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In the recent years we have seen remarkable interest in creating
new methodologies to achieve active control over the molecular
transport in highly confined geometries.! This interest originates
from the many technological processes relying on controlled
transport of molecular species in nanoconfined environments, like
molecular separation, dosing, or drug delivery.” In particular, the
generation of interfaces discriminating the transport of ionic species
through which the passage of ions can be triggered or inhibited
under the influence of an external stimulus has received increasing
attention from the materials science community.* The efficiency
by which many pore-forming proteins control the ionic transport
using pH as a chemical trigger has been a source of inspiration for
chemists to mimic such processes using functional hybrid as-
semblies as a toolbox to create similar synthetic systems. Along
these lines, different approaches based on surface-functionalized
nanoporous substrates, like silica opals, glass nanoporous electrodes,
or mesoporous films, came to light in recent years.* In most cases,
the selectivity toward anions or cations is controlled by adjusting
the environmental pH, which leads, in principle, to the opening
and closing of the membrane pores. The conventional strategy is
based on using the nanoporous matrix as a scaffold to create robust
and shape-persistent nanoscopic channels® and dressing the inner
walls of the nanoporous cavities with pH-responsive moieties. By
changing the solution pH the generation of positive or negative
charges can be easily controlled. Then, ionic species with charges
matching those confined in the pores will be repelled and prevented
from entering the porous matrix. On the contrary, ions of opposite
charge will be attracted and transported through the functionalized
mesoporous film. When the pores are charged (positive or negative)
the membrane operates as an ionic filter. But in the case of being
uncharged, the permselectivity vanishes and the transport of both
species, anionic and cationic, takes place through the film. This
leads to systems in which, depending on the pH, we can shuttle
only cations, only anions, or both of them. An ongoing challenge
in materials science relies on the construction of fully synthetic
hybrid assemblies displaying gating and charge selectivity properties
resembling those observed in biological channels. Interesting
examples are the acid-sensing ion channels (ASICs) in peripherical
sensory neurons and in the neurons of the central nervous system.®
These are cation-selective, proton-gated biological channels that
play an important role in a variety of physiological processes such
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Figure 1. Simplified illustration describing the mesoporous silica film. Also
indicated is the chemical equilibrium taking place in the nanopore walls.

as nocireception, mechanosensation, and synaptic plasticity. These
biological entities act as gateable ionic filters enabling the selective
passage of cations only under determined pH conditions.” Biological
pores like ASICs pose a challenging situation that still remains
elusive in molecular materials science: designing a robust, fully
artificial (biomolecule-free) interfacial assembly displaying charge
selectivity with proton-activated gating properties. In this context,
the quest for new concepts to create novel charge-selective
membranes is of critical importance for further expanding the scope
of applications of these materials. In this work, we describe the
creation of a hybrid organic—inorganic assembly displaying pH-
dependent ionic transport properties which until now were not
observed in nanoporous permselective membranes. In close resem-
blance to ASICs, functional hybrids of polyzwitterionic brushes
and mesoporous films are able to discriminate and modulate the
transport of cations while inhibiting the passage of anions over a
wide pH range.

Mesoporous silica thin films were produced via a one-pot sol—gel
method by dip-coating of silicon and indium tin oxide (ITO)
substrates using protocols described in the literarure. This led to
the formation of thin mesoporous films displaying highly organized
pore arrays (Figure 1) with a cubic-derived mesostructure (Im3m)
and pore openings between 6 and 9 nm,* as indicated by
transmmision electron microscopy (TEM) and small-angle X-ray
scattering with two-dimensional detection (SAXS-2D) (see Sup-
porting Information (SI) for details).

In principle, the presence of surface-confined silanolate groups
(Si—07), with pK, ~ 2, would confer permselective properties to
the film. The transport of ionic species through the mesoporous
silica was electrochemically probed using charged electroactive
species diffusing across the film deposited on conductive ITO
substrates. Figure 2 displays the cyclic voltammograms of meso-
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Figure 2. Cyclic voltammograms corresponding to a mesoporous silica
film deposited on an ITO electrode in the presence of 1 mM Ru(NH3)s**
(red trace) and 1 mM Fe(CN)s*, respectively, under different pH conditions:
(a) 8, (b) 5, (c) 3, (d) 1.

porous silica films supported on ITO in the presence of 1 mM
Ru(NH;)s*" and Fe(CN)*~ at different pH’s. As expected, at pH’s
significantly above the pKj, of silica, i.e., 8 and 5, a well-defined
electrochemical response of Ru(NH;)¢*" ions is observed whereas
that corresponding to the Fe(CN)¢*~ species is hardly detectable.

The nanopore walls are negatively charged and permselectively
repel the transport of Fe(CN)s*~ while at the same time allowing
the diffusion of Ru(NH3)¢*" to the ITO electrode (Figure 2a,b).
Lowering the pH to 3 or 1 is evidenced as a minor decrease in the
voltammetric signal of Ru(NHs)s** while the corresponding signal
for Fe(CN)s>~ is slightly increased (Figure 2c,d). This can be
attributed to the fact that we are in close proximity to the pK, value
of silica, and as a consequence, the loss of surface-confined negative
charges affects the permselective properties of the mesoporous film.
However, the electrochemical results indicate that the mesoporous
silica films exposing SiO™ groups act as permselective barriers
precluding the transport of anionic species.*™>°

Then, we proceeded to modify the mesoporous films by growing
zwitterionic poly(methacryloyl-L-lysine) (PML) brushes. This was
accomplished by surface-initiated radical polymerization® of the
methacryloyl-L-lysine monomers in the presence of the adequate
solvent and initiator (see SI for details).” The surface modification
of the mesoporous film was corroborated by X-ray photoelectron
spectroscopy and diffuse reflectance infrared Fourier transform
spectroscopy (see SI for details).

