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The surface of nanopores in opal films, assembled from 205 nm silica spheres, was modified with poly(acrylamide)
brushes using surface-initiated atom transfer radical polymerization. The colloidal crystal lattice remained unperturbed
by the polymerization. The polymer brush thickness was controlled by polymerization time and was monitored by
measuring the flux of redox species across the opal film using cyclic voltammetry. The nanopore size and polymer
brush thickness were calculated on the basis of the limiting current change. Polymer brush thickness increased over
the course of 26 h of polymerization in a logarithmic manner from 1.3 to 8.5 nm, leading to nanopores as small as
7.5 nm.

Introduction

Nanoporous membranes are attracting attention in fundamental
research and technolofy because they enable control of
molecule and ion transport on the nanoscale. To achieve such
control, pores with suitable sizes have to be prepared, and their
surfaces have to be chemically modified. Nanoporous membranes

have been prepared using alumfrfmoly(ethylene terephthalate)
and polyimide?” and track-etched polycarbonate that can be
further modified by wall-activated glow dischafger gold
plating? polymers!? zeolites!! silica 213 and nanotube¥: 16
Solid-state nanopores have been created in silicon bxatel
silicon nitride'®1°and used to study DNA translocatiéh.
Synthetic opals form via self-assembly of submicrometer-

sized silica spheres into a close-packed face-centered cubic (fcc)'S

lattice?! The opals contain highly ordered arrays of 3D

N

Figure 1. Schematic representation of an opal nanopore (traced
with a black line). Distances from the pore center to the nearest
phere surface are shown with double-headed arrows.

interconnected nanopores (Figure 1) whose size can be controlledilic@ Sphere surface is ca. 15% of the sphere radius) and whose
by changing the size of the silica spheres used to assemble théUrface can be readily modifidThe opal void fraction of 0.26
opal (the distance from the center of the nanopore to the nearestS independent of the size of the silica spheres, and the molecular
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flux normal to the (111) plane of an opal remains significant
evenwhen the opal pore size becomes sulfficiently small toimpart
chemical selectivity3

Transport selectivity can be introduced into nanopores by
modifying their surfaces with small organic molecules. For
instance, the use of self-assembled monolayers on the surface
of Au-plated nanotubésled to permselective nanoporous
membraned?-3! Charged silica surfaces have been shown to
control the transport of ions through silica nanotutfd®ecently,
we showed that chemical selectivity can be introduced into
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nanoporous opal films by surface modification with am#iés 100 r

and chiral selector moleculés.

Another approach to controlled transport through pores is to
modify their surfaces with polymers. It has been demonstrated
that transport selectivity could be built into micrometer- and
submicrometer-sized pores using grafted macromolecules that
respond to environmental stimdf,including pH-responsive
polypeptides 38 light-responsive spirobenzopyran-containing
copolymers®® and ion-responsive polymet$Au-plated nano-
tubes have been modified with biopolymers to provide chiral
selectivity to the transport through such nanotubles. Figure 2. IR spectra of the unmodified silica spheres (blue) and

By placing polymer molecules inside opal nanopores, both silica spheres after polymer brush formation (red).
their size and transport selectivity could be controlled. The success
of such an approach depends on the ability to modify opal of polyelectrolyte$3We demonstrate that polymerization does
nanopore surfaces with macromolecules in a uniform and not perturb the colloidal crystal and that opal nanopore sizes can
reproducible fashion without perturbing the colloidal crystal be controlled by varying the polymerization time. Because the

20
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lattice. A natural choice for such a modification is a surface-
initiated radical living polymerization that has been widely used
to create uniform polymer brushes on flat surfate$? By
utilizing living radical polymerizations, control over polymer
molecular weight and brush thickness as well as relatively low
polydispersity can be achieved. In particular, surface-initiated
atom transfer radical polymerization (ATRPhas been dem-
onstrated to be a robust method for the preparation of well-
defined polymer brushée.In recent studies, the rapid growth
of polymer brushes using a highly active ATRP catalyst has
been describet.

