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Nanochemistry in Confined Environments: Polyelectrolyte Brush-Assisted
Synthesis of Gold Nanoparticles inside Ordered Mesoporous Thin Films
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A robust and straightforward strategy allowing the controlled confinement of metal nanoparticles within the 3D
framework of mesoporous films is presented. The chemical methodology is based on the inner surface modification of
mesoporous silica films with polyelectrolyte brushes. We demonstrate that the macromolecular building blocks
significantly enhance the site-selective preconcentration of nanoparticle precursors in the inner environment of the
mesoporous film. Then, chemical reduction of the preconcentrated precursors led to the formation of metal
nanoparticles locally addressed in the mesoporous structure. We show that the synergy taking place between two
versatile functional nanobuilding blocks (ordered mesocavities and polymer brushes) can produce stable embedded
nanoparticles with tuned optical properties in a very simple manner. As a general framework, the strategy can be easily
adapted to different sets of polymer brushes and mesoporous films in order to regulate the monomer—precursor
interactions and, consequently, manipulate the site-selective character of the different chemistries taking place in the
film. We consider that the “integrative chemistry” approach described in this work provides new pathways to
manipulate the physicochemical characteristics of hybrid organic—inorganic advanced functional assemblies based

on the rational design of chemistry and topology in confined environments.

Introduction

During the past decades, the creativity of chemists and materi-
als scientists provided a means for developing a wide variety of
nanostructured materials with unprecedented functional proper-
ties."> Most of this progress stemmed from interdisciplinary work
exploiting chemistry as a key enabler to rationally design molec-
ular building blocks and nanomaterials entirely from scratch.* As
the knowledge began to accumulate, this led to an emerging
concept bridging the gap between molecular materials chemistry
and nanotechnology, which is often referred to as “nanochem-
istry”.*> Today we have a mature discipline whose high standards
are challenging to meet. Yet, it represents a unique and versatile
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toolbox to achieve actual molecular design of materials.® Nano-
chemistry has allowed us to access the molecular processes taking
place in confined geometries that are formed using various classes
of materials, such as inverse micelles, supramolecular architec-
tures, biomolecular nanocapsules, self-organized block copoly-
mers, or solid-state nanopores.7 The chemical processes that
occur in constrained spaces deserve particular attention due to
they are a fundamental part of many synthetic procedures
commonly used in nanoscience and nanotechnology.® In a
physically constrained environment, interfacial interactions, sym-
metry breaking, and confinement-induced entropy loss can play
dominant roles in determining molecular organization or chemi-
cal reactivity.” In some cases it has been suggested that nanoscale
confinement could be harnessed as a “synthetic tool” to modify
materials’ properties.'’

Of particular interest are the processes that take place inside
mesoporous materials (2 nm < dp, < 50 nm). Confinement inside
a mesopore can significantly change the interaction between
molecules and their surroundings.®’ In confined spaces of nearly
molecular dimensions, all the adsorbed molecules are in close
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interaction with the surface, leading to remarkable consequences
in their physical and chemical properties.!' Materials confined in
nanoscale geometries show structures and dynamics different
from those exhibited in bulk.'? The richness of chemical phenom-
ena in confined environments opens the path to advanced
applications that rely on designed substrate—surface interactions.
In particular, mesoporous oxide thin films (MOTF) provide a
sound platform for the creation of ordered arrays of monodis-
perse cavities that can be nowadays precisely designed and
produced in reproducible fashion.'” Indeed, the synthesis of
MOTF by combination of soft chemistry, self-assembly of
supramolecular templates, and surface modification permits to
create, in very few synthesis steps, well-defined “nanofacilities”,
where chemical functions can be precisely located in space, in a
transparent matrix with tailored diffusion features.

In this context, the combination of MOTF as robust scaffolds'*
and macromolecular architectures'® as functional building blocks
has led to the development of new hybrid advanced materials.'®
The precise incorporation of active elements in robust nanosized
3D networks with tunable surfaces is the cornerstone of the
rational design of “on-demand” organic—inorganic hybrid as-
semblies for multiple applications. The controlled assembly of
functional building blocks into the preorganized pore arrays of
MOTF is the key step to achieve the fine-tuning of nanostructured
architectures, which can be controlled from the local environment
to the mesoscopic and macroscopic length scales.'” Tailoring the
inner environment of the inorganic scaffold would require an
accurate control over the chemistry but also over the topology of
the nanometer-sized 3D networks. This control of the “nanofa-
cilities” opens the gate to performing chemistry in an 8 nm test
tube.

The molecular design of hybrid mesoporous assemblies de-
mands a precise control over the density and spatial arrangement
of the functional groups incorporated in the pores, i.e., nano-
chemistry. Within this framework, the synthesis of macromole-
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cular architectures into nanoporous media is emerging as an
exciting area of research with strong implications for materials
design. The derivatization of nanopore walls of mesoporous
materials with well-defined polymers represents a unique tool
for designing inorganic—organic hybrid mesoporous assem-
blies."® Considering the chemical diversity of polymers, the
macromolecular building blocks can endow the mesoporous
scaffold with built-in responses to a myriad of environmental
chemical and physical stimuli, thus rendering them with, for
example, catalytic, pH-responsive, or permselective properties.'”

