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ABSTRACT: Manipulating molecular transport through meso-
porous hybrid films is a fascinating approach toward mimicking
transport in nature. To understand the details in controlled
transport, it is necessary to gradually adjust the charge density that
in turn results in a precise adjustment of permselectivity. We have
created hybrid architectures through the controlled polymerization
of a strong polyelectrolyte: (2-methacryloyloxy)-
ethyltrimethylammounium (PMETAC) in a mesoporous thin silica
film. PMETAC contents from 5 to 100% filling can be obtained by
choosing a temperature or light-induced polymerization route and
by varying polymerization times, as proven by ellipsoporosimetry
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increasing amount of positively charged polymer

gradual tuning of ionic permselectivity

and infrared spectroscopy. Using cyclic voltammetry, we demonstrate that a gradual variation of ionic permselectivity from a
silanol-regulated to a PMETAC-regulated permselectivity can be obtained by tuning the PMETAC mesopore filling. The
resulting behavior ranges from ion exclusion to preconcentration. The experimental observations are correlated with theoretical

calculations that provide quantitative insights into the organization

of the ions and polymers within the pore. Our findings shed

light into the understanding of the interplay between charge density and space on molecular transport, leading toward the

rational design of selectively transporting synthetic membranes.

B INTRODUCTION

Polymer-mesoporous hybrid materials are an exciting class of
materials for a wide range of applications, from controlled
release to heterogeneous catalysis or solar cells.' > The charge
and isoelectric point of a membrane play a key role in its
mesopore accessibility, and through the control of these
features, mesoporous materials are able to regulate transport
of charged species. This has been widely studied in membranes
for electrophoresis and related techniques and constitutes a
promising basis for nanofluidics.* Generating hybrid meso-
porous materials by surface-initiated polymerization, thus
designing specifically transporting membranes, is a fascinating
path toward mimicking controlled transport in nature.>® A
versatile route toward hybrid membranes is the use of hybrid
inorganic mesoporous-polymeric films. These hybrid materials
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offer an independent tuning of predefined membrane structure
and functionality. Switching of molecular transport through this
type of materials can be achieved by inclusion of organic
functions,” inclusion of charged polymers by adsorption,'® or
grafting.' ">

Mesoporous thin films (MTF) offer a tunable, stable, and
rigid structure with pores adjustable in the range of several
nanometers to hundreds of nanometers, as well as a tailorable
surface chemistry that can be adjusted by designing the
framework material. Furthermore, MTF can be deposited on a
wide range of substrates at low temperatures and are optically
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transparent in the visible range, allowing their integration in
microelectronic or optoelectronic devices. Polymers, on the
other hand, offer a great diversity of function and structure,
providing the possibility to multiply functionality by controlling
the degree of polymerization. For example, stimuli-responsive
mesoporous systems can be designed by grafting species
sensitive to physical or chemical solicitations by thoroughly
controlling the mesoporous space. In the particular case of
mesoporous thin films, grafting of zwitterionic polyelectrolytes
leads to pH-sensitive on—off switchable hybrid membranes;'®
when phosphate-containing polymers are used as a soft building
block, films can be designed to be responsive to pH or to the
presence of calcium ions.'* Light-responsive perm-selective
membranes have been produced by including polymers
containing photolabile groups within mesoporous silica thin
films."*'® Thus, the combination of MTF and polymer building
blocks renders functional membranes with predefined tailorable
hydrophobicity, chemical stability, and catalytic or stimuli-
responsive characteristics.”'°~>*

In addition to on—oftf switching of transport, a gradual
manipulation of transport properties would open a variety of
new options from selective molecule sieving to controlled
release applications. Performing controlled polymerization in
nanoconfined environments permits, in principle, a precise
adjustment of charge and isoelectric point, influencing transport
characteristics. One possible strategy to achieve a gradual
tuning of transport properties is through the control of charge
density inside nanoconfined pores. The influence of polymer-
ization parameters such as monomer concentration and
polymerization time is a central issue that needs to be
understood. In recent work, a gradual filling of pores with
polymer has been reported.">** However, no systematic way to
fine-tune these features and to understand their effect on ionic
permselectivity has been reported so far, even if some
interesting trends regarding the important role of surface
charge, e of precursors, or polymer length have been
published.”'*'>?

In this work we describe how to control the variation of
polyelectrolyte amount in mesoporous aminosilica thin films.
The charge density in the nanoconfined membrane pores was
gradually adjusted by tuning the density of functional polymer
in the mesopores. In this way, the ionic permselectivity of the
polymer-modified mesoporous membranes was controlled. The
gradual tuning of transport characteristics was achieved by
varying the extent of free radical polymerization of (2-
methacryloyloxy)ethyltrimethylammounium chloride (PME-
TAC). We explored both temperature- and light-induced
polymerization methods. An appropriate choice of the
polymerization method and time allows controlling the volume
fraction of the polymer within the pore (pore filling, F%) in the
5%—100% range. These strategies enabled the gradual control
of transport from exclusion to preconcentration. The
experimental observations are complemented with predictions
from a molecular theory that explicitly considers the
polyelectrolyte chains’ conformational degrees of freedom, the
ions and the redox probes, the acid—base chemical equilibria,
and the inter- and intramolecular interactions. The theoretical
study helps to explain the molecular origin of the complex
perm-selectivity behavior of the hybrid mesoporous systems.

B MATERIALS AND METHODS

Synthesis of mesoporous aminosilica thin films. Propylami-
no-functionalized mesoporous thin films were synthesized, as
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described in previous works,”1>?° 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 =
13600). The precursor solution was prepared using 0.8TEOS:0.2AP-
TES:0.005F127:40EtOH:10H,0:0.28HCL. This solution was used to
produce films by dip-coating on silicon, glass, and ITO substrates
under ~40% relative humidity conditions at ~25 °C, and 2 mm s™"
withdrawing speed. The organic template was removed by extraction
in 0.01 moldm™ HCI in absolute ethanol (Merck) for at least 3 days
under stirring.

Anchoring 4,4’-azobis(4-cyanopentanoic acid) on mesopo-
rous 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 30 min followed by
backfilling with N,(g). 40 mL of dry DMF were added to the flask
through the septum, and the reactants were allowed to dissolve. After
complete dissolution 0.13 mL of dry pyridine were added. Mesoporous
films were sealed in Schlenk tubes and degassed (4x high-vacuum
pump/N, refill cycles). The reaction mixture was syringed into the
Schlenk flasks containing the mesoporous films and left overnight
under N,(g) at room temperature. Finally, the mesoporous substrates
were removed from the reaction mixture, immersed in a beaker
containing DMF, and left over a period of 1h. The modified substrates
were then washed twice with DMF followed by washing with water
and ethanol. The initiator-functionalized mesoporous films were
stored under nitrogen below 4 °C until further use.

