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Pushing the limits of nhanopore transport
performance by polymer functionalization

Raheleh Pardehkhorram and Annette Andrieu-Brunsen = *

Inspired by the design and performance of biological pores, polymer functionalization of nanopores has
emerged as an evolving field to advance transport performance within the last few years. This feature
article outlines developments in nanopore functionalization and the resulting transport performance
including gating based on electrostatic interaction, wettability and ligand binding, gradual transport
controlled by polymerization as well as functionalization-based asymmetric nanopore and nanoporous
material design going towards the transport direction. Pushing the limits of nanopore transport
performance and thus reducing the performance gap between biological and technological pores is
strongly related to advances in polymerization chemistry and their translation into nanopore
functionalization. Thereby, the effect of the spatial confinement has to be considered for polymer
functionalization as well as for transport regulation, and mechanistic understanding is strongly increased
by combining experiment and theory. A full mechanistic understanding together with highly precise
nanopore structure design and polymer functionalization is not only expected to improve existing
application of nanoporous materials but also opens the door to new technologies. The latter might
include out of equilibrium devices, ionic circuits, or machine learning based sensors.
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Introduction

Transport through nanopores is an essential aspect in many
technologies ranging from chromatography and membrane-
based separation to oil-production and catalysis."”” Biological
pores and channels often serve as inspiration as they facilitate
highly selective, directed, gated in time and fast transport rates
of molecules in nature. Three often-mentioned examples of
biological pores and channels are the potassium channel® and
the nuclear pore complex,’ or aquaporin.’® In an attempt
to develop such smart and selective gating platforms using
technological pores, integration of porous nanomaterials and
polymers has emerged as a highly dynamic field. Such hybrid
porous materials offer great potential for a wide range of
applications from water management, and energy conversion,
to drug delivery, sensing, protein separation, artificial molecular
pumping, and ionic circuit integration.” Nanopore application is
based on the combination of nanopore structure design, advances
in nanopore functionalization, and hierarchical porous material
architecture control. Thereby nanopore functionalization with
polymers represents a versatile, and in the last approximately
15 years increasingly investigated, strategy. Polymer functionalized
nanopores profit from the huge library of different, stimuli-
responsive polymers and from the concept that multiple mono-
mers are combined into one polymer chain which is, for example,
end-grafted to the pore wall. This results in the possibility of
multiplying and precisely adjusting functional density and func-
tional composition in and along such a nanopore pre-defined
from the pore wall.

Transport in such functionalized nanopores is strongly
determined by the nanopore charge regulation and thus by
the electrostatic interaction between the nanopore and the
transported species, as well as by polarity or wettability, and
by specific interaction or ligand binding. In addition to the
simple homogeneously functionalized nanopore the local
variation of structure and functionalization-encoded charge,
polarity, and ligand binding is an additional parameter to
achieve improved transport performance. The potential of
asymmetric nanopore design within the nanopore dimension
is also inspired by biological pores, and is nicely demonstrated
by the structure of the potassium channel® or the nuclear pore
complex.” While trying to use nanopore functionalization to
tune nanopore transport it has to be considered that the pore
wall curvature as well as the limited space with respect to the
molecular size of transported species and with respect to the
nanopore wall grafted polymers, often referred to as spatial
confinement, strongly influences the nanopore performance.*
In regard to molecular transport in polymer-functionalized
nanopores, confinement effects are particularly discussed in
the context of charge regulation but also in the context of
ligand binding constants.'” But not only the nanopore struc-
ture and its functionalization determine transport performance
in polymer-functionalized nanopores. The solution composi-
tion and the interaction of dissolved molecules or ions with the
grafted molecules or polymers within the nanopore have to be
considered.” Besides the pore wall curvature, and the spatial
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confinement, these might significantly affect the subtle inter-
play of polymer conformational entropy, mixing entropy of
mobile species and grafted polymer as well as the acid-base
equilibrium in polyelectrolyte functionalized nanopores.'*'
This is of special interest as soon as real applications are
considered, as these usually require contact to solutions not
just containing one specific molecule or salt. Mastering all
these aspects experimentally and theoretically is an ongoing
and fascinating challenge, potentially not only leading towards
improved understanding and application but to the next level
of complex nanopore-containing systems such as ionic circuits
or autonomous sensors. ®™*°