It has been recently proven that the derivatization of mesopor-
ous silica films by surface-initiated polymerization of polyelec-
trolyte brushes provides a unique strategy for the incorporation of
complex chemical functions to the pore system. Grafted polymer
brushes dramatically change the transport of ionic probes across
modified MOTF. The synergy of controlled cavities and tailored
polymeric building blocks provides a novel platform for the
controlled design of ion gates.”® In this work, we demonstrate
that the robust anchoring of polycationic macromolecular build-
ing blocks in the nanopore walls leads to the creation of an active
surface, capable to preconcentrate metallic precursors by anion
exchange. Subsequently, a straightforward chemical route leads
to the controlled preparation of gold nanoparticles within the
derivatized mesoporous films.?' We show that the controlled
formation of polyelectrolyte brushes is indeed a key feature to
perform “nanochemistry” in the nanopore environment. This
tailored pore modification provides the chemical environment to
preconcentrate the gold chlorocomplexes that controls nucleation
and growth of gold colloids uniformly dispersed inside the film.
This example of a designed synthesis of nanomaterials inside
mesoporous films through molecular tuning of the pore features
has strong immediate implications for the rational design of
inorganic—organic nanocomposites with tailored optical or cat-
alytic properties. We are confident that these results will consti-
tute a key element in the “nanochemistry” toolbox and will trigger
new and refreshing ideas to create complex hybrid nanomaterials
using rational synthetic tools.

Experimental Section

Synthesis of Mesoporous Amino-Silica Thin Films. Pro-
pylamino-functionalized mesoporous thin films were synthesized,
as we described in previous works,?® via the co-condensation of
the oxide precursor tetraethoxysilane (TEOS, Merck) and the
amine precursor 3-aminopropyltriethoxysilane (APTES, Fluka
98%) in the presence of the template (F127 block copolymer,
Aldrich, M = 13 600). The precursor solution was prepared using
0.8 TEOS:0.2 APTES:0.005 F127:24 EtOH:5.2 H,0:0.28 HCIL.
This solution was used to produce films by dip-coating on silicon,
glass, and ITO substrates under 40—50% relative humidity con-
ditions at 25 °C (1-2 mm s~ ' withdrawing speed). The organic
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template was removed by extraction in 0.01 mol dm™* HCI in
absolute ethanol (Merck) for 3 days under stirring.

Anchoring 4,4’'-Azobis(4-cyanopentanoic acid) on Meso-
porous Amino-Silica Films. The surface modification of the
mesoporous amino-silica film with azo initiator groups was
accomplished following the procedure reported by Bruening
and co-workers with only minor modifications.?” Briefly, 0.5 g
(1.78 mmol) of 4,4-azobis(4-cyanopentanoic acid) and 0.92 g
(4.5 mmol) of DCC were added to a single-neck Schlenk flask and
closed with a rubber septum. The reactants were degassed under
vacuum for 15 min followed by backfilling with N»(g). 40 mL of
dry DMF was added to the flask through the septum with the
help of a syringe, and the reactants were allowed to dissolve.
After complete dissolution 0.13 mL of dry pyridine was added.
Mesoporous samples were sealed in Schlenk tubes and degassed
(4 x high-vacuum pump/N, refill cycles). Then, the reaction
mixture was syringed into the Schlenk flasks containing the azo-
modified films and left overnight under Ny(g) at room tempera-
ture. Finally, the mesoporous substrates were removed from
the reaction mixture and immersed in a beaker containing
DMF. The beaker was gently shaken over a period of 2 h. The
modified substrates were then washed twice with DMF followed
by washing with water and ethanol. The initiator-functionalized
mesoporous films were store under nitrogen below 4 °C until
further use.

Poly(2-methacryloyloxy)ethyltrimethylammounium Chlo-
ride Brush Growth on Initiator-Functionalized Mesoporous
Silica Films. In a 100 mL Schlenk flask, 23.3 g of the monomer
(2-methacryloyloxy)ethyltrimethylammounium  chloride  as
75 wt % solution in water was added. The monomer solution
was diluted with water to make it 50 wt %. This solution was
degassed by N,(g) bubbling for 1 h. The initiator-functionalized
single mesoporous silica substrate was sealed in a Schlenk tube
and degassed (4 x high-vacuum pump/N, refill cycles). The
degassed monomer solution was syringed into this Schlenk flask
adding enough to wholly immerse the substrate. The flask was
immersed in an oil bath preheated to 65 °C. The polymerization
was carried out at 65 °C for 40 min. The mesoporous silica
substrate was then removed from the polymerization solution
and washed extensively with water. The obtained poly(2-metha-
cryloyloxy)ethyltrimethylammounium chloride brush grafted
mesoporous silica was dried under a stream of N,(g) and stored
in tightly closed container until further use.