Anchoring 4-Benzylbenzoic acid to mesoporous amino-
silica films. The surface modification of the mesoporous amino-silica
film with BP initiator groups was accomplished by the following
procedure: 0.4 g (1,7 mmol) of 4-benzoylbenzoic 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
30 min followed by backfilling with N,(g). Thirty mL of dry DMF
were added to the flask through the septum, and the reactants were
allowed to dissolve. After complete dissolution 0.13 mL of dry pyridine
were added. Mesoporous films were sealed in Schlenk tubes and
degassed (4X high-vacuum pump/N, refill cycles). The reaction
mixture was syringed into the Schlenk flasks containing the
mesoporous films and left overnight under N,(g) at room temper-
ature. Finally, the mesoporous substrates were removed from the
reaction mixture, immersed in a beaker containing DMF, and left over
a period of 1 h. The modified substrates were then washed twice with
DMF followed by washing with water and ethanol. The initiator-
functionalized mesoporous films were directly used for polymerization.

Poly(2-methacryloyloxy)ethyltrimethylammounium chlor-
ide brush growth on temperature-initiator- functionalized
mesoporous silica films. In a 100 mL Schlenk flask, 23.3 g of (2-
methacryloyloxy)ethyltrimethylammounium chloride as 80 wt %
solution in water was added. The monomer solution was diluted
with ultrapure water (Milli-Q) to SO wt %. This solution was degassed
by N,(g) bubbling for 1 h. The initiator-functionalized single
mesoporous silica substrates were sealed in a Schlenk flask and
degassed (4x high-vacuum pump/N, refill cycles). The degassed
monomer solution was syringed into this Schlenk flask until all
substrates were covered entirely. The flask was immersed in an oil bath
preheated to 65 °C. To finish the reaction the mesoporous silica
substrates were removed from the polymerization solution, washed
extensively with water, and dried to yield a poly(2-methacryloyloxy)
ethyltrimethylammounium chloride brush grafted mesoporous silica.

Poly(2-methacryloyloxy)ethyltrimethylammounium chlor-
ide brush growth on benzophenone light-initiator- function-
alized mesoporous silica films. In a 100 mL Schlenk flask, 23.3 g of
(2-methacryloyloxy)ethyltrimethylammounium chloride as 80 wt %
solution in water was added. The monomer solution was diluted with
ultrapure water (Milli-Q) to SO wt %. This solution was degassed by
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N,(g) bubbling for 1h. The initiator-functionalized single mesoporous
silica substrates were sealed in a Schlenk flask and degassed (4x high-
vacuum pump/N, refill cycles). The degassed monomer solution was
syringed into a degassed quartz glass cuvette containing one substrate;
each substrate was entirely covered. The cuvette was placed under a
UV lamp at a distance of S cm (Philips black light, 15SW, irradiation
maximum at 355 nm), and irradiated for several minutes up to hours.
To finish the reaction, the mesoporous silica substrates were removed
from the polymerization solution, washed extensively with water, and
dried to yield a poly(2-methacryloyloxy)ethyltrimethylammounium
chloride brush grafted mesoporous silica.

Diffuse reflectance infrared Fourier transform spectroscopy
measurements (DRIFTS) were performed on a Nicolet Magna 560
instrument, equipped with a liquid nitrogen cooled MCT-Adetector.
DRIFTS measurements were performed by depositing scratched film
samples on a KBr filled DRIFTS sample holder.

Small-angle X-ray scattering (SAXS). Measurements were
performed at the D10A-XRD2 line of Laboratorio Nacional de Luz
Sincrotron, Campinas, SP, Brazil (1 = 1.5498 A), with a Pilatus
bidimensional detector and a sample-to-detector distance of 650 mm.
SAXS and Grazing-incidence SAXS (GI-SAXS) measurements were
performed at 90 or 3° incidence, respectively.

Thin film characterization. Film thickness and refractive index in

the 200—950 nm region were obtained using a SOPRA GESSA
spectroscopic ellipsometer. Measurement of the ellipsometric
parameters (1) and A(1) were carried out under dry nitrogen flux
in order to avoid water condensation within the mesopores. The film
refractive index was satisfactorily adjusted according to a one-layer
model for both amino functionalized or the polymer-modified
mesoporous films. A Briiggemann effective medium approximation
(BEMA) was used to calculate the pore volume fraction (Vpore%),
considering two phases made up of silica (ng;; = 1.455) and void
pores. The polymer volume fraction in the material Vpyprac% was
obtained by analyzing the optical data with a three component BEMA
using ng;; = 1.455 for the silica framework, ngy; = 1.50 for PMETAC,”®
and void pores. The pore filling fraction with polymer was defined as F
% = VPMETAC/Vpore%'
Water adsorption—desorption curves (at 298 K) were measured by
ellipsometric porosimetry (EP, SOPRA GESSA). Film thickness and
refractive index values were obtained from measuring the ellipsometric
parameters y(4) and A(1) under nitrogen flux containing controlled
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
distribution at each P/P, were obtained by modeling the refractive
index obtained according to a three-medium BEMA (see above)
corresponding to a one layer model for the mesoporous films. Pore
size distributions were obtained from the analysis of the refractive
index variation along variation of water vapor pressure, using the
WinElli 2 software (SOPRA, Inc.). Polymer contents (i.e., F%) were
also obtained from the adsorption—desorption isotherms, by
estimating the decrease in pore volume in the PMETAC-containing
samples.

Cyclic voltammetry. CV was performed using a potentiostate
TQ_ 03 with an Ag/AgCl reference electrode. All probe solutions were
prepared with a concentration of 2 mM in 100 mM KCl as supporting
electrolyte resulting in a pH 5—6 solution. Acidic or basic conditions
(pH 3 and pH 8) were adjusted by adding a drop of a concentrated
HCI or NaOH solution directly before starting the measurement.
Quantitative variations in permselectivity were studied by following
the changes of voltammetric peak currents associated with cationic
[Ru(NH;)]**/** and anionic [Fe(CN),]*>~ redox probes, diffusing
across the mesoporous film.®

Transmission electron microscopy (TEM). TEM measurements
were made using a FEI CM20 TEM microscope with a maximum
resolution of 2.3 A, equipped with a LAB-6 cathode and a CCD
camera (Olympus), using an acceleration voltage of 200 kV. Measured
samples were obtained by scratching from a glass substrate. They were
subsequently dispersed in some drops of ethanol. A drop of the
suspension was carefully placed onto a TEM grid and ensuing solvent
evaporation.
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Modeling of the pore molecular organization and current
of the redox probes. The concentration of the redox probe within
the mesopores (Cpmbe) was calculated using a previously developed
molecular theory and it was used to estimate the redox current of the
probe in the cyclic voltammetry experiment under the assumption that
the electrochemical response is governed by the concentration of the
redox probes in the mesoporous film. The molecular theory considers
explicitly the size, charge, charge distribution and conformations of all
chemical species in the system, as well as the presence of coupled
acid—base chemical equilibria and inter and intramolecular inter-
actions.”*° In addition to the concentration of the redox probe, the
theory provides us with a description of the molecular organization
within the pore, namely the position-dependent concentration of all
chemical species inside the pore, the electrostatic potential profile
inside the pore and the degree of dissociation of the silanol and amino
groups on the pore inner walls. We explain the derivation of the
molecular theory and describe the molecular model used in the
calculations in the Supporting Information.