Many different synthetic porous materials including metal
organic frameworks (MOF), covalent organic frameworks (COF),
graphene, zeolites, solid state nanopores, mesoporous materials,
ceramic and polymer membranes, or even 2D-layered materials
such as MXenes can be summarized under the term nanoporous
materials. In this feature article we mainly refer to mesoporous
ceramic materials fabricated using sol-gel chemistry using block-
copolymer template self-assembly?>*" as well as to solid state
nanopores such as ion track etched nanopores. The term nano-
pore in this feature article is used as a general expression for a
pore with a diameter of a few up to several tens of nanometres.
According to IUPAC this spans from micropores (diameter below
2 nm), mesopores (diameter 2-50 nm) to macropores (diameter
larger than 50 nm).?* The majority of the discussed examples refer
to mesopores using this IUPAC definition. Herein, we will mainly
focus on ion or small molecule transport by nanopore design.

Insights into nanopore gating and
confinement effects

Regarding molecular transport control, an important achieve-
ment is nanopore gating referring to opening and closing a
nanopore for specific molecules upon a certain stimulus. While
sieving by size is the most prominent separation mechanism
applied in most technological membranes, gating is addition-
ally dependent on nanopore charge, wettability, or ligand
binding.'"**** Various reviews on nanopore gating have been
published within the last decade."***° Inspired by biological
pores showing selective, directed, fast and gated transport,
many approaches to implement gating into technological
nanopores by using material functionalization and design,
especially using polymers, have been reported. Thereby gating
based on electrostatic interaction, and thus switching the
nanopore charge, is the most explored approach toward gated
transport in nanopores. The reason for this might be that
charged nanopores relatively easily result in electrostatic ion
exclusion or ion preconcentration due to electrostatic inter-
action. Especially in case the pore diameter is of similar
dimensions to the Debye Screening Length this electrostatic
exclusion or attraction can be used for nanopore gating,
e.g. upon changing pH in contact with pH-responsive polymer
functionalized nanopores. Polymer grafting to achieve gating
of nanopore accessibility is obtained by a variety of different
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polymerization techniques although the majority of reports
is based on radical grafting from polymerization. But also
examples related to grafting onto or grafting through are
reported as well as functionalization by physical adsorption
using layer-by-layer assembly from the beginning.>'* In the
following we briefly discuss a few selected studies and early
examples of charge-based gating.

One of the first examples of gated nanopores reported in
1995 from Martin and colleagues referring to metal nanotubes
showing permselective ion transport controlled by applied
potential which have an analogous performance to that of
commercially available polymers.** Early examples on gating
in ceramic nanopores presented by White et al. in 2006 were
based on modification of glass nanopore electrodes demon-
strating pH-dependent ion selectivity based on electrostatic
forces at the pore orifice.>” Interestingly in this example differ-
ent chemical functionalities were introduced at the exterior and
interior surfaces of the pore (-CN and -NH, terminal groups,
respectively).