Surface-initiated polymerization from silica nanoparticles has
been well studied®*°Recently, dense, homogeneous poly(methyl

methacrylate) brushes were prepared on the surface of a glas

filter with a wide distribution of pore sizes in the micrometer
range by surface-initiated radical living polymerizatf8iklniform

interior of a 3D opal nanopore is difficult to image directly, we
use cyclic voltammetry, which provides a simple way of
characterizing the geometry of nanopores in films deposited on
an electrode surface (Figure By

Experimental Section

Materials and ReagentsCopper(l) chloride (anhydrous, 99.99%),
bipyridine (99%), acrylamide (electrophoresis grade, 99.9%), and
tetraethyl orthosilicate (99.99%) were obtained from Aldrich and
used as received. 1-(Trichlorosilyl)-23fp-(chloromethyl) phenyl]
ethane was obtained from Gelest as a mixture of isomers.
Hexaamineruthenium(lll) chloride (99%, Strem Chemicals) and
potassium chloride (99%, Mallinckrodt) were used as received.
Toluene (Mallinckrodt) was distilled before use. Water (18M

%m) was obtained from a Barnsted E-pure water purification system.

Preparation and Modification of Silica Spheres in Solution.
A solution of tetraethoxysilane (TEOS) in absolute ethanol was

poly(acrylamide) brushes were prepared by surface-initiated rapidly poured into a stirred mixture of ammonia and water in absolute

ATRP on silica®152

In the present work, we describe the polymerization of
acrylamide inside highly ordered nanopores in opal films

assembled from 205 nm silica spheres and diffusion through the

resulting polymer-modified nanopores. This is the first time that
surface-initiated ATRP has been performed in a colloidal crystal

ethanol atroom temperature. The final concentrations of the reagents
were 0.2 M TEOS, 0.4 M ammonia, and 17 M water. After the
reaction mixture was stirred for 18 h, the spheres were isolated by
repeated centrifugation and resuspension in absolute ethanol. The
diameter of the spheres was found to be 205nm using scanning
electron microscopy (SEM).

The functionalization of silica spheres suspended in toluene was

and polymer brushes have been prepared inside its nanopores,chieved by treatment with a 1.5-fold excess of 1-(trichlorosilyl)-

Recently, photonic crystal films have beeoatedwith layers
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2-[mV/p-(chloromethyl)phenyl]-ethane for 18 h at 0. The particles
were isolated via centrifugation and washed by four cycles of
centrifugation and resuspension in toluene, MeOH QK and
acetone in order to remove any adsorbed initiator. To determine the
surface coverage of the initiator-modified silica spheres, known
concentration solutions of 1-(trichlorosilyl)-2q[p-(chloromethyl)
phenyl]-ethane were prepared, and the extinction coefficient was
determined to be = 2807 Mt at 242 nm. Next, UV spectra were
obtained for colloidal solutions of silica spheres modified with initiator
moieties (0.054 g in 10 mL of CHgfor the initial measurement
and subsequent dilution). The surface coverage was calculated on
the basis of the absorbance at 242 nm and using a density of 2.07
g/cn for the silica spheres.

Initiator-modified silica spheres (799 mg) were placed into a three-
necked flask containing CuCl (15 mg), bipyridine (70 mg), and
acrylamide (1.67 g). DMF (12 mL) was purged with nitrogen for
1 h and added to the mixture, and the flask was degassed (four
freeze/vacuum/pcycles). The mixture was stirred and sonicated to
obtain a uniform suspension. The mixture was then stirred &£90
Periodically, samples were taken using a syringe. PAAm-silica
nanoparticles were precipitated in methanol, washed with large
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Table 1. TGA Data? for Polymer-Modified Silica Spheres at Table 2. Silica Sphere Diameter d) and Polymer Brush
Different Polymerization Times Thickness (Ar) as Functions of Polymerization Time
polymerization time, h DLS SEM
initiator polymerization
bare mod. 2 6 18 43 time, h d, nm Ar, nm d, nm Ar, nm
6 7 13 15 17 20 0 238+ 13 0 205+ 5 0
. 2 248+ 8 5.0 219+ 11 7.0
a Percent weight loss at 80C. 6 257+ 4 95 2304 15 12.5
18 261+ 10 11.5 233+ 13 14.0
27 263+ 13 12.5 234+ 14 14.5
43 264+ 15 13.0 236+ 16 15.5

opal electrodes was measured in a 5.1 mM aqueous solution of
Ru(NHs)e®™ and 0.2 M KCl as the supporting electrolyte. Aqueous
solutions were prepared using 1&Ncm water and purged with
nitrogen to remove dissolved oxygen. Thermogravimetric analysis