B RESULTS AND DISCUSSION

Chemistry inside nanoconfined pores demands a careful control
over film and pore properties such as surface energy, charge
density, functional groups, pore size, and reaction conditions,
such as reactant concentration and temperature. Mesoporous
aminosilica films, prepared by co-condensation, show a switch
from slightly positively to negatively charged membranes
around pH 3—4.>"*? The resulting charge distribution within
the pores in combination with the small pore diameter results
in an exclusion of negatively charged molecules and a
preconcentration of positively charged molecules at pH > 4.
It has been reported that inclusion of PMETAC brushes with a
polymerization degree of N ~ 30 inside the mesoporous amino-
silica membrane leads to a completely different behavior (ie.,
preconcentration of negative precursors) due to the permanent
positive charges of the quaternary amino-function of
PMETAC."” Here we present two methods that permit gradual
tuning of the transport properties of hybrid mesoporous
aminosilica-PMETAC membranes. This is achieved through
the precise adjustment of PMETAC density that leads to a
gradual adjustment of the positive charge density inside the
nanoconfined pore environment, as schematized in Figure 1.
Amino-silica mesoporous film matrices were produced, and an
initiator for radical polymerization was grafted to the amino
function (Figure 1). The polymerization routes followed
involve temperature- or light-induced polymerization of
METAC" monomers (see Materials and Methods for details).

Materials characterization. We used mesoporous amino-
silica films produced by co-condensation (APTES:Si = 0.2:1) as
a platform to build up the hybrid polymeric-inorganic
membranes. 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 processes
display organized pore arrays with pores having an ellipsoidal
shape due to uniaxial contraction."

As described in our previous works, the surface density of
available amino groups for chemical reaction is highly
reproducible in the range of ~16% of the total population of
amine groups.'>*> These functional groups were used as
grafting sites for the surface-initiated free radical polymerization
of poly 2-(methacryloyloxy)ethyltrimethylammonium chloride)
(PMETAC) brushes. In a first step the amino groups were
conjugated to two different surface-confined initiators: 4,4’-
azobis(4-cyanopentanoic acid) (ACVA) or 4-benzoylbenzoic
acid (BP) as temperature”” or light-initiators, respectively.

DOI: 10.1021/cm5037953
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temperature-induced light-induced

M=t - polymer amoﬁw

Figure 1. Schematic depiction of the two routes (thermal- and light-
induced) with different initiators explored for reaction-time dependent
adjustment of PMETAC function density in mesoporous aminosilica
films. The transport regulating variables are linked with the ability of
adjusting polymerization time and type of polymerization on the
amount of permanently positively charged PMETAC brushes, and
tuning the polymer interaction with the silanol surface groups that

define the pore charge.

Subsequently, brush polymerization was accomplished by
surface-initiated free radical polymerization of METAC
monomers in the presence of water as solvent. Interestingly,
under these conditions, the aminosilica walls should be charged
negatively, causing a preconcentration of the METAC
monomers inside the pores, thus favoring the reaction to
proceed within the mesopore volume.'” A representative
transmission electron microscope (TEM) image of a scratched
film and a 2D SAXS pattern in which an ellipse and
reinforcements corresponding to cubic mesostructure can be
observed are presented in Figure 2.

Qualitative characterization of polymer-containing mes-
oporous films. In order to manipulate the polymer content and
thus the charge density, polymerization time was varied
between minutes up to several hours. The presence of

Figure 2. Representative TEM image (left) and 2D-SAXS trans-
mission pattern obtained at 3° incidence (right) of aminopropyl-
triethoxysilane (APTES)-functionalized mesoporous silica thin films
(NH,(CH,),Si function) with a molar ratio of co-condensed APTES
of 20 mol %, after treatment to 200 °C and template extraction.
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PMETAC was confirmed by Diffuse Infrared Fourier Trans-
form Spectroscopy (DRIFTS). Figure 3 depicts the DRIFT
spectra after temperature-induced (Figure 3A) and photo-
induced polymerization of PMETAC (Figure 3B). The bands
corresponding to the inorganic matrix, such as the Si—OH and
Si—O-—Si stretching at ~966 and ~1080 em™, do not change
significantly upon polymerization. Additionally, characteristic
bands corresponding to the N—H asymmetric bending of the
amine group around ~1560 cm™' can be identified. Upon
polymer modification, a C=0 stretching bond at ~1727 cm™"
appears. This band can be attributed to the ester linkage of
METAC monomer units in the PMETAC polymer backbone.
This C=0 stretching signal increases with increasing ratio of
PMETAC per amount of silica.

Figure 3A shows a selected region of the DRIFTS spectrum
of an amino-silica film obtained by temperature-induced
polymerization, normalized to the Jy,o bending signal at
1670 cm™". Spectra also display the bands corresponding to the
characteristic N—H asymmetric bending of the amine group
around ~1560 cm™' and the C=0 stretching bond at ~1727
cm™! that appears upon polymer modification. Two temper-
ature-induced polymerization times of 40 (cyan, dashed trace)
and 210 min (blue, solid line) are compared to the original
amino-functionalized film (black full line). The C=O0O
stretching band at ~1727 cm™ increases from 0 to 210 min
polymerization time. However, the signal is small, indicating a
low amount of PMETAC.

Light-induced polymerization, with benzophenone as a type
II photoinitiator, leads to much higher overall polymer content,
as well as a faster polymerization with respect to overall
reaction time and achieved polymer amount under the applied
experimental conditions (Figure 3B). Figure 3B depicts
representative DRIFT spectra, which are normalized to the
asymmetric Si—O—Si stretching signal at ~1080 cm™". These
spectra show considerably higher C=O vibrational bands,
markedly increasing with polymerization time. It is important
to recall that both initiation mechanisms are dissimilar and that
different initiation efficiency is expected due to the differences
in the initiator molecules and energy supply (i.e., themal versus
photoinitiation). ACVA as a temperature initiator decomposes
into two identical radicals, one bound to the surface and one
being liberated into solution, whereas benzophenone initially
generates a surface bound biradical which is able to remove a
proton from C—H bonds. Under the applied experimental
conditions, benzophenone seems to be more efficient to
generate polymer. In all our experiments a significantly higher
amount of PMETAC was generated by using benzophenone as
photoinitiator compared to ACVA as thermal initiator.

The presence of initiator and PMETAC in the mesoporous
membrane also causes an appreciable increase in the contact
angle, from ca. 25° in the amino functionalized films to 60—80°
after initiator binding and extensive polymerization. This
increase in contact angle is another proof that surface
functionalization took place.