Au Nanoparticle Synthesis. Au nanoparticles (NPs) were
synthesized within mesoporous thin films as follows: films were
immersed in an aqueous solution of I mM HAuCl, (pH ~ 1) for
30 min (preconcentration step). The films were washed several
times with deionized water in order to remove non ion-paired
precursors. Then they were introduced in 0.5 mM NaBH, solu-
tion for 30 s (chemical reduction step), rinsed with deionized
water, and dried with a stream of N, at room temperature. This
procedure was carried out for PMETAC-modified silica films and
amino-silica films.

Characterization. Transmission electron microscopy (TEM)
imaging was performed using a Philips EM-301 TEM microscope,
operated at 60 keV. TEM samples were prepared by placing
scratched films on a carbon-coated copper grid (200 mesh). Film
mesostructure was analyzed by SAXS with two-dimensional
detection at the D11A-SAXS?2 line at the Laboratdrio Nacional de
Luz Sincrotron, Campinas, SP, Brazil (LNLS), using4 = 1.608 A, a
sample—detector distance of 650 mm, and a CCD detector
(3° incidence). Diffuse reflectance infrared Fourier transform
spectroscopy measurements (DRIFTS) were performed on a
Nicolet Magna 560 instrument, equipped with a liquid nitrogen-
cooled MCT-A detector. DRIFTS measurements were performed
by depositing scratched film samples on a KBr filled DRIFTS
sample holder. X-ray photoelectron spectroscopy (XPS) measure-
ments were obtained using a Specs Sage 150 spectrometer equip-
ped with a dual anode Mg/Al X-ray source and a hemispherical
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electron energy analyzer. Quoted binding energies (BEs) are
referred to the adventitious C 1s emission at 285 eV. Quantitative
calculations were carried out from the integrated intensities of
N 1s core levels. X-ray reflectometry (XRR) measurements were
performed at the D10A-XRD2 line of Laboratério Nacional de
Luz Sincrotron, Campinas, SP, Brazil (1 = 1.5498 A). In order to
obtain accurate density values, measurements were performed
under low-humidity conditions (under a stream of dry nitrogen).
This is a relevant experimental aspect, as the condensation of
atmospheric moisture within the pores could lead to a severe
underestimation of the film mesoporosity. Optical characteriza-
tion by UV—vis spectroscopy was performed employing a
Hewlett-Packard 8453 spectrophotometer in transmission mode;
films were deposited on glass substrates. Water adsorption curves
(at 298 K) were measured by environmental ellipsometric por-
osimetry (EEP, SOPRA GESS5A). Film thickness and refractive
index values were obtained from the ellipsometric parameters
1 and A under nitrogen flux containing variable water vapor
quantities; P/ P, was varied from 0 to 1 (P, being the saturation
water vapor at 298 K). Film pore volume and pore size distribu-
tion at each P/Pg,, were obtained by modeling the refractive index
obtained according to a three-medium Bruggeman effective
medium approximation (BEMA); pore size distributions were
obtained from the analysis of the refractive index variation, using
the WinElli 2 software (SOPRA, Inc.).

Results and Discussion

Derivatization of Mesoporous Silica Films with Polyelec-
trolyte Brushes. Molecular Design of the Pore Environment.
Performing “nanochemistry” in confined environments demands
a careful control of the pore properties, such as surface energy,
charge density, and functional group composition. The synthesis
of metal colloids in porous environments has been almost
exclusively based on the impregnation of precursor species, i.e.,
AuCly ", onto the mesoporous silica with subsequent reduction of
the ionic precursor to generate the metal nanoparticles.’'® In
principle, the functional groups incorporated within the channel
pores of the mesostructured film should facilitate the anchoring of
the metal precursor exclusively within the internal surface of the
mesoporous substrate by strong interactions between the pre-
cursors and the surface functional groups. Thisis a key aspect that
helps to preclude the formation of nanoparticles in the external
part of the film.

The isoelectric point (IEP) of the support matrix plays a key
role in the successful incorporation and dispersion of metal
precursors into the nanostructured support. The prerequisite
for the successful incorporation of metal precursors requires the
strong interaction of the anionic chloro complexes with a posi-
tively charged oxide surface.'” This explains why impregnation
processes of anionic precursors in slightly acidic conditions
proceed straightforwardly in high IEP mesoporous oxides, like
titania (IEP ~ 6.0).%> Conversely, the low isoelectric point of silica
(IEP ~ 2) poses a completely different scenario.** The mesopor-
ous silica is highly negatively charged under the typical impreg-
nation conditions of AuCl, species, and consequently, no
coordination of the Au precursors is expected. Therefore, the
direct wet impregnation method could not be used to prepare gold
nanoparticles in bare mesoporous SiO, unless the proper adjust-
ment of the isoelectric point of the host matrix is done. This
should be accomplished in such a way that a major fraction of the
population of anionic AuCl;~ complexes is bound or at least
adsorbed onto the mesoporous surface.
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In this context, coating the silica walls with cationic polyelec-
trolyte brushes is a potentially useful strategy for incorporating a
range of organic functional groups which could open up new
methodologies to chemically modify the nanostructured host
matrix.