In a follow-up work, the author reported on photo-induced
molecular transport by functionalizing spiropyran in the single
pore orifice, which could be switched between “on” and “off”
states through conversion between the neutral surface-attached
spiropyran and the more polar merocyanin form.*® Although
merocyanine is often sketched as a zwitterion it has to be
considered that different conformers exist®”»*® and transforma-
tion from spiropyran to merocyanine is usually far from one
hundred percent conversion.*® Therefore, spiropyran homo-
polymer grafting has been attempted. Spiropyran has been
grafted from silica mesopores as a homopolymer in a surface-
initiated ring opening metathesis polymerization (SI-ROMP).*
Additionally, the photo-responsive behavior of the homopoly-
mers was systematically investigated using NMR spectroscopy
in this study.>® Furthermore, spiropyran in combination with
PEG has been grafted to ion track etched nanopores.*’ In an
early work from Li and Ito, surface charge, and with this the ionic
pore accessibility of cylindrical polystyrene-poly(methylmeth-
acrylate) diblock copolymer (PS-b-PMMA) nanopores, was
adjusted using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and grafting of tetraethylene glycol monoamine
((PEO),NH,) resulting into amidation of the surface carboxyl
groups.*’ Besides the polymer response to stimuli in 2005, the
first indications of polymer-solvent interaction for gating nano-
channels have been obtained based on Molecular Dynamics
(MD) simulations.** Following these early examples, nanopore
gating is now systematically realized by functionalization with
responsive polymers. Starting between 2006 and 2009, the first
pH-responsive grafted polymers such as polyacrylamide,*?
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA),** tem-
perature responsive poly(N-isopropylacrylaminde (PNIPAAM))
in opal nanopores*® and the zwitterionic poly(methacryoyl-i-
lysine) brushes in a single conical etched ion track nanopore
were used.® Zwitterionic polymers are especially interesting as
they result in so-called bipolar pores blocking ion accessibility
independently of their charge.”’° Azzaroni et al.>" reported in
2009 the integration of poly(4-vinyl pyridine) (P4VP) brushes as
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pH-responsive polymers in the inner walls of single nano-
channels enabling transport to be controlled by changing the
proton concentration. Even beyond pH, basically all available
stimuli from temperature responsive gating,** ion- or ligand-
responsive gating,>” light-induced,*®>® to redox responsive
gating®® and even magnetic gating® have been demonstrated
(Fig. 1a-f). For example, Ensinger and colleagues as well as
Azzaroni and colleagues demonstrated optical gating of nano-
fluidic devices using a photo-cleavable group to demonstrate
ionic permselective transport through the channels.>® Although
this photocleavage is not reversible, this strategy is especially
interesting to induce significant changes in composition of
pore wall surface and polarity/wettability which cannot be
reached just by light-induced conformational changes such as
those observed for spiropyran or other photo-responsive mole-
cules. An example for redox-responsive gating in polymer-
functionalized nanopores has been demonstrated upon func-
tionalization of mesoporous silica films with polyvinylferrocene
(PVFc) and poly(2-(methacryloyloxy)ethyl ferrocene carboxylate)
(PFcMA) in a grafting from and a grafting through approach,
respectively.>® It has to be noted that gating was still achieved
by chemical oxidation and reduction which is a slow process as
the mesoporous matrix was non-conductive. Nevertheless, this
study not only demonstrates the redox-responsive ionic meso-
pore accessibility but also provides a comparison between
grafting onto and grafting from approaches and gives first
insights into the influence of wettability on ionic pore accessi-
bility gating. The significant changes in wettability upon oxida-
tion of these polymers have been demonstrated on planar
surfaces for these polymers.>®

Besides responsive homopolymers statistical copolymers
and block-copolymers have been also grafted to nanopores,
for example, allowing the use of multiple stimuli for gating, and
allowing to understand the influence of chain architecture on
gating. For example, Zhu and colleagues demonstrated a tem-
perature and pH-responsive nanopore after grafting from of a
statistical copolymer consisting of PNIPAA and poly(acrylic
acid) (PAA) using a free radical polymerization in a conical
ion track etched nanopore.”” Besides combining two responsive
monomers, examples on multi-responsive homopolymer func-
tionalized nanopores exist for example using poly(2-(methacry-
loxy)ethyl phosphate) (PMEP) in combination with pH and
two valent ions such as calcium or magnesium.>*> Recently
our own group demonstrated the re-initiation of a controlled
photoiniferter-initiated polymerization allowing a mesoporous
silica film to be functionalized with DMAEMA-b-MEP. The
PDMAEMA-b-PMEP functionalized mesoporous silica film was
demonstrated to gate from an anion selective to a cation
selective nanopore while adjusting the pH from acidic to
basic.”® Interestingly, at intermediate pH no zwitterionic bipo-
lar nanopore was observed indicating the influence of chain
architecture on the resulting nanopore transport. Besides pH,
ions such as calcium ions modulate the transport in these
nanopores. Jiang and co-worker introduced a self-assembled
block copolymer/homopolymer (PS22k-b-P4VP17k/hPS4k blend
polymers) in asymmetric polyethylene terephthalate (PET)

This journal is © The Royal Society of Chemistry 2022
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Fig. 1