; ; ; ; of polymer-coated silica particles was conducted using TGA Q500
E;gg{ggél(p‘) Side and (B) front view photographs of the opal film (TA Instruments). Dynamic light scattering (Brookhaven ZetaPALS)
and scanning electron microscopy (Hitachi S3000-N) were employed
to perform size characterization of polymer-modified silica spheres.
UV spectra were recorded using an Ocean Optics USB2000
instrument.

amounts of MeOH, distilled water, and acetone, and dried. Infrared
spectroscopy (Figure 2) and thermogravimetric analysis (Table 1)
were used to characterize polymer-coated silica particles.

Pt Microdisk Electrodes. Pt microdisk electrodes (2bm in . .
diameter) shrouded in glass were prepared by first attaching a 1.0- Results and Discussion
mm-diameter Cu wire (Alfa Aesar) to a 26n-diameter Pt wire Surface Modification of Silica Spheres in Solution.An

using Ag paint (Du Pont). The Pt wire was then flame sealed in a jjnortant advantage of using self-assembled opal films as
glass capillary; the capillary was bentara U shape, and the middle nanoporous membranes is the ability to study the surface

was cut orthogonal to the length of the capillary with a diamond saw A - . . . -

to expose the Ptdisk. The resulting electrodes (Figure 3) were poIishedmOdmca?Ion ofthe _S|I|_ca spheresina colloidal SOIUt'Or.]’.W'th the

with Microcut Paper disks (Buehler), from 240 to 1200 grit in assumption that s_lmllar processes take place on silica sphere

succession, until the surface was free from visible defects. surfaces after their assembly into the opal. Thus, to model the

Preparation of Initiator-Modified Opal Films. Opalfimswere ~ polymerization that would take place inside the opal nanopores,

deposited onthe electrode surfaces by placing the electrodes verticallyve modified 205-nm-diameter silica spheres with initiator

in a 1.5 wt % colloidal solution of 205 nm silica spheres in ethanol molecules in solution (Scheme 1). The number of initiator

and letting the solvent evaporate for 2 to 3 days in a vibration-free moieties, determined by UV spectroscopy, was ca. 4 molecules/

environment. The 1.5 wt % silica spheres solution produced 35- hn@, which corresponds to near-monolayer covebagé the

layer films with a thickness of ca.4m as was determined by SEM. g ;rface with initiator moieties. The resulting modified silica

b tng ;‘rjégags 8\229 n?clnlc(i:; sghgreism aéé?g;r?le?hlgtglzgggg?: mégfspheres were treated with acrylamide in the presence of copper(l)
Y 9 chloride and bipyridine to form the polymeric brush (Scheme 1).

nitrogen in dry toluene containing 0.06 M 1-(trichlorosilyl)-2v[ . .
p-(chloromethyl) phenyl]-ethane. The reaction proceeded &€70 The formation of the polymer was confirmed by IR spectroscopy

for 18 h. After modification, the electrodes were soaked and rinsed (Figure 2). The IR spectrum of the silica spheres after polym-
with dry toluene. erization shows signals at 1700 and 3200, characteristic of amide
Surface-Initiated ATRP of Acrylamide on Opal Films. CuCl groups, and at 2900 crh, corresponding to alkyl €H groups.
(45mg), Bipy (0.21 g), acrylamide (5 g), and 10 mL of DMF (purged Thermogravimetric analysis (TGA) at 890G (Table 1) revealed
with nitrogen for 1 h) were placed in a three-necked round-bottomed that with increasing polymerization time a thicker polymer brush
flask, and the flask was degassed (four freeze/vacuumybles). is formed, as expected.
The electrode with an initiator-modified opal film was hung down 14 monjtor the thickness of the polymer brush on silica spheres
vertically into the flask. The reaction mixture was stirred af@0