Estimation of polymer contents. Previous works have
assessed that, in the co-condensation synthetic conditions used
in this paper, ~16% of the amino groups are available for
reaction at the mesopore surface. This results in an approximate
ratio of available amino to silanol of -NH,:-OH ~ 1:4.">*>3% In
this framework, the pore should be overall neutral for a
polymerization degree of PMETAC of N = 4, assuming that all
amino groups carry an initiator and all initiators identically
initiate a polymerization. Based on these assumptions, the

DOI: 10.1021/cm5037953
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Figure 3. DRIFT spectra in dependence of the polymerization time for temperature-induced polymerization with ACVA (A) and light-induced
polymerization with BP (B) (black, 0 min; orange, 5 min; red, 10 min; blue, 2 h). The ester-carbonyl band at 1727 cm™ reflects the increasing
PMETAC content with increasing polymerization time. The much higher PMETAC content upon photopolymerization for comparable reaction

times is clearly visible.

amount of monomers per amino group (fygrac/Mnm2) can be
calculated by normalizing to the equivalent intensity of surface
amino groups that should have reacted (0.16Ig,) as expressed
in the following equation:

" P epmerac(byerac — Lo)
METAC/ "'NH, 0.16(eg,Igy)

(1)

with Ipyprac being the absorption of the I-_o band in the
DRIFT spectra at 1727 cm™’, I, referring to the DRIFT
absorption of the amino groups at 1560 cm™" multiplied by the
ratio of reactive surface amino groups (16%), and I, referring to
the baseline at the position of the C=0O band at 1727 cm™.
The measured signal intensity has to be corrected by the
absorption coefficient (¢). Referring to literature values, typical
values for £(C=0) are in the range of 260—450, whereas
values for (NH,) are in the range of 60—150.*® This results in
a factor of 2—3 comparing both absorbances. Using an
approximate average ratio £(C=0)/&(NH,) ~ 3, the number
of monomers per surface amino function obtained from the
DRIFTS can be estimated as nygrac/fings ~ 1.2 after 40 min
and nygrac/fnm ~ 2.3 after 210 min of temperature-induced
polymerization using ACVA (Table 1). This implies a change in
the pores surface charge after temperature-induced polymer-
ization, and a pore volume filling of ~7—8% consistent with the
EP results as discussed below.

In the case of light-induced free radical polymerization with a
benzophenone initiator, a much higher pore filling degree is

Table 1. Pore Filling with Increasing Polymerization Time
Measured by Different Characterization Techniques

Time/ CA/ doore/  Anect/ E% fveTAC/
min M633 (0%) deg Vpore% (EP) nm nm (EP) ™
T-Induced Polymerization
0 1.300 26 31 8.2 3.5 0 0
40 1313 30 30 6.8 3.3 4 12

120 1.338 61 28 4.6 2.8 11
210 1.340 61 24 4.6 2.6 23 2.3
Light-Induced Polymerization
0 1.307 25 30 7.8 3.5 0 0
10 1.374 80 16 4.5 2.6 47 5.6
30 1.401 80 11 32 2.1 63 9.2
120 1.468 80 0 0 0 100 1$

*Polymerization degree, estimated by DRIFTS; see text.
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obtained in shorter reaction times. An estimation of the
polymer contents derived from the IR data under the same
assumptions discussed above (eq 1) leads to significantly higher
tvETac/ v Values. The absolute values might vary due to the
error introduced by the uncertainty of the absorption
coefficient (&) ratio between C=0 of the PMETAC and the
amino group, but the relationship between the polymer
contents along different polymerization times should not be
greatly affected. Taking into account an approximate (reactive
amino):(surface silanolate) ratio of 1:4, an already slightly
positively charged membrane can be obtained even after a short
irradiation period of 10 min. Interpreting this data, one has to
be aware that polymerization was performed inside the
mesopores, but can also take place on the outer film surface.
Consequently, the mentioned values are mean values for both
polymer locations. Additionally, we performed free radical
polymerizations that should not produce well-defined polymer
brushes, and branching is very likely to occur. Thus, the values
for nyrac/nnme reported here are meant as an average number
of charge carrying monomers per initial amino surface group,
and not as the actual degree of polymerization.

Additionally, an analysis of polymer content and pore filling
was performed by using ellipsometry under dry nitrogen flux
(i.e,, 0% humidity) and ellipsoporosimetry (EP). The results
are gathered in Table 1. Ellipsometric analysis of mesoporous
films prior to and after polymerization of PMETAC was
performed for films submitted to varying humidity between 0%
and 100%. The obtained ellipsometric parameters ¥(4) and
A() were satisfactorily adjusted between 300 and 900 nm
using a single layer model. The pore volume fraction (V%)
in mesoporous empty or polymer-loaded films was assigned
using a BEMA model. Water adsorption—desorption isotherms
obtained from EP measurements are shown in Figure 4. In all
cases, type IV isotherms are obtained, presenting H2 hysteresis
loops. Pore volume can also be extracted from the isotherms, as
well as the pore and neck size distributions, according to the
model proposed by Boissiére et al. for ellipsoidal mesopores.>*
One has to mention that EP measurements reflect the
interactions of water and the oxide surface; thus, a change in
contact angle strongly influences the obtained pore diameter,
but not the refractive index, the thickness, or the shape of the
sorption isotherms. By comparing the adsorption—desorption
isotherms for ACVA- (Figure 4 A) and benzophenone-initiated
METAC polymerization (Figure 4B), the different degrees of
pore filling are directly visible.

DOI: 10.1021/cm5037953
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Figure 4. Water adsorption isotherms (left) and pore size distributions (right) as determined from the adsorption branch in EP upon increasing
polymerization time of PMETAC brushes for temperature-induced (a, black: 0 min, orange: 40 min, blue: 2 h, red: 3.5 h) and light-induced (b,
black: 0 min, blue: 10 min, red: 30 min, green: 120 min) free radical polymerization.

For an amino-modified silica film, an average pore volume
fraction (Vpore%) of 33 + 2% was calculated from the refractive
index at 0% humidity applying BEMA (see Materials and
Methods for details). This pore volume is in excellent
agreement with the pore volume fraction of 31 + 1% found
by analyzing the water adsorption—desorption isotherms
obtained by EP. Pore size distributions centered with an
average pore diameter of 8.2 nm and a neck size of 3.5 nm
diameter were calculated from the adsorption and desorption
branches of different samples, respectively.

The EP water isotherms of Figure 4 show a general trend.
First, a consistent decrease in V% and pore diameter is
observed for longer polymerization intervals, indicating
polymer incorporation into the pore system along reaction
time for systems submitted to thermal or photoinitiated
polymerization. Coincidently, pore diameters decrease upon
polymerization. In addition, by comparing the water
adsorption, the pore volume, and the resulting pore size
distribution, it can be immediately observed that the thermal-
induced pathway (Figure 4A) leads to a significantly lower
polymer inclusion than the light-induced one (Figure 4B), in
excellent agreement with the FTIR information. The pore
volume fraction filled with polymer F%, and the pore and neck
diameter obtained from EP measurements for the different
times and polymerization routes are detailed in Table 1.

In the case of temperature-induced free radical polymer-
ization, a large fraction of the pore volume remains accessible
for water adsorption even after 210 min of reaction. An increase
in F% is observed along the polymerization reaction, reaching
approximately a value of F% = 23% for samples submitted to
210 min polymerization time due to the gradual growth of
PMETAC within the mesopores. At this point, the estimated
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fvErac/ N = 2.3 according to DRIFT results. Pore and neck
sizes obtained from EP (Table 1) show a size reduction from
82 to 4.6 nm, and from 3.5 to 2.6 nm, respectively.’> This
reduction of the pore diameter of ~3.6 nm for relatively short
polymers (n = 2.3) is in agreement with what would be
expected. Using a roughly estimated volume of 0.262 nm® for a
METAC monomer (from the van der Waals radii, see below)
and a grafting density of 0.9 amino groups per square
nanometer according to the estimation of active amino groups
and the total number of 4.5 silanolate groups per square
nanometer,*® a more or less close packed polymer with nygrac/
finez = 2.3 would lead to ca. 6.3 nm diameter. Film thicknesses
of 2 nm were reported for brush layers synthesized by ATRP
without blocking nanopores with a diameter in the range of 22
nm,***”3% which is larger than the here reported pore sizes. An
estimation using the C—C bond length would yield
approximately nyprac/fnme ~ 3 for a reduction of pore radius
of ~1.5 nm, again leading to ~5.2 nm diameter. The observed
differences are in this scenario lie within reasonable
uncertainties due to the different techniques and models used
in such complex systems.