(a) Schematic illustration of mesostructured polymer—inorganic assembly with phosphate-bearing polymer brushes. (b) The corresponding ionic

transport process at different pH values: pH < 5, no exclusion of ionic species, pH > 5, permselective transport of cations, reprinted with permission
from ref. 52 Copyright (2012), American Chemical Society. (c) Schematic depiction of a homing pigeon-inspired nanochannel modulated using a
magnetic field in order to control the ionic current, rectifying ability and conductance through elastic deformation of the nanochannel, reprinted with
permission from ref. 55 Copyright (2018). John Wiley and Sons. (d) Reversible transformation of the spiropyran molecule between neutral and positively
charged forms over irradiation of different wavelengths along with a schematic representation of a glass nanopore electrode (selectively modified at the
interior and exterior surfaces with spiropyran and cyanopropyl groups, respectively) acting as a photoswitching reversible gate. Reprinted with permission
from ref. 36 Copyright (2006), American Chemical Society. (e) Schematic illustration of redox-responsive mesoporous membrane silica thin films
functionalized with ferrocene-containing polymers, (top left) polyvinylferrocene (PVFc) and (bottom) poly(2-(methacryloyloxy)ethyl ferrocene carbox-
ylate) (PFcMA), by using either a grafting to, or a grafting from approach. (right) Cyclic voltammograms for the initiator modified pore surface at pH 3 (grey
triangles) and pH 8 (black circles) for a positively (Ru (NHz)¢>+, 0.6 to 0.2 V) and negatively charged (Fe (CNg)*~, —0.2 to 0.6 V) probe molecule. Reprinted
with permission from ref. 54 Copyright (2013), John Wiley and Sons. (f) Schematic depiction of a temperature-responsive colloidal nanopore modified
with thin (15 min polymerization) and thick (90 min polymerization) poly(N-isopropylacrylamide) brushes (exhibited positive and negative gating
behaviour with temperature changes, respectively). Reprinted with permission from ref. 45 Copyright (2007), American Chemical Society.

bullet-shaped nanochannels which showed selective, pH-gated
ionic transport behaviour resulting from the wettability and the
pH-actuated changes in the surface charge.” In another recent
study by Guangyan et al. polyethylenimine-g-phenylguanidine
(PEI-PG, polymer bearing rich guanidinium groups) modified
nanochannels were presented for specific recognition of phos-
phorylated peptide (PP) in a biosample. The sensing mecha-
nism was based on strong interaction of guanidinium groups
with PP leading to shrinkage of the grafted polymer in the
channels and the corresponding “off-on” change of the ion
flux.*

Using charge and charge density for nanopore transport
control and gating it has to be considered that the spatial
confinement influences charge regulation. This might not be
detrimental in cases where only extreme basic and acidic pH-

This journal is © The Royal Society of Chemistry 2022

values are compared but it will be increasingly detrimental for
small pH-changes or pH-sensitive applications. Confinement
refers to the reduced space for polymers in nanopores with
respect to the equilibrium space occupied by a polymer chain in
solution. This limitation in available space with respect to the
required space induces a shift in the equilibrium state of the
polymer chain, for example, affecting charge regulation as
the polymer chain tries to optimize entropic and enthalpic
contributions while not being able to increase distance between
charges as possible in solution. These effects of confinement on
charge regulation are commonly indirectly detected, e.g. using
cyclic voltammetry for ionic transport detection of redox-active
model ions (Fig. 2a). Especially confinement-controlled charge
regulation of polymer filled pores has been theoretically and
experimentally demonstrated by Azzaroni and Szleifer (Fig. 2b)

Chem. Commun., 2022, 58, 5188-5204 | 5191
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(a) Schematic illustration of a poly (4-vinyl pyridine) modified cylindrical nanochannel along with (b) the experimental conductance values of the

single nanochannel as well as the theoretical predictions as a function of the environmental pH values. Reprinted with permission from ref. 15 Copyright
(2010), American Chemical Society. (c) Schematic depiction of (from left to right) cylindrical, conical, and trumpet-shaped nanochannels modified on the
inner walls by poly(2-(methacryloyloxy)ethyl-phosphate) (PMEP), along with (d) the corresponding section of the modified cylindrical nanochannel as

well as three chemical states of PMEP (PMEPH, (AH,), PMEPH™

(AH™), and PMEP?~ (A%7)). (e) Predicted apparent pK, as a function of cylindrical

nanochannel diameter (horizontal dashed lines and dotted lines show the pKj, values of the bulk and the predictions based on the simple analytical model,
respectively). Reprinted with permission from ref. 61 Copyright (2016), American Chemical Society.