Once the chemical functionalization was corroborated, we
proceeded to transport studies using the diffusing redox probes.
Figure 3 describes the voltammograms of PML brush-modified
mesoporous silica film in contact with electrolyte solutions contain-
ing Fe(CN)s®>~ and Ru(NHs)¢*", respectively. It is evident that the
presence of the polyzwitterionic brush introduces dramatic changes
in the transport properties of the mesoporous film. At pH’s 8 and
5 the brush-modified mesoporous film still hinders the transport of
anions and enables the diffusion of cations into the film. However,
in stark contrast to that observed in silica films, at pH’s 3 and 1
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Figure 3. Cyclic voltammograms corresponding to a polyzwitterionic
brush-modified mesoporous silica film deposited on an ITO electrode in
the presence of 1 mM Ru(NH;3)s*" (red trace) and 1 mM Fe(CN)g*,
respectively, under different pH conditions: (a) 8, (b) 5, (¢) 3, (d) 1.

the transport of both cationic and anionic species is completely
inhibited (Figure 3c,d).

The isoelectric point (pl) of the zwitterionic brush® is ~5, and
as such, we should expect that at pH > 5 the nanopore is negatively
charged, i.e., cation-permselective, and at pH < 5 the same pore
walls are positively charged, i.e, anion-permselective. Recent studies
performed on poly(methacryloyl-L-lysine) brush-modified solid-state
plastic nanopores, with dimensions comparable to those of the pores
used in these studies, strongly support this asseveration. Yameen
et al. demonstrated that the permselectivity of PML brushes is easily
reversed upon increasing/decreasing the pH above/below the pl.°
Considering the above arguments and the previous experimental
evidence, why is the PML brush-modified mesoporous film acting
as an ionic barrier at pH < 5 instead of behaving as an anion-
permselective membrane? To understand the physicochemical
process giving rise to this unique behavior, we need to describe
the actual picture of the nanopore environment. In the pore walls
the grafted polyzwitterionic chains coexist with silanol sites, which
are negatively charged at pH > 2. At pH’s > 5 both the zwitterionic
moieties and the SiO~ groups bear negative charges (Figure 4a).
As a result, the system shows a remarkable cation-permselective
behavior. Then, at pH < 5 the zwitterionic monomers bear positive
charges while the silanol groups are still negatively charged (Figure
4b). This situation originates the formation of a zwitterionic,
“bipolarly charged” nanopore in the ply, > pH > pK,, . range. In
contrast to the typical Donnan exclusion phenomenon which refers
to confined negative charges repelling anions and confined positive
charges repelling cations,'® the confinement of both negative and
positive charges leads to a very particular exclusion condition.
Initially the anions are attracted to the pore by the positive charges
in the “bipolar” wall. However, the negative charges in the “bipolar”
wall are very close to the positive ones, and as a result, repulsion
of the anions occurs simultaneously. The diffusing cations will have
the same electrostatic behavior. This particular Donnan exclusion
phenomenon manifested in “bipolar” environments has been
previously observed in electrostatic ion chromatography.'' In these
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Figure 4. Schematic depiction of the ionic transport processes taking place
in the hybrid assembly at different pH’s: (a) pH > 5, permselective transport
of cations and (b) pH < 5, ionic barrier (exclusion of ionic species). The
different chemical entities present in the pore surface after the polymerization
are also indicated.

cases, the bipolar exclusion has been exploited to modulate the
affinity of ionic species to the stationary phase.

More recently, Advincula and co-workers reported a similar
effect in bipolar polyelectrolyte multilayers prepared by layer-by-
layer assembly and photocross-linking of benzophenone-modified
poly(acrylic acid) and poly(allylamine hydrochloride).'? These
authors observed that, at pH 7, amine and carboxylic groups were
ionized and the film excluded both positively and negatively charged
redox probes. In our case, this “bipolar” Donnan exclusion
phenomenon is responsible for building up, in a reversible manner,
a chemically actuated ionic barrier at pH < 5 (see SI for details).
More important, this distinctive feature is exclusively due to the
synergy between the electrostatic characteristics of the brush layer
and the silica scaffold. The unique barrier properties of the film
could be only observed in the presence of the cooperative interaction
between the brush and the mesoporous silica. In other words, the
behavior of the whole system significantly differs from the behavior
of their parts taken separately. Up to date, nanoporous matrices
have been relegated to mere scaffolds to create nanoscopic channels.
Here, we described the first example in which the interplay between
the intrinsic acid—base properties of a mesoporous scaffold and
the pH-responsive characteristics of polymer brushes leads to a
functional assembly with ionic transport properties so far believed
to be distinctive features of biological (acid-sensing) ion channels.
Mesoporous films and polymer brushes, as a whole, represent a
new toolbox in which nanoscale topological and chemical aspects
can be manipulated at will as a result of the synergism between
both the organic and inorganic counterparts. The interplay between
the acid—base properties of the scaffold and the brush gave rise to
a new proton-gated cation-selective membrane with properties
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observed neither in mesoporous films nor in brushes, so far. We
consider that these results can lead to a new way of looking at
interdisciplinary research in molecular materials science and trigger
a cascade of new, refreshing ideas in nanochemistry aimed at the
rational design of hyperfunctional assemblies with unprecedented
properties.
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