In the case of light-induced free radical polymerization with a
benzophenone initiator, a much higher pore filling degree is
obtained in shorter reaction times. Indeed, complete pore
blocking for water adsorption is obtained after 120 min
irradiation (Figure 4d—f), as indicated by the high value of n43;3
= 1.467 at 0% humidity, for a sample obtained after 120 min of
light-induced polymerization. Coincidently, the pore diameters
obtained by the Kelvin equation significantly decrease upon
polymerization even after short irradiation times, until pores
seem to be inaccessible to water (Figure 4f) after 120 min of
irradiation (Table 1). This behavior is in contrast to the
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Figure 5. Cyclic voltammetry response for the charged probes [Fe(CN)4]*~/* (left) and [Ru(NH;)¢]**/** (right) in dependence of polymerization
time (0 min; A, 10 min; B, 40 min; C, 90 min; D, 2 h; E, 3.5 h) and pH (gray, pH 3; blue, pH S; light blue, pH 8), for the temperature-induced
polymerization. The red trace in the first graph for 0 min corresponds to the response of the probe solution on the bare ITO electrode.

temperature-induced polymerization that only led to a very low
amount of pore filling up to 210 min of reaction.

In summary, the maximum pore filling that could be achieved
here by temperature-initiated polymerization is roughly
comparable to the lowest polymer filling achieved by light-
induced polymerization. Both methods are complementary and
allow a gradual tuning of polymer amount. While light-induced
polymerization leads to water-inaccessible mesopores in short
times, the thermal initiator method can be used to fine-tune low
loadings of functional monomers. It is also clear that a set of
different techniques such as EP and DRIFTS is necessary to
estimate the pore filling. Slightly different absolute values were
obtained with different characterization methods due to
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different limitations and different models to interpret pore
filling. However, both methods overall coincide in the general
trend. This permits association with the amount of charged
monomers per amino group (nyprac/fnme) in the mesoporous
film to our ionic permselectivity, which will be discussed in the
next section.

Transport characteristics. Transport of molecules along
mesoporous systems is governed by the complex interplay
between diffusion and adsorption kinetics on the pore
surface.®”*® A delicate balance is set between diffusion and
adsorption controlled processes, which crucially depends on the
pore dimensions, as well as the nature and availability of surface
sites, and their charge speciation. In particular, the accurate
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control of the pore surface charge density is crucial to design
ion selective transport systems, to tailor transport manipulation
through nanoconfined pores, as well as to exploit preconcentra-
tion phenomena. The understanding of these effects permits
creation of specific systems in applications such as catalysis,
membranes, or drug delivery.**

Adsorption of the positively charged fluorescent dye
Rhodamine B in PMETAC-modified films obtained by
photopolymerization showed a clear decrease of fluorescence
intensity with increasing polymer content (Figure S1). This
suggests that a gradual charge density variation is achieved that
changes the electrostatic-driven adsorption of the charged dyes.
In order to shed light on the perm-selective properties and
perform a more quantitative analysis, cyclic voltammetry (CV)
was used. This technique is currently used in the recent
literature to investigate the influence of charge on the transport
properties of charged probe molecules in mesoporous
materials. The detailed response of CV probed in mesoporous
materials depends on complex processes that are not yet fully
understood, and the current density obtained under diffusion-
limited conditions is related to a combination of the
electrochemical probe concentration as well as its diffusion
rate.*' However, it is well-known that the change in
voltammetric response of mesoporous electrodes reflects the
variation in the probe accessibility with the architecture and the
electrostatic environment of the nanoconfined pores. Well-
ordered mesostructures can display enhanced transport proper-
ties of guest-molecules compared to nonmesostructured
architectures.>"** For example, recent work by Walcarius et
al. shows an enhancement of the voltammetric signal of 1 order
of magnitude in the case of a mesoporous film deposited onto
an ITO electrode compared to a bare ITO surface.”® As
recently demonstrated, pore filling of mesoporous films of
about 83% with PMETAC leads to an inversion of charge from
a pH-switchable, negatively charged or neutral mesoporous film
to a permanently positively charged PMETAC-modified
mesoporous film.'* This permanent positive charge causes a
preconcentration of negatively charged molecules and thus a
significant voltammetric signal enhancement, whereas positively
charged molecules are excluded. This effect was used to
generate metallic nanoparticles through electrostatic precursor
preconcentration.'>** In this context, it is of particular
importance to understand the effect of the polymer length on
the generation of pores with intermediate charge states that can
display tunable transport properties.

The influence of polymer contents in the transport
properties of the PMETAC-containing mesoporous aminosilica
thin films for the two different initiation systems was analyzed.
Ferrocyanide (FC, [(Fe(CN)4]>”) and hexaaminoruthenium
(RA, [Ru(NH,)¢]*") were used as negatively or positively
charged probe molecules respectively, to investigate PMETAC-
functionalized mesopore permselectivity. CV measurements
were performed at pH values of 3, S, and 8. It is important to
note that a combined effect of the pore wall and the
polyelectrolyte charges is expected through all the pH range.
Aminosilica mesoporous film walls bear a slightly positive
charge at pH of 3 whereas they are negatively charged at pH >
4.5, due to deprotonation of the surface silanol groups,45 while
the PMETAC chains introduce a permanent positive charge. In
principle, transport properties can be adjusted by controlling
intrinsic (polymer length) or extrinsic (pH, ionic force,
counterions) conditions but especially at low PMETAC
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contents, the system becomes quite complex due to the
confined charges.*®

Temperature-induced polymerization. Figure S shows
measured cyclic voltammogramms (CV) for the charged
probes FC and RA in films presenting varying degree of pore
filling after thermally induced polymerization using ACVA.
Curves correspond to anionic FC (left) and cationic RA (right),
at pH values of 3 (gray), S (blue) and 8 (light blue). It is worth
noting that in all cases the peak currents increase as v/ (see
Figure S2), indicating that the electrochemical response is
limited by diffusional charge transport rather than by interfacial
charge transfer.

At a first glance, the positive and negative probes show
different behavior: a significant effect of the introduced number
of monomers, fiyprac/Mngy and pH in the CV signals is
observed, demonstrating the important role of the surface
charge in the charge transport, in agreement with observations
from previous works.****” It has to be recalled from the
previous section that thermal initiation leads to low PMETAC
charges, i.e., fyprac/nnm < 3, and that pH variation influences
the charge of the silica wall, but not the positive charge of the
polymer.