We used amino-functionalized mesoporous silica films
(R—NH,:Si 0.2:1) as a platform to build up the hybrid orga-
nic—inorganic assemblies. Films were produced by dip-coating on
silicon, glass, or indium tin oxide (ITO) substrates using Pluronics
F127 block copolymer as the structure directing agent.”*** Films
exposed to successive consolidation and extraction process dis-
played highly organized pore arrays with cubic-derived mesos-
tructure (Im3m); the cubic cell parameter ¢ was calculated to
be 19.6 nm from analysis of the off-plane [110] reflection of the
SAXS pattern. Films undergo a uniaxial contraction perpendi-
cularly to the substrate (45% thickness reduction) after a con-
solidation thermal treatment at 200 °C followed by template
extraction, leading to pores with an ellipsoidal shape. Pore
volume and pore size can be calculated from the water sorption
isotherms obtained from ellipsometric porosimetry measure-
ments (see ESI). A pore volume of 26% and an average major
pore diameter of ca. 9 nm (calculated from the isotherm adsorp-
tion branch) were determined by water sorption ellipsometric
porosimetry measurements, according to the model proposed by
Boissiere et al. for ellipsoidal mesopores;* neck sizes (from the
desorption branch) are in the order of 3 nm diameter.

The surface density of amino groups in the host matrix is highly
reproducible, and their reactivity has been described in detail
in a recent publication.”* Pores are accessible after template
removal, and ~16% of the total population of amine groups is
available for reacting on the pore walls. These surface amino
groups were used as grafting sites for the surface-initiated
polymerization®® of poly 2-(methacryloyloxy)ethyltrimethylam-
monium chloride) (PMETAC) brushes. Briefly, the amino groups
were initially conjugated to 4,4'-azobis(4-cyanopentanoic acid),
which acted as the surface-confined polymerization initiator.*’
Subsequently, brush growth was accomplished by surface-in-
itiated radical polymerization of the METAC monomers in the
presence of the adequate solvent during a preset reaction time (see
Experimental Section for details). Chemical modification with
PMETAC brushes was confirmed and quantified by diffuse
infrared Fourier transform spectroscopy (DRIFTS) and X-ray
photoelectron spectroscopy (XPS), respectively.

Figure 1a (dotted trace) shows a typical DRIFTS spectrum of
an amino-silica film, which displays the bands corresponding to
the inorganic matrix: Si—OH and Si—O—Si stretching at ~966
and ~1080 cm™', respectively. The characteristic N—H asym-
metric bending bands belonging to amine group are found
at ~1560 cm™". After polymerization (solid trace), these bands
remained the same but two new bands appeared at ~1140
and ~1727 cm ™', These signals were attributed to the presence
of the C—O—C asymmetric stretching and C=0 stretching of
ester groups, respectively.?® This observation is in accordance
with the chemical structure of the polyelectrolyte (see Figure 1b)
in which each monomer unit is linked to the polymer backbone

(24) Calvo, A.; Joselevich, M.; Soler-Illia, G. J. A. A.; Williams, F. J. Micro-
porous Mesoporous Mater. 2009, 121, 67.

(25) Boissiere, C.; Grosso, D.; Lepoutre, S.; Nicole, L.; Brunet-Bruneau, A.;
Sanchez, C. Langmuir 2005, 21, 12362.

(26) Advincula, R. In Surface-Initiated Polymerization I; Jordan, R., Ed.; Spring-
er-Verlag: Heidelberg, 2006; p 107.

(27) Huang, W.; Skanth, G.; Baker, G. L.; Bruening M.L., M. L. Langmuir
2001, /7, 1731.

(28) Socrates, G. Infrared and Raman Characteristic Group Frequencies, 3rd ed.;
John Wiley & Sons: Chichester, 2001.
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Figure 1. DRIFT (a) and XPS (b) spectra corresponding to the
chemical characterization of the amino-silica mesoporous films
prior to (dotted trace) and after (solid trace) the surface-initiated
polymerization of PMETAC brushes. The chemical structure of
the cationic polyelectrolyte is also depicted.

through an ester linkage. Once the DRIFTS analysis corrobo-
rated the presence of the PMETAC brush, we proceeded to a
quantitative analysis using XPS to estimate the degree of polym-
erization of the polymer brush in the mesoporous film. Because of
the high porosity of the film, the probing depth of our measure-
ments was estimated to be ~9 nm.** As a consequence, XPS
probes the film surface, pore openings, and film walls up to a
thickness of two pore layers after the film contraction caused by
thermal treatment. Figure 1b shows the N 1s XP spectra of a
sample prior to and after modification with PMETAC brushes.
The XPS signal describes a significant change after the surface-
initiated polymerization reaction. In the amino-silica spectrum
there is solely one contribution at ~400 eV, which corresponds
to —NH, groups. In contrast, the PMETAC spectrum clearly
shows two different contributions: the first one, at ~400 eV, is
similar to the one observed in amino-silica and is attributed to the
amino groups remaining inside the oxide matrix without reacting;
the more intense peak observed at ~402.5 eV is attributed to the
quaternary ammonium groups in the polymer brush.
Considering that the analysis involves only one atomic core
level (N 1s), quantitative analysis can be performed without
requiring signal deconvolution. Instrumental and photoioniza-
tion cross-section corrections were considered negligible. The
difference between the integrated intensity of the total N 1s
signal prior to (Isa) and after (Ipyverac) brush growth is propor-
tional to the total number of monomers incorporated during the
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Figure 2. X-ray reflectivity data corresponding to the mesoporous
silica films prior to (dotted trace) and after (solid trace) the surface-
initiated polymerization of PMETAC brushes. Arrow indicates the
shift in the critical angle.

