Colloidal Membranes>. In order to
prepare free-standing colloidal membranes with pores filled
with a responsive polymer, we formed PDMAEMA brushes
on the surface of the colloidal nanopores. The silica surface
was aminated, followed by the reaction with 2-bromoiso-
butyryl bromide and the by the ATRP of DMAEMA. The M,, of
PDMAEMA after 16 h of polymerization was estimated as
20 kDa, after 22 h as 23 KDa, and after 44 h as 31 kDa. We
demonstrated the reversible pH-responsive gating by the
resulting membranes using diffusion measurements. We
found that the flux of Fe(bpy)g,2+ through the membranes
modified with the polymer for 16 h decreased by 42% (2.4
times) when trifluoroacetic acid was added to solution
(Figure 16A). Longer polymerization time (22 h) provided
membranes with complete (95%) gating of Fe(bpy)s*"
flux (Figure 16B). We demonstrated that gating in these
membranes can be tuned by polymer length, membrane
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FIGURE 18. Representative plots of the molecular flux of ferrocene
carboxaldehyde through the SiO,@Au membranes modified with
PMAA via ATRP for 45 min (with TFA, top; without TFA, bottom).
Reproduced with permission from ref 53. Copyright 2013 American
Chemical Society.

thickness, and pore diameter and a complete acid-controlled
gating can be achieved.

Free-Standing SiO,@Au Colloidal
Membranes

We prepared another type of gated colloidal membranes
with different surface chemistry. Instead of using the silica
spheres to assemble the membranes, we utilized gold-
coated spheres.>® Remarkably, the gold did not interfere
with the self-assembly, and good quality colloidal crystals
were formed (Figure 17A).°3 We were able to sinter these
colloidal crystals to obtain free-standing membranes
(Figure 17B), suitable for further surface modifications using
thiol chemistry. We prepared electrostatically gated
SiO-@Au colloidal membranes by modifying the gold sur-
face with L-cysteine, which allowed us to control the flux of a
cationic dye by addition of acid. Furthermore, we prepared
pore-filled SiO.@Au colloidal membranes by surface-
initiated polymerization of methacrylic acid (PMAA). We
demonstrated over an order of magnitude increase of
neutral dye flux through the PMAA-filled membranes upon
addition of an acid, which results from the protonated
polymer conformational change and increase in the free
pore volume (Figure 18).

Summary and Outlook

In this Account, we described the preparation, surface mod-
ification, and transport properties of silica colloidal nanopor-
ous films and membranes. They consist of colloidal spheres
in close-packed fcc lattice with ordered arrays of intercon-
nected nanopores. The films are formed by vertical deposi-
tion from colloidal solution onto various solid supports. They
can also be suspended in a glass or silicon support. Free-
standing colloidal membranes can be prepared by sintering
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the self-assembled colloidal crystals above 1000 °C. The
quality of the fcc packing in the membranes depends on the
thickness of the crystal, with thinner films showing much better
ordering. However, we showed that crystalline defects do not
significantly affect the ionic and molecular flux through the
membranes. Most importantly, in all cases the films and
membranes can be prepared without mechanical defects.

We achieved surface modification of silica colloidal films
and membranes using silanol chemistry and formed poly-
mer brushes on the nanopore surface using atom transfer
radical polymerization and ring-opening polymerization.
The flux in the resulting nanoporous films and membranes
has been be controlled by pH and ionic strength, tempera-
ture, light, and small molecule binding. We also showed that
silica colloidal membranes possess size-selective diffusion of
macromolecules.

Silica colloidal films and membranes described in this
Account expand the growing family of responsive inorganic
nanoporous materials.>* There are various potential appli-
cations for silica colloidal membranes. Due to their ordered
nanoporous structure and mechanical durability, they can
be applied in nanofluidics, nanofiltration, separations,>>°
sensing,®'%2 and fuel cells®*®* and as catalyst supports.
Reversible gating of flux in these membranes via external
stimuli may be useful in drug-release devices, in size-,
charge-, and structure-selective separations, and in micro-
fluidic and sensing devices.

We thank all the group members and collaborators who have
contributed to this research, as cited. We also acknowledge
funding from NSF, ACS PRF, and CRDF.
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