For unmodified films (nyprac/fnm = 0), the observed peak
current density (jp) of the anionic probe FC is always lower
compared to the one of bare ITO, with a maximum current
density at pH of 3 (Figure S, 0 min). The lower current
observed in the mesoporous membrane-initiated film with
respect to bare ITO results from a balance between a lower
available electrode area, a high pore accessibility, and some
preconcentration effect.*® No appreciable current can be
observed in the FC voltammetry for pH > 5 due to the
negatively charged silanolate groups. In contrast, the positively
charged RA probe presents no signal at a pH of 3. At higher pH
values, the RA probe presents a higher signal with respect to the
current of bare ITO for the same probe solution (Figure S, 0
min). For aminosilica and low PMETAC content samples, we
observe two anodic peaks located at ~—80 and —195 mV,
while for bare ITO or samples with large PMETAC content we
observe only the peak at —80 mV. A possible explanation is that
the signal at —80 mV corresponds to the signal of free RA
probes, while the anodic peak at ~ —195 mV corresponds to
RA cations electrostatically adsorbed to free silanolate groups.
In the latter case, electron transport might be due to electron
hopping along surface adsorbed species.

The voltammograms in the presence of FC show increasing
broadening as the polymer content increases, although there is
always only one anodic and one cathodic peak. Peak
broadening is indicative of redox probes in different molecular
environments (which have different apparent redox potentials
and/or mobilities). We propose that the broadening in the case
of FC is due to the electrostatic association of the FC anion
with the PMETAC polycation.

The global behavior for both probe molecules indicates that
the surface charge of aminosilica films (nyprac/ma = 0) is
dominated by the negatively charged silanolate groups present
on the wall surface at pH > 4.5 and protonated amino groups
for acidic pH. The resulting electrostatic effects are responsible
for the exclusion or preconcentration of both probes. The pH
dependence of the transport of both the positive and negative
probes in the blank systems is in line with previous works
indicating that the amino-silica pore bears a positive charge at
low pH due to the presence of propylammonium and silanols;
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Figure 6. (A, B) Cyclic voltammetry response for the negatively charged probe molecule [Fe(CN)4]*~/*~ (EC) as a function of photopolymerization
time: 0 min (black), 10 min (orange), 30 min (red), 120 min (blue) for pH 3 (A) and pH 8 (B). (C, D) Cyclic voltammetry response for the
positively charged probe molecule [Ru(NH,)]**"** (RA) in dependence of polymerization time: 0 min (black), 10 min (orange), 30 min (red), 120

min (blue) for pH 3 (C) and pH 8 (D), corresponding to Figure 6.

for pH above 4, a charge reversal is observed due to
silanolate.'*'>*

For the maximum polymerization time explored of 210 min
with respect to thermal ACVA initiation, which corresponds
approximately to nyprac/fnmy ~ 2, signals for FC and RA are
observed (Figure SE). Additionally, the effect of the pH in the
peak intensity is noticeably smaller than that in the amino silica
film with nyErac/finmg = 0. In the case of the negative probe, a
voltammetric peak shift and slight broadening is observed at pH
of 3. Peak broadening can be attributed to the electrostatic
interactions between FC anions and PMETAC, as discussed
above, while the peak shifts likely result from the effect of the
acid—base equilibrium on the Donnan potential of the film.*’
The currents for FC are slightly lower for higher pH, indicating
that a fraction of silanolate groups makes a small negative
contribution to the surface charge, resulting in lower currents
for the FC species. The corresponding voltammetric response
of RA displayed in Figure SE (right) shows that diffusion of the
probe molecule takes place. Neither an exclusion, correspond-
ing to a positively charged pore, nor a significant preconcentra-
tion, as expected for a negatively charged pore, are observed,
such as, for example, for bare mesoporous silica. The results
corresponding to the 210 min polymerization are very similar
to those observed in the case of a polyelectrolyte-modified
mesoporous silica surface, in which a charge-matching
neutralizes the pores and permits the transport of charged
species.'” This suggests that the surface charge is practically
neutralized by the PMETAC for nygrac/finm ~ 2-3.

The results for t = 0 min (nyprac/fix =0) and ¢ = 210 min
(nyerac/finm ~2.3) demonstrate that the METAC amount
within the mesopores can be controlled, leading to an increase
of a positive charge within the pore system. The growth of
PMETAC induces a permanent positive charge, and a decrease
in the transport of positively charged molecules would be
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expected. However, the low average polymer amount
achievable by thermal polymerization is not sufficient to
reverse the silanolate-induced pore charge at basic pH.

For intermediate polymerization times, an increasing positive
charge density corresponding to an increasing PMETAC
content with increasing polymerization time is observed,
confirming the results of DRIFT and pore-ellipsometry. In
line with this observation, the transport of negatively charged
FC constantly increases with increasing PMETAC content
(Figure S) for all pH conditions. For pH = 3 (slightly positive
to neutral silica pore walls) the transport of FC is always higher
than that for more basic pH (pore walls negatively charged)
and increases starting from the j, for 0 min polymerization,
reaching a constant level after 120 min of polymerization
(nyeTac/fnm ~ 2.3). The measured transport for the positively
charged probe RA at pH 8 shows a decrease in the j, signal for
higher polymer content. The preconcentration of RA observed
for the blank aminosilica films at pH > 5, due to the probe
electrostatic adsorption onto silanolates, is reduced with
increasing polymer content, resulting in j, reproducing exactly
the CV of bare ITO.

The observed facts are compatible with the interpretation
that probe diffusion takes place in the pores, modulated by the
pore surface charge. This charge is heavily influenced by the
interplay of PMETAC contents and the silanolate species,
which are in turn modified by pH. The complex observed
behavior is completed by some contribution to the total current
due to probe species interacting with the pore surface, either
RA adsorbed on silanolate grops or FC preconcentrated by
PMETAC, as a counterion. For PMETAC values of nygrac/
finez ~ 2.3, a neutral pore is created, as already concluded from
the transport results of the negative probe. For lower pH
values, the interpretation is more complex. In the case of pH 3,
when nygrac/nnme > 1, the same trend is apparent, and j, is
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almost constant in the vicinity of nygrac/nnm, = 2, suggesting
that even for those low polymer loadings the surface is nearly
neutralized. For shorter residues (i.e., nygprac/fnm ~ 1), the
peak current density for RA increases when the average
fveTAC/ fiNgp  IDCTEases, suggesting a complex transport
mechanism arising from crossed charge and surface acidity
effects, combined with pore wetting. At these low polymer
loadings, unreacted amino groups or initiators might intervene
on the surface charge. Further experiments are in due course to
understand this behavior.

In summary, these results show a transformation of an
aminosilica mesoporous film, which is slightly positively
charged at pH 3 and negatively charged at pH > 5, into a
neutral to slightly positively charged PMETAC-modified
mesoporous film at pH 3, and a nearly neutral PMETAC-
modified mesoporous film at pH > 5. It is worth noting that
these effects were always measured under the conditions of
intermediate ionic strength (100 mM KCl) and that variations
of this parameter can also influence the electrostatic
interactions and thus the perm-selective behavior.