using cyclic voltammetry to generate experimental titration
curves.”> Azzaroni, Szleifer and colleagues investigated the
solution pH dependent ion transport through a nanochannel
with a diameter below 10 nm functionalized with 4-polyvinyl-
pyridine (4-PVP) and observed a shift of more than one pH-unit
together with a broader transition between the pK, value
detected for 4-PVP in the nanochannel versus the one in
solution. Based on the molecular theory from Szleifer and
coworkers this was attributed to the spatial confinement for-
cing charges to stay within a small distance from each other.
According to this study, the polyelectrolyte functionalized
nanopore can equilibrate towards the uncharged state ascrib-
ing to the charge regulation mechanism in order to minimize
the electrostatic repulsions in the system. From the numerous
modeling studies on polymer functionalized nanopores and
confinement effects on charge regulation and ligand binding
we would like to highlight that in 2016, Szleifer et al. extended
these insights by theoretically investigating PMEP functionalized
nanopores (Fig. 2c-¢).®' Their results demonstrate a strong shift of
both pK, values by around one pH unit. Our research group
experimentally observed a consistent pK, shift for PMEP modified
mesoporous silica films for the first pK, value whereas the second
pK. value could not be detected anymore under the applied
experimental conditions.®® In 2008, Ivory and colleagues proposed
a pH-shift within the Debye Screening Layer close to the pore
wall of nanochannels using the pH-responsive ratiometric dye
SNARF-1¥ as the optical sensor.®® A similar observation was
presented by Yamaguchi et al. analyzing amine-functionalized
silica pores with a diameter below 5 nm using different dye pH-
reporter molecules.®! Using dye-reporter molecules is an inter-
esting approach to detect charge regulation. In particular,
SNARF-1% is frequently used in pH-change detection of cells
down to single molecule detection.®® Adapting this strategy to

5192 | Chem. Commun., 2022, 58, 5188-5204

nanopores in the first place would profit from a broader dye-
reporter library as the relevant pH-range is not limited to
physiological pH but covers the entire pH-range. In this context
for example a novel ratiometric thiazol-based dye (amide
(4-(5-methoxy-2-(pyridin-4-yl)thiazol-4-yl)-N-propylbenzamide))
has been reported as a dye-reporter molecule covering the pH
range from 1.5 to 5.°® Although an inspiring approach, it has to
be taken into account that the dyes themselves might influence
the charge situation and thus the pK, value. Consequently, the
system has to be well-designed. The mentioned pK, shifts and
changes in shape of the titration curve is of relevance in
different applications from sensing, separation, to enzyme
stabilization and release. Kleitz and colleagues demonstrated
that charged drugs incorporated into pH-responsive protein
modified MCM-48 mesoporous nanoparticles (MSN) influence
the stability and pH-responsive release.®” They proposed using
synergistic effects of e.g. pH-responsive protein and MSNs
to pave the way toward efficient oral (nano) formulation of
therapeutic agents.

Besides charge regulation and charged based gating, hydro-
phobicity or wettability strongly determines the interaction of
nanoporous materials with fluids, in most cases water, as well
as with molecules of varying polarity.®®”*> Bringing nanoscale
pores in contact with liquid water, the water can either imbibe
into the nanopores or be excluded comparable to a Cassie-like
wetting state. The wetting state is reported to be determined by
nanopore characteristics such as the pore diameter and pore
wettability, and the pore opening angle in the case of inverse
opal monolayers.”*””” Gating or switching between water exclu-
sion and water imbibition has been demonstrated for porous
materials. Ran et al. reported the influence of the surface
structure of nanoporous alumina inducing a transition from
the Cassie to Wenzel wetting state.”® Siwy and colleagues used