The polymerization time was varied from 15 min to 43 h. After the ";] solurt]|on ?js. a function .Of p(;)lymeﬂz?tl(h)n time, we mgilguredd
reaction, the electrode was rinsed with DMF, acetonitrile, and water. the sphere diameters using dynamic light scattering ( ) an

Characterization. The molecular flux across the opal film was scanning electron microsqopy (SEM). The results .of these
measured voltammetrically using a Par model 175 universal measurements are shown in Table 2. The absolute diameter of

programmer and a Dagan Cornerstone Chem-Clamp potentiostatthe spheres determined by DLS is ca. 30 nm larger than that
The voltammetric response of the bare, opal-, and polymer-modified determined by SEM, which is likely the result of the polymer

Scheme 1
cl
| e OsNH;
=
f{“u = f/\[_j:l\
R RN )
\ \
S -Si NH, -Si
OH I/ g o] =\ Y o7 =
o cl 00\5' _/—Q Cl o} 00\34' \ QI' O-Sioz sphere
—_— i —_— i
toluene, 70 *C 0/ CuCl/Bipy O/ o :':H
OH o] D00 0 ‘
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Figure 4. Polymer brush thickness as a function of polymerization
time measured by SEM (red) and DLS (blue) for silica spheres in
solution and calculated for opal nanopores using cyclic voltammetry
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Figure 6. Representative voltammetric responses of opal film Pt
electrodes before (blue) and after (red) polymerization for (A) 15
min, (B) 12 h, and (C) 26 h. (D) Plot of relative limiting current as
a function of polymerization time.
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i

Figure 5. SEM image of the opal film assembled from 205 nm ) . )

silica spheres after surface modification with initiator moieties and 1able 3. Relative Limiting Current of Opal Film Pt Electrodes

ATRP polymerization of acrylamide for 43 h. as a Function of Polymerization Time and Geometrical
Characteristics of Resulting Polymer-Modified Opal Nanopores

brush swelling in aqueous solution (as measured by DLS) in polymerization Ar, pore size,
contrast to its dry state (as measured by SEM). Despite this time, h fim/iim () € nm nm
difference, the resulting polymer brush thicknesges,deter- 0 1.00 0.260 0.0 16.0
mined using both techniques are in good agreement. As shown 0.25 0.86 0.224 17 14.3
in Figure 4, the polymer brush thickness increases logarithmically 2'5 8'22 8'%22 f-g ﬁ’"g
with time, flattens after ca. 12 h, and reaches 15.5 nm after 43 6 0.56 0.146 55 10.5
h of polymerization. The relatively slow polymerization rate is 12 0.43 0.122 6.6 9.4
suitable for the precise control of polymer brush thickness. For 18 0.47 0.112 7.1 8.9
the opal formed from 205 nm silica spheres with a pore size of 26 0.32 0.083 8.5 7.5
43 0.35 0.091 8.2 7.8

16 nn®’ (the distance from the pore center to the nearest silica
sphere surface, Figure 1), it is expected that an almost complet
blockage of the pores would be achieved after 12 h of