Light-induced polymerization. Light-induced polymeriza-
tion times were varied up to 120 min. Parts A and B of Figure 6
show the cyclic voltammograms for the negatively charged FC
as a function of the polymerization time (black, 0 min; orange,
10 min; red, 30 min; blue, 120 min), and pH 3 or pH 8. As
discussed above, the mesoporous aminosilica pore walls are
slightly positively charged at pH 3, allowing the diffusion of the
FC negative probe as indicated by the voltammetric response
(Figure 6A, black, 0 min) whereas the cyclic voltammetry
response changes appreciably for pH 8 (Figure 6B, black, 0
min), at which the mesopore walls are negatively charged and
thus the negatively charged FC is excluded. For the maximum
polymerization time of 120 min, a strong preconcentration of
[(Fe(CN)4]*™ is evidenced by redox peaks that are much
higher and broader than for the unmodified film and bare ITO-
electrode. The detected j, is also higher than for temperature-
induced polymerization (Figure S). The effect of the positive
charged PMETAC is much more pronounced for pH 3,
reflected in the higher j, as compared to pH 8, indicating also
an influence of the silanol/silanolate wall charge, as already
discussed for the temperature-induced polymerization. The j,
for the negatively charged probe increases quickly with
increasing polymerization time, which is in line with the higher
polymer content and thus the higher charge content for the
light-induced polymerization (Table 1). Plotting j, against the
square root of the scan rate results in a linear relationship,
which strongly suggests that the electrochemical signal in our
system is limited by diffusion.*'

The voltammetric response of the positively charged RA for
pH 3 (Figure 6C) shows diffusion of the probe molecule into
the unmodified neutral membrane, and decreasing signal
intensity with polymer being present until almost complete
exclusion of the positive probe (Supporting Information), in
excellent agreement with the results obtained for [Fe(CN)4]*".
Note the presence of two anodic peaks in the voltammograms
of Figure 6D, which, as discussed above for thermal
polymerization, we attribute to free and silanol bound RA
probes. All evidence indicates that, for light-induced polymer-
ization, an overall positively charged pore is obtained even for
low polymerization times (10 min), after which nygrac/fnm >
S is achieved. Interestingly, even with these higher polymer
contents the effect of pH and thus of the wall charge is still
visible in the overall signal intensity (Figure 6C, D).
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In summary, the results presented above show that the
gradual incorporation of PMETAC into the pore space
transforms an aminosilica mesoporous film with an approx-
imate isoelectric point of 3—4 (i.e,, slightly positively charged at
pH 3, and negatively charged at pH > S) into a neutral
(nverac/mwm < S) to clearly positively charged (myerac/fnm
> §) PMETAC-modified mesoporous film.

Modeling of the transport properties for mesoporous
silica films with high PMETAC content. The experimental
results discussed above suggest that the main factor
determining the electrochemical response of the system is
electrostatic preconcentration of the redox probe in the film. In
a first approximation, therefore, we will ascribe the dependence
of peak current with the degree of polymerization and pH to
changes in the local concentration of the redox probe within
the pore. We can, therefore, write

. ,.ITO

Jp /]P = kcprobe (2)
where k is a proportionality constant that we determine as a
fitting parameter and assume to be independent of pH, nygrac/
fingy and the identity of the redox probe. Note that this
expression neglects the possible effect of the polymer on the
mobility of the probe. However, we believe that the changes in
mobility due to the introduction of the polymer will be less
important than the changes in concentration. As we show
below, the concentration of ionic species within the film can
change by orders of magnitude upon PMETAC polymerization.
We also neglect possible changes in the charge-transfer kinetics
at the ITO electrode/film interface because, as shown above,
the experimental evidence (Figure S2) indicates that the
electrochemical response is limited by diffusional charge
transport rather than by interfacial charge transfer.

In order to calculate C,.y,., we used a previously developed
molecular theory.””*° This theory considers explicitly the size,
charge, charge distribution, and conformations of all chemical
species in the system as well as the presence of coupled acid—
base chemical equilibria. The outputs of the theory are the
position-dependent concentration of the chemical species
inside the pore (polymer, Cl7, K*, H*, OH", redox probe),
the electrostatic potential inside the pore, and the degree of
dissociation of the ionizable groups on the pore inner walls (i.e.,
the silanol and amino groups). The Supporting Information
contains a detailed derivation of the molecular theory for the
current system and a description of the parameters of the
model. In our calculations, we modeled the pores as cylinders
of diameter d = 9 nm. The walls of the pore contain amino
groups, silanol groups, and PMETAC chains grafted to amino
groups. We set the total surface coverage of the amino groups
to 0.9 nm ™ (this coverage includes both free amino groups and
amino groups modified with PMETAC chains). The pK, of the
free amino groups was 10.0. Following literature references,”"*>
we considered two types of silanol groups with different acid—
base properties: silanols Q3 (one silanol per silicon atom,
Osionqs = 0.72 nm~? and pK, = 2.0) and silanols Q2 (two
silanols per silicon atom, oo, = 2.88 nm~2 and pK, = 8.2).
The parameters required to model the polymer are the number
of polymers per unit area (surface coverage, 6p) and the degree
of polymerization (N). The experimental characterization of
the system provided us with an estimation of the ratio of
METAC monomers per amino group, nyprac/fnm (See
above). However, we do not know whether each amino
group has a PMETAC chain (which implies 6 = 0.9 nm™ and
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N = nyprac/nnma) or if there are amino groups that did not
react during the anchoring of the initiator and thus are free
(which leads to op < 0.9 nm™ and N = nyprac/fnm X 0.9
nm™2/0p). We will assume here the first scenario (i.e., each
amino group has a PMETAC chain). However, we show in the
Supporting Information that the second scenario (ie., only a
fraction of amino groups has tethered chains) yields a transport
behavior very similar to that reported here for the first scenario.
Both scenarios produce similar results because, as was shown
previously,” the factor determining the concentration of the
redox probe inside the pore is the total number of METAC
monomers (N-6p) rather that the individual values of N or op.

Figure 7a shows that the theory correctly predicts the
increase of the FC current with nygrac/nyy, for both pH =3
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Figure 7. Comparison between experimental peak current densities
(points) and predictions of the molecular theory (solid lines) as a
function of the ratio of PMETAC segments to amino groups in the
pore, fygrac/fingy for PMETAC brushes grown by light-induced
polymerization. Panel a shows the predictions of eq 2, which considers
the current arising from the probe molecules within the nanopores.
Panel b shows the predictions of eq 3, which considers the current
arising from probe molecules within the nanopores plus an additional
nonpermselective parallel current.

and pH = 8. It also predicts correctly that the RA current
remains constant as a function of nygprac/nnmy; however, it
underestimates systematically the value of this current. In other
words, the theory predicts an almost complete exclusion of RA
for myprac/fnme > 0 and both pH = 3 and 8 due to the
electrostatic repulsions between the positively charged
PMETAC chains and the highly charge Ru(NH,)s** probe.
However, we observe a non-negligible Ru peak current in the
experiments. We propose that this discrepancy can be explained
by the presence of a nonpermselective path of ion transport in
the system (i.e, a nonpermselective parallel current). We thus
modified our model in order to account for this non-
permselective current:
jp/j;,TO = kcprobe + ] (3)
where ] is a fitting parameter independent of nyprac/ NNy PH,
and type of probe. Figure 7b shows that the inclusion of the
nonpermselective parallel current greatly improves the agree-
ment between theory and experiment. Our theory captures the
transport properties of the system for both types of redox
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probes, two different pH values, and different values of nygrac/
fintp using only two fitting parameters (k and J). The origin of
the parallel current may involve imperfections in the film, or
adsorption of electroactive species on the pore surface, leading
to a second path for electrons; ongoing work is investigating
these possibilities.