This journal is © The Royal Society of Chemistry 2022
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electric field induced wetting and dewetting to reversibly gate
between water imbibition and water exclusion.”® It has to be
noted that relatively high voltages are necessary to achieve
water evaporation and thus voltage-driven water removal from
nanopores. Further voltage gating in SiN pores®® and in porous
gold has been demonstrated.®" In the majority of studies a
transition contact angle of 90° is stated for water exclusion to
water imbibition. Work from Berg®® and Vogler® states a
transition contact angle of 65° looking at hydrophobic forces
and the molecular scale which is picked up by work on
nanopores from Jiang et al.”>** It has to be noted that reporting
advancing and receding contact angles is important for being
able to compare different experiments. In a systematic study by
Samuel et al advancing and receding contact angles were
regarded to be the only meaningful measurements (as opposed
to static water contact angle, contact angle hysteresis and
sliding angle) to correlate with wetting and adhesion forces,
respectively.®® The role of contact angle hysteresis for porous
material wetting®® as well as for inhomogeneous porous mate-
rials is considered by Herminghaus and colleagues.®”’*®
Furthermore, a theoretical study from Luzar and colleagues
points to the complex interplay of charges and wettability.®
One interesting aspect of wettability in porous materials is the
possibility to adjust the contact angle at which the wetting
transition from the Cassie to Wenzel state and thus from water
exclusion to water imbibition occurs which has been especially
investigated for inverse colloidal monolayers. Silica inverse
colloidal monolayers show a transition contact angle for water
imbibition between 20°-50° while being tunable by material
characteristics such as the pore opening angle and the applied
solvent.”>°°"°> The transition contact angle for fluid imbibition
thereby depends on the angle between the pore neck and the
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tangent to the pore wall. Knowing the transition contact angle
at which fluid imbibition occurs, gating from water exclusion to
water imbibition, using stimuli-induced molecular changes,
can be achieved, and even used for sensor concepts,”>** for
example. Stimuli-induced conformational changes, as for example
the transformation of spiropyran to merocyanine are known to
induce relatively small changes in polarity with contact angle
changes at planar surfaces of around 10°-15°.*" Nevertheless,
such molecular conformational changes can be used to trigger
water imbibition into nanopores in case the initial contact angle
is positioned only slightly above the transition contact angle.
It should be noted that in the case of surfaces with nanoscale
roughness, larger contact angle changes can be expected at well-
defined surface energies and wetting transitions.’* This transition
from water exclusion to water imbibition has been triggered by
stimuli such as pH,” voltage as mentioned above,”® or light-
induced polarity change of spiropyrans® or azobenzenes.’* Larger
contact angle changes at structured or porous surfaces, and thus
water exclusion to water imbibition transitions starting at a higher
contact angle difference from the transition contact angle, can
be achieved when unipolar molecular parts are removed. One
example for this approach is represented by using light-induced
removal of photo-sensitive protection groups. Another example is
conical ion track etched nanopores functionalized with photo-
responsive azobenzene units known to interact with beta-
cyclodextrin in their ¢rans isomer state which has been demon-
strated to show light based wettability gating.”® Upon visible light
irradiation the azobenzene molecules at the pore wall switch from
the cis to their trans isomer (Fig. 3a and b). As the trans isomer
interacts with the beta-cyclodextrin the pore wettability changes
from hydrophobic to hydrophilic after beta-cyclodextrin binding.
This change is reversible upon UV-irradiation.”®
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Fig. 3

(a) Schematic representation of Azo-modified nanochannels with controlled wettability by light and electric field. (b) Schematic depiction of the

light-driven reversible reaction between the azobenzene derivative and B-cyclodextrins in the nanochannels along with the corresponding -V
characterization of the reaction, reprinted with permission from ref. 96 Copyright (2018), American Chemical Society. Schematic illustration of (c)
mesoporous silica films functionalized by vapor phase deposition of 1H,1H,2H,2H-perfluorooctyl dimethylchlorosilane (PFODMCS) along with (d) the
imbibition ring (x(t)) as a function of time (scale bar = 2 mm), reprinted with permission from ref. 115 Copyright (2020), Royal Society of Chemistry.
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In case water imbibes into the nanopores the observed
phenomena depend, for example, on the pore size. For very
small pores (<1-2 nm) such as graphene nanopores, no bulk
behavior for water is observed anymore and high transport
rates have been reported especially in the case of hydrophobic
nanopores of this size.”” '°* This increase in water transport
rates is known in biological pores like aquaporin.'® Further-
more, an interesting phenomenon of hydrophobic nanoscale
pores is hydrophobic gating due to water evaporation.®®'°> MD
simulation states that pores with a diameter below 2 nm are
able to show hydrophobic gating.'®*™'°® Experimental studies
observe ion rectification explained by hydrophobic gating even
for larger asymmetric pores.””'°® These observations clearly
demonstrate the importance of wettability design for nanopore
transport.