surface-initiated polymerization. Taking into account that only
16% of amino groups are available for reacting and assuming
thatall of them reacted in the initiation step of the polymerization,
it is possible to estimate the degree of polymerization (1) of the
polymer brush. This has been done by normalizing to the
equivalent intensity of surface amino groups that should have
reacted (0.1675,), as expressed in eq 1:

_ IpmeTAC —Isa (1)
0.16 Isp

The obtained polymerization degree was n = 32, which implies
that the polymer brush grew to the extent of becoming compar-
able to the pore diameter (~9 nm).

So far, XPS provided a detailed chemical analysis of the sur-
face modification in the outer layers of the mesoporous film. To
ensure that the brush growth proceeded homogeneously across
the whole mesoporous film, i.e., inside the pores, we performed
X-ray reflectivity (XRR) measurements on the chemically mod-
ified mesoporous samples. As was demonstrated by several
authors,”** XRR is a powerful technique to estimate density,
porosity, and pore filling of mesoporous thin films from the
analysis of the total reflection critical angles.

XRR measurements were performed under dry nitrogen flow
that ensured 0% humidity conditions in order to avoid errors in
the determination of film density due to water adsorption and/or
condensation on the pore surface. XRR diagrams shown in
Figure 2 reflect the changes in film electronic density due to the
polymerization process occurring in the film. Two noticeable
changes between the reflectivity data of the thin film prior to
(amino-silica) and after polymerization (PMETACs-silica) are
observed: an increase in the critical angle 6. from 0.1800° to
0.1955° and the smoothing of the Kiessig fringes at higher angles.
After the polymerization reaction, an increase in 6, is observed,
which correlates with an increase in density. The smoothing in the
Kiessig fringes can be ascribed to a loss of contrast between the
porous oxide matrix (now full of polymer) and the glass substrate.
Both changes demonstrate the presence of polymer brush inside
the pores and not only on the surface of the film. If the brush had
preferably grown on the surface instead of inside the pores, i.e.,
forming a new polymer layer on top of the mesoporous film, we
should have observed a second critical angle at lower 6, values due

(29) Fuertes, M. C.; Marchena, M.; Marchi, M. C.; Wolosiuk, A.; Soler-Illia,
G.J. A. A. Small 2009, 5, 272.
(30) Gibaud, A.; Hazra, S. Curr. Sci. 2000, 78, 1467.
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to the less dense polymer layer, rather than a shift in the film
critical angle. The presence of a unique 6, shifted to higher angle,
and the absence of significant changes in the overall thickness of
the mesoporous film implies an increase in the density of the thin
layer due to the grafting of the polymer inside the pore network,
ruling out the formation of a polymer overlayer.

A quantitative analysis was carried out from XRR data in
order to estimate the pore filling with the polymer brush. It is
known that the electronic density p of a mesoporous films can be
calculated directly from the measured 6"

P = _03 (2)

where A is the X-ray wavelength and r, = 2.813 x 107 nm is the
classical radius of the electron. From the calculation of the
electronic densities for both a mesoporous and a nonporous film,
the volume fraction of mesopores, F,q., can be estimated as

Fpore —1- Pmeso (3)

Pramework

where ppeso 18 the electronic density of the amino-modified
mesoporous film and pPramework 1 the electronic density of a
nonmesoporous film with the same composition, produced under
the same synthesis conditions and treatment, but in the absence of
a mesoporous template.”> Considering that the increase in film
density is only due to the presence of PMETAC brushes, the
volume fraction of polymer within the film, Fpygrac, can be
determined from the measured electronic densities according to

_ Pmeso + PMETAC ~ Pmeso (4)

FemeTac
PPMETAC

where ppesor METAC 18 the electronic density of film after polym-
erization, pmeso 1S the electronic density before polymerization
(empty pores), and ppmerac 1 the brush electronic density
calculated from planar substrates.*> The mesopore filling fraction
was 83%, as calculated from the ratio between the brush volume
fraction Fpyerac and the pore volume fraction For. The most
important implication of these results is that a large fraction of the
pore volume is occupied by the polymer brush. These observa-
tions are in full agreement with the conclusions derived from XPS
analysis indicating that the polymer chains grew to an extent
comparable to the pore diameter (Figure 3).