The molecular theory makes predictions on the distribution
of all species in the system, providing important insights on the
molecular organization within the pore. Figure 8 shows the
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Figure 8. Molar concentration of polymer segments, cations (K*) and
anions (CI7), as a function of the distance from the center of the pore,
r, as predicted by the molecular theory calculations. The dashed line
shows the bulk concentration of KCI (™ = 0.1 M). The small
concentration of the redox probes is not shown in this plot.

number density of anions, cations, and polymer segments as a
function of the distance from the center of the pore, r (r = 0
corresponds to the center of the pore) for pH = 3 and 8 and
fverac/Pnme = 1 and S. Since we assumed that every amino
group has a tethered PMETAC chain in the calculations, the
conditions nygrac/nnm = 1 and S imply chains lengths, N, of 1
and S, respectively. In all cases, the theory predicts that the
density of the polymer is maximum at the surface of the pore
due to the electrostatic attraction between the METAC
monomers and the silanol groups on the walls. Therefore,
the positive polyelectrolyte collapses to the walls of the pore in
order to neutralize its charge, even when this process results in
a loss of configurational entropy.

For nygrac/nnm = 1 and pH 8, the positive charge of the
polymer is smaller than the negative charge of the wall and,
thus, the concentration of K* cations is slightly enhanced within
the pore and the concentration of CI™ anions is depleted
(cation permselective system). In all other cases shown in
Figure 8, the charge of the polymer plus the charge of the wall
is positive; hence, those systems exhibit anion permselectivity.
Note that, for pH 8, the pore is selective to cations for nygprac/
finge = 1 and to anions for nygprac/fnme = S- The theory
predicts that transition between anion and cation permselec-
tivity occurs for fiygrac/ P ~ 1.5

The combination of experiments and theory shows that ionic
perm-selectivity in mesoporous hybrid thin films can be
adjusted gradually by adjusting polyelectrolyte content, either
by changing the polymerization method or by varying the
polymerization time. As sketched in Figure 9, three regions can
be clearly determined for both acidic and alkaline media: (a)
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Neutral
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Figure 9. Schematic summary of the behavior of the polymer-modified
silica surface. The upper scheme represents acidic conditions (pH < 3)
in which the surface is covered with silanol or protonated silanol
groups. The lower figure represents alkaline media (pH > 7),
presenting silanolate surface groups. The polymerization degree, N,
increases from left to right; regions of different charge control regime
are indicated.

fyverac/ M < 2 (Le., an occupied pore volume of F% < 25%),
in which a combination of the surface charge modulated by the
silanols, residuals of amino/ammonium functions, and some
METAC groups are responsible for the selective transport of
ions, depending on pH (i.e., the system is selective to cations at
high pH and to anions at low pH), (b) nymrac/fnm ~2-5,
with neutralized pores through which transport of cations or
anions can take place, and no exclusion is observed, (c)
fiperac/ P > S, in which the transport of cations dramatically
decreases, and anion transport or preconcentration can be
controlled. However, the observed behavior is more complex
and smaller residual non perm-selective currents can be due to
interfacial effects such as adsorption.

The control processes shown here open new paths to pattern
transport from exclusion to preconcentration of charged
molecules by selecting the appropriate polymerization strategy
and polymerization parameters. Interestingly, pore volume
effects do not seem to play a central role; this may be due to a
compensation between preconcentration and volume reduction
effects. In addition, the access of anions into a pore that is
completely filled by polymer suggests that the polymer is
permeable to the ions per se and the ion transport is mostly
controlled by electrostatic factors.

B CONCLUSIONS

In this work we demonstrate that free radical polymerization by
thermal or light-induced activation is a feasible route for the
controlled production of PMETAC inside mesoporous
membranes. A gradual tuning of polymer content within the
mesopores can be achieved by adjusting the used initiator and
the polymerization time. Increasing polymerization time results
in increasing polymer content and thus increasing positive
charge inside the nanoconfined pores, as was proved by DRIFT
and ellipsometric porosimetry. This strategy of adjustment of
charge density allows the tuning of ionic permselectivity of
charged probe molecules such as [Fe(CN)s]*/* and [Ru-
(NH,)¢ >3 through the hybrid membrane. Three regions
have been identified with different tunable permeability. For
low PMETAC contents, transport is controlled by surface
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silanolates, resulting in a membrane preconcentrating positively
charged molecules while excluding negatively charged ones.
Reaching a PMETAC content of F% > 25% occupied pore
volume (nygrac/fnm ~ 2.3) results in a neutral pore, allowing
the diffusion of positively and negatively charged molecules.
This experimental result is in very good agreement with our
theoretical model that predicts charge neutralization for
fyverac/ P ~ 1.5, A further increase of PMETAC content
creates a positively charged pore starting to preconcentrate the
negative probe [Fe(CN)4]*>~ and hindering the transport of
positive molecules such as [Ru(NH;),]*"/3". Nevertheless, in all
cases permselectivity was influenced by the solution pH. Even
for PMETAC contents of nygrac/finmg > S the deprotonation
of the pore wall silanolate groups reduced the preconcentration
of [Fe(CN)¢]*/3~. This shows that already low amounts of
polymer significantly change the behavior of mesoporous
membranes, but the pore wall maintains an influence on the
observed permselectivity. Such a gradual tuning of transport
characteristics from exclusion to preconcentration shows the
utmost importance of charge density control to manipulate
transport.

Central to the ability of controlling pore gating is the
identification of the driving forces toward perm-selectivity.
From our CV studies, it is clear that a combination of
electrostatic and steric effects controls the pore permeability
and the mechanisms of probe permeation. While more detailed
studies are needed in order to completely understand the
effects of diffusion and preconcentration, it is clear that
controlling the pore volume and surface charge by the tuned
addition of a polyelectrolyte is a valid route toward building
intelligent nanopores.

Fundamental understanding will also require improving our
theoretical tools. In this work, we used a theory to model the
molecular environment within the mesopores. We then used
fitting parameters to relate the concentration of the redox
probes within the film predicted by this theory with the
electrochemical response as a function of pH and degree of
polymerization. This approach to study the electrochemical
response is rather indirect, as it neglects the details of the
diffusional fluxes in the system. Future theoretical models will
extend this methodology to incorporate a description of the
diffusional processes in the system, allowing truly predictive
simulations of the electrochemical response, without losing
molecular detail.

The possibility of using different polymerization strategies to
control polymer content or macroscopic positioning opens a
variety of new paths for transport tuning, and should be
applicable to a wide variety of hybrid membrane systems
integrated in lab-on-chip or electronic devices. In addition, the
possibilities of controlling the polymer loading within a
mesopore by irradiation opens interesting avenues in the
lithographic patterning of mesoporous materials for micro-
fluidics.

B ASSOCIATED CONTENT

© Supporting Information

Characterization details, fluorescence microscope images, j, vs
scan rate plots, water adsorption isotherms (left) and neck size
distributions (right), and derivation of the molecular theory.
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