In case water imbibes into nanopores with a diameter larger
than one to two nanometers, the critical infiltration pressure is
often given by the Laplace equation and the macroscopically
observed imbibition speed has been reported to macroscopi-
cally follow the Lucas Washburn or Darcy law in case evapora-
tion is excluded.®""'®'" In thin mesoporous films evaporation
cannot be neglected and evaporation and condensation at the
fluid front have to be considered to describe fluid behavior and
fluid imbibition."**> When depositing a water droplet onto such
a mesoporous film, a fluid imbibition ring around this droplet
becomes visible. Different studies report the width and imbibi-
tion speed of this imbibition ring which can be correlated to
the mesoporous structure'™™* and wettability”>'" (Fig. 3d).
Furthermore, the fluid front of this kind of imbibition zone
around a water droplet oscillates indicating constant evapora-
tion condensation cycles at ambient conditions.””''® Devia-
tions in the imbibition behavior from the Lucas Washburn or
Darcy’s law are usually related to evaporation and eventually
capillary condensation. This capillary condensation is an inter-
esting feature of nanoscale pores as they can be filled with fluid
even when only in contact with vapor.”® Thereby, water capillary
condensation is usually described using the Kelvin equation.
The Kelvin equation is even used for characterization of water
adsorption in mesoporous thin films using environmental
ellipsometry.'” During characterization often the macroscopic
apparent contact angle is used which strongly determines the
obtained results. Sorption dynamics might be relevant and
structure dependent,"**"'® and the solvent used of course plays
a role,""*"" without going into details here. Interestingly,
Grosso and colleagues used the Kelvin equation to deduce an
effective nanoscopic contact angle and compared this contact
angle with the macroscopically measured one using hydropho-
bized mesoporous silica films. They observed comparable
values for this nanoscopic contact angle deduced from the
Kelvin equation with the advancing macroscopic contact angle
on these mesoporous films.'**

Beyond fluid imbibition, evaporation, and condensation the
nanopore wettability seems to affect the molecular transport.”'?>
Walcarius and colleagues investigated the influence of silanes
with varying nonpolar chain length grafted onto ceramic meso-
porous films on mass transport using cyclic voltammetry."'>*
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Adjusting wettability in mesoporous silica films using varying
amounts of 1H,1H,2H,2H-perfluorooctyldimethylchlorosilane
(PFODMCS) showed the influence of this functionalization,
and the corresponding gradual increase in contact angle on
ionic pore accessibility (Fig. 3¢ and d)."*® The obtained data on
molecular transport and water condensation indicate that close
to the transition contact angle the transport becomes pH-
dependent and can occur through a condensed water layer
along the pore walls.”> Using impedance spectroscopy a
reduced diffusion coefficient with increasing wettability was
observed.’® Interestingly, the wettability of polyelectrolyte mod-
ified surfaces'** and nanoporous surfaces'>” can be influenced
by exclusively replacing the counterion of the polyelectrolyte,
thereby strongly influencing the pore accessibility of other ions,
demonstrating the interplay of ligand binding and wettability
in polyelectrolyte functionalized nanopores.

Recently, the correlation between nanopore structure, func-
tionalization and water wettability, imbibition, and evaporation
was applied for example to serve as a readout mechanism for
local temperature changes in porous materials induced by local
plasmonic heating.'”® Another recent example of using this
correlation is the observation that water droplets on porous
surfaces dilute upon evaporation.'*’

In addition to electrostatic interactions and wettability,
ligand binding or specific interactions with functional groups
at the nanopore wall strongly influence the molecular passage
or adsorption of dissolved molecules through the nanopore.
In the context of nanopore ion transport two main mechanisms
are discussed governing selective ion transport. In case the pore
size is in the range of the dimensions of the hydrated ions, and
this is the case for many biological selectivity centers e.g. in the
potassium channel,® the driving force for transport is the
energy needed for dehydration of the ions. Regarding techno-
logical materials, graphene, for example, represents this trans-
port mechanism while most of the above mentioned materials
do not reach this pore size in the micropore range according to
the TUPAC definition."*® In case the pore size is larger, as for
most mesoporous materials or solid state nanopores, ligand
binding or binding affinity strongly determines the transport
characteristics. Inspired by biological pores showing transport
selectivity, protein, and polymer brushes based nanopores have
emerged with potential to achieve such specific binding inter-
actions