po!ymerization, assuming a similar polymerization rate and Next, we assembled the opal film on the surface of eight Pt
uniform surface coverage. . ) microelectrodes shrouded in glass (Figure 3), modified the opal
_ Surface Polymerization Inside the Opal Film.Todetermine g, 565 with initiator moieties, and polymerized acrylamide on
ifthe colloidal crystal lattice would remain unperturbed by surface ¢ g|ectrodes while removing them from solution after different
polymerization, we performed ATRP of acrylamide opm- periods of time. We then measured the limiting current of Ru-
thick opal films assembled on glass slides using @ 1.5 wt % (\ )3+ ysing these polymer-modified electrodes and compared
solution of 205 nm silica spheres. The surfaces of the silica the cyrrent to that before the polymerization. Typical cyclic
spheres were modified with the initiator moieties (Scheme 1), |4 tammorgams for polymer-modified opal electrodes are shown
and the polymerization of acrylamide was performed for 43 N. i, Figyre 6A-C, and the data are summarized in Table 3. The
The image of the resulting hybrid opal/poly(acrylamide) filmis  jimiting current calculated for the opal film Pt electrodes using
shown in Figure 5. Itis clear that the opal lattice remained intact, egs 1 and 2 is in excellent agreement with the measured limiting
although it appears that spheres are “sintered” together (Figureerrents, confirming that point defects visible in the SEM image
5, inset) as a result of the polymer brush formation. It is also 4, not penetrate the entire thickness of the opal film. The relative
apparent from Figure 5 that no thick polymeric film is formed jin,iting current measured for the electrodes decreases logarith-
overthe opal and that opal nanopores are S'[.I|| present. We observe%ica”y as a function of polymerization time (Figure 6D). We
that after polymer modification opal films became more ;e gple to reproduce this result several times. The smooth
mechanically robust (i.e., they appeared to _be glued” to the change iniim suggests that a uniform polymer brush is being
electrode surface and would not crack upon impact) compared¢,me inside the nanopores. To confirm that the limiting current

(56) Jal, P. K.; Patel, S.; Mishra, B. Rlalanta2004 62, 1005-1028 and s aﬁ-eCted only by the polymgr form-ed inside the nanOpores’ a
references therein. . ’ Pt microelectrode shrouded in glasihout the opal filmwas

(57) See Supporting Information. modified with initiator moieties, and acrylamide was polymerized

%o somewnhat brittle unmodified opals, which is a promising
property for future applications.
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on its surface for 43 h. No decrease in limiting current was thickness increases logarithmically with polymerization time

observed for this electrode. (Figure 4) inamanner similar to that observed for polymerization
The limiting current is proportional to the molecular flux on silica spheres in solution and reaches 8.5 nm after 26 h.
through the opalopa,°® Nanopore size (the distance from the center of the pore to the
) nearest silica sphere surface) decreases from its initial value of
lim = NFA 4 1) 16 nm for unmodified opal to 7.5 nm for the polymer-modified

] ) nanopores after 26 h of polymerization (Table 3). The poly-
wheren is the number of electron§; is the Faraday constant,  merization rate inside the opal is ca. 2 times slower than that in

andAis the electrode area. The molecular fllga (molicn®-s) — colloidal solution, which likely results from the slower diffusion
through the unmodified opal is described by the following ofthe monomer to the silica sphere surface inside the nanopores.
equatioft® Itis important to note that the polymer thickness calculated using
eq 3 is based on the assumption that the polymer behaves as an
J = AC ED 2) impermeable solid. If the diffusion coefficient through the polymer
opal | g Tsol brush for redox species used in this study is nonzero, then diffusion

through the polymer brush cannot be ignored, and the actual

whereAC is the concentration gradient across the opas, the polymer brush thickness would be somewhat larger compared
thickness of the opal, anDy is the diffusion coefficient in to that given in Table 3.

solution. The void fractior, (0.26) and tortuosity (ca. 3.0) of )

an unmodified opal are its intrinsic properties and are independent Conclusions

of the size of silica spheres used to prepare the @pal. We demonstrated for the first time that surface-initiated ATRP
Thus, for a given electrode and unchanged measurementof acrylamide can be conducted inside opal nanopores. It does

conditions, i, is proportional to the void fractiom’ of the not perturb the opal lattice and leads to uniform polymeric brushes

polymer-modified opal, and the relative limiting current can be inside the opal nanopores. The size of the resulting polymer-

used to calculate’. Using straightforward geometrical consid- modified nanopores can be controlled by the polymerization

erations}” we can express the void fractiehin terms of the time. Nanopores with sizes from 16 to 7.5 nm (the distance from

silica sphere radiug (102.5 nmin our experiments) and polymer-  the center of the pore to the nearest silica sphere surface) have

modified sphere radius, as been prepared in this manner. We are presently studying the

maodification of opal nanopores with stimuli-responsive polymers.
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