Preconcentration Effect in PMETAC-Modified Meso-
porous Silica Films: An Electrochemical Approach. Cyclic
voltammetry (CV) was used to analyze the change in the transport
properties of electrochemical probes. As recently demonstrated,
changes in the voltammetric response of mesoporous electrodes
reflect the changes in probe concentration or diffusion due to the
architecture or electrostatic environment of the pores. It has been
found that well-ordered mesostructures display enhanced trans-
port properties of guest molecules compared to nonmesostruc-
tured architectures.*® In addition, mesoporous films are able to
preconcentrate solutes in the inner environment of the 3D pore
array. Recently, Walcarius et al. demonstrated that the modifica-
tion of ITO electrodes with mesoporous films can lead to a 1 order
of magnitude enhancement of the voltammetric signal when

(31) van der Lee, A. Solid State Sci. 2000, 2, 257.

(32) Azzaroni, O.; Brown, A. A.; Cheng, N.; Wei, A.; Jonas, A. M.; Huck,
W. T.S. J. Mater. Chem. 2007, 17, 3433.

(33) (a) Walcarius, A.; Kuhn, A. Trends Anal. Chem. 2008, 27, 593. (b) Fattakhova-
Rohlfing, D.; Wark, M.; Rathousky, J. Chem. Mater. 2007, 19, 1640.
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Figure 3. Cyclic voltammograms corresponding to ITO-sup-
ported amino-modified (dotted trace) and PMETAC brush-mod-
ified mesoporous silica films (solid trace) in the presence of redox
probes in solution. Electrolyte: | mM Fe(CN)s™ + 5 mM KCIL.
Scan rate: 100 mV s~ .

Scheme 1. Schematical Description of the Confined Growth of the
Polymer Brush within the Mesoporous Matrix: (a) Mesoporous
Amino-Silica; (b) Brush-Modified Film after the Surface-Initiated
Polymerization Reaction
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compared to the typical readouts measured on bare ITO sur-
faces.*® In a similar vein, the modification of the mesoporous
silica films with PMETAC brushes further enhanced the voltam-
metric signal of the redox probes dissolved in the electrolyte
solution. Figure 3 shows the voltammograms corresponding to
amino-functionalized (starting material) and PMETAC-brush
modified silica films measured under the same experimental
conditions, 100 mV s ..

Clearly, the presence of the PMETAC brush in the inner
environment of the mesoporous network led to a dramatic
preconcentration of the anionic probe within the hybrid film.
The CV peak currents for Fe(CN)s>~ recorded with the PME-
TAC-modified films (205 #A cm™?) were nearly 10 times higher
that on amino-modified films (22 4A cm?).

(34) Etienne, M.; Quach, A.; Grosso, D.; Nicole, L.; Sanchez, C.; Walcarius, A.
Chem. Mater. 2007, 19, 844.

5564 DOI: 10.1021/1a9038304

Calvo et al.

Noteworthily, in spite of the high pore filling with the PME-
TAC brushes (83%), this polymer does not preclude the transport
of anionic probes through the ordered mesoporous network. The
strong electrostatic interaction between the Fe(CN)q'~ ions and
the quaternary ammonium groups in the brush acts as a driving
force to enhance the preconcentration of the redox probe in the
mesoporous matrix. Considering that the voltammetric peaks (j,)
are proportional to D'2C (being D the diffusion coefficient and C
the concentration of the probe), we can infer that the local
concentration of Fe(CN)¢®~ in the brush-modified mesoporous
matrix is significantly higher than that in solution. Recent
experimental work has demonstrated that diffusion of Fe(CN)>~
species through PMETAC brushes is much slower than that
observed in electrolyte solutions;** hence, the probe concentra-
tion in the film must be notoriously higher than that in solution in
order to fulfill the condition j, =« D'*C.

This preconcentration effect of the mesoporous film explains
the experimental results described in the previous section, in
which X-ray reflectivity demonstrated that PMETAC brush
growth occurs almost exclusively within the mesoporous films.
Hence, it is worth to remark at this point that the strong
confinement/preconcentration effects may sensitively affect the
kinetic characteristics of the polymerization reaction taking place
in the pore environment. As a result, the polymerization rates of
macromolecules grafted in the inner environment of the meso-
porous films will differ from similar surface-initiated polymeriza-
tions occurring on a planar substrate.

Polymer growth proceeds in the presence of initiator-modified
films constituted of amino-functionalized mesoporous silica sub-
strates derivatized with 4,4’-azobis(4-cyanopentanoic acid). At
neutral pH, i.e., polymerization conditions, the silanolate sur-
face groups determine surface charge, generating an optimum
environment to preconcentrate the cationic monomeric build-
ing blocks.”® As the polymerization rate is proportional to the
monomer concentration,* it is plausible to conclude that the
polymer growth proceeds more rapidly inside the pore than on
the outer surface.

Synthesis of Gold Nanoparticles inside Mesoporous Silica
Films Modified with PMETAC Brushes. In the previous
section we have shown and discussed the remarkable preconcen-
tration properties of mesoporous hybrid thin films that permit to
modify the pore surface with cationic polymer brushes. Taking
advantage of the facile manipulation of the ionic environment of
polyelectrolyte brushes by simple ionic exchange of their coun-
terions, we proceeded to study the synthesis of Au nanoparticles
via the chemical reduction of confined anionic AuCly ™ precur-
sors. The nanoparticle synthesis involved a two-step process.
First, CI” counterions in the as-synthesized PMETAC brushes
were replaced by AuCl,~ species (pH ~ 1) via an ion exchange
process. Subsequently, the gold chlorocomplexes were reduced
with NaBH, to form the Au nanoparticles in the inner environ-
ment of the mesoporous film (Scheme 2).

In order to elucidate the role of the PMETAC brush in the
confined synthesis of the Au nanoparticles, we performed similar
experiments on the amino-functionalized mesoporous films that
were used as precursors to the polymer-modified materials. These
films contain a small fraction of NH, groups in pore walls that
are protonated under acidic conditions. For the sake of compar-
ison, we evaluated the extent of the Au NP synthesis within the
pores by XRR characterization of both amino- and PMETAC

(35) Rodriguez Presa, M. J.; Gassa, L. M.; Azzaroni, O.; Gervasi, C. A. Anal.
Chem. 2009, 81, 7936.

(36) Odian, G. In Principles of Polymerization; John Wiley & Sons: Hoboken, NJ,
2004.
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Scheme 2. Schematic Depiction Describing the Synthesis of Metal
Nanoparticles in the Inner Environment of the Mesoporous Film*
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“The chloride counterions in the as-synthesized PMETAC-modified
silica films (a) are exchanged by the corresponding anionic precursors,
AuCly~ (b). Then, the gold chlorocomplexes are chemically reduced to
form metal nanoparticles within the nanoscale brush-coated pores (c).

brush-modified mesoporous samples, prior to and after growing
the NPs (under the same experimental conditions).

As described above, a meaningful change in the electronic
density of the films implies a shift in the critical angle 6.; the
reflectograms are very sensitive to the presence of metal nano-
particles in the mesopores.”’ Figure 4a shows that there are no
appreciable changes in 6. for amino-funcionalized films after a
loading—reduction cycle of the AuCl,  precursor. Conversely,
PMETAC-modified samples evidence a well-defined shift in 6, as
well as an increase in the intensity of the Kiessig fringes. This
implies that the electronic density of the brush-modified film
increases after metal NP growth. The 6. values are rather close
to those determined in PMETAC-modified samples and signifi-
cantly lower than those corresponding to a gold film (6. ~ 0.574°).
Hence, we can rule out the presence of a continuous thin metal film
on top of the mesoporous substrate. This experimental evidence
indicates that the Au NPs grew exclusively in the inner environment
of the mesoporous network and solely in the samples modified with
PMETAC brushes. In principle, we can hypothesize that amino-
functionalized films are not able to preconcentrate enough gold
precursors to nucleate metal nanoparticles inside the pores. This
could be ascribed to the reduced number of positively charged
groups responsible for anchoring the anionic precursors, compared
to the Si—O~ surface groups. In these amino-modified mesoporous
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Figure 4. X-ray reflectograms corresponding to (a) amino-func-
tionalized and (b) PMETAC-modified mesoporous silica films
prior to (solid line) and after (dotted line) proceeding with the
nanoparticle synthesis in the mesoporous scaffold. The arrow
indicates the shift in the critical angle.

silica films, it has been observed that the surface charge is dominated
by the acid—base behavior of the =Si—OH surface groups, which
are more abundant than the protonated amino functions.*

From the analysis of the critical angle shifts, we obtained the
filling factor for the Au NPs.?® Our experimental results indicated
that ~3% of the brush volume was occupied by Au NPs. This
value is in close agreement with that reported for Au NPs
synthesized in planar brushes under similar conditions, 7%.*

To visualize the nanomaterials synthesized inside the meso-
porus film, we proceeded to the characterization of the samples
prior to and after the synthesis of the Au colloids inside the pores
by transmission electron microscopy (TEM) (Figure 5a,b).
Figure 5c shows the characteristic 2D-SAXS pattern of a meso-
porous sample thermally treated at 200 °C corresponding to a
pore array derived from the uniaxial contraction of an Im3m cubic
mesostructure. The spot pattern corroborates the long-range pore
order and orientation in these hybrid systems. This pore frame-
work provides an organized array of interconnected nanoreactors
of ellipsoidal shape (see above) for carrying out the colloidal
synthesis in the confined environment. Figure 5b shows a TEM
micrograph of the mesostructured films after synthesizing the Au
nanoparticles (darker regions) inside the mesopores. Under the
TEM observation conditions employed (65 kV), it is typically very
difficult to focus the mesoporous oxide—polymer matrix and
the metal NP simultaneously due to the differences in their
electronic densities. For the sake of clarity, only Au-NPs were
properly focused in order to visualize the confined colloids and
estimate their size. The histogram of NP diameters (d) obtained by
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Figure 5. TEM images of PMETAC-modified mesoporous silicon samples prior to (a) and after (b) synthesizing the confined Au NPs.
(c) SAXS-2D pattern of amino-functionalized mesoporous films. (d) Histogram of Au-NP diameters, (d), obtained from TEM image

analysis.
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Figure 6. (a) UV—vis spectrum of Au-NP-loaded PMETAC-
modified samples after consecutive “loading” cycles. (b) Evolution
of plasmon resonance intensity of Au NPs confined in PMETAC-
modified (®) and amino-modified (O) mesoporous films upon
increasing “loading” cycles.

analysis of the top-view TEM images (Figure 6d) shows an
asymmetric distribution with {(d) corresponding to 8 nm. It is
worthwhile indicating that the contributions from larger dia-
meters (10—14 nm) could be attributed to the presence of some

5566 DOI: 10.1021/1a9038304

interconnected NPs or to the overlapping of particles in transmis-
sion conditions. Notwithstanding this observation, the average
Au-NP diameter is in good agreement with the pore dimensions of
the Pluronics F127 templated films along the xy plane (i.e., the
major axis of the ellipsoidal mesopores) obtained by ellipsometric
porosimetry (see Supporting Information). As also shown in a
previous work, the mesoporous matrix is controlling the NP
maximum size but not their distribution. The gold NPs are not
forming an ordered array, but they are homogeneously distrib-
uted inside the porous network in the reported reduction condi-
tions.”

To evaluate the optical properties of Au-NP inside PMETAC-
modified films, we tracked the evolution of their plasmon
absorption by UV—vis spectroscopy performed on mesoporous
films deposited on transparent substrates (Figure 6).

Typical UV—vis spectra of Au NPs synthesized within silica
mesoporous films show a strong and broad absorption band with
a maximum in the 500—600 nm region due to Au plasmonic
oscillations. Figure 6a shows the evolution of Au-NP plasmonic
oscillations after consecutive NP loading—reduction cycles (i.e.,
AuCl,~ preconcentration in the PMETAC-modified film fol-
lowed by the chemical reduction with NaBHy). To illustrate the
key role of the PMETAC brushes in the loading of the metal NPs,
we also plotted the absorbance values obtained from similar
experiments performed in the amino-functionalized (i.e., “PME-
TAC brush-free”) mesoporous silica films. The mesoporous films
with PMETAC brushes display intense plasmonic signals whereas
films without METAC did not evidence any significant absorp-
tion under the same experimental conditions. This is a strong
indication that PMETAC films act as macromolecular building
blocks assisting and enhancing the production of metal nanopar-
ticles inside the mesoporous film.

The light absorption properties of the films are due to the
nanoparticle size and shape as well as the refractive index of the
matrix in which the NP are embedded. In previous work it has
been observed that the reduction process within mesopores to
obtain metallic nanoparticles can lead either to isolated particles
that copy the pore shape (in mild reducing conditions) or to
interconnected arrays (for stronger reducing agents or prolonged
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reduction treatment) when these nanoparticles grow and develop
interconnection.®” Plasmon band position is related to particle
size and shape.*™ Rod-shaped gold nanoparticles, for example,
absorb at 700—800 nm. For low Au loadings, the plasmon band
maximum is located at 570 nm. This position is compatible with
isolated nanoparticles of spherical or ellipsoidal shape included in
an oxide matrix. For higher Au loadings (i.e., several adsorp-
tion—reduction cycles), we observe a slight bathochromic shift of
the plasmon bands, accompanied by the emergence of a low
absorption shoulder at ca. 700 nm. This effect can be ascribed to
some NP interconnection that can develop upon higher NP
loading after repeated reduction cycles. Interconnected NP can
present light absorption in the 650—700 nm region, similarly to
elongated objects‘29 In summary, we observe that the modified
mesopore system helps to preconcentrate the negatively charged
Au(III) precursor. Discrete Au nanoparticles can be included
within the films following a mild reduction treatment. Repeated
reduction cycles can lead to the presence of a small fraction of
interconnected NP that behave as elongated objects, presenting
absorption at longer wavelengths.

Conclusions

We have demonstrated a facile and robust methodology allow-
ing the controlled confinement of metal nanoparticles within the
3D framework of mesoporous silica thin films. The chemical
strategy is based on a surface-modification scheme using polyelec-
trolyte brushes as building blocks to enhance the preconcentration
of nanoparticle precursors in the inner environment of the meso-
porous film. We have shown that the functionalization of the
mesoporous framework with cationic polyelectrolyte brushes is
the key factor allowing the formation of metal colloids locally
addressed into the mesopores. Preconcentration effects driven
by the controlled surface charge are responsible for the site-selective
character of the different chemistries taking place in the film
in each step. The method can be extended in principle to the
functionalization of the pore walls with different polymer
brushes in order to tune the monomer—precursor interactions
and assist the preconcentration of selected guest molecules in the
pore system.
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As a general idea, we demonstrate that we can take advantage
of the synergy taking place between two versatile functional
nanobuilding blocks such as ordered mesopores and polymer
brushes in order to produce a stable nanocomposite with tuned
optical properties. The ability to control the 3D mesostructure is
a key advantage for creating functional platforms through the
rational design of chemistry and topology in confined environ-
ments. This concept can be in principle extended to complex
multilayer or patterned systems, in order to achieve systems with
well-defined physical and chemical properties in arbitrary loca-
tions.*® Polymer brush-functionalized mesoporous hybrid thin
films represent a valuable example of the integration of inor-
ganic, polymer, and physical chemistry, a core concept to
design, create, and manipulate complex hierarchical nanoarchi-
tectures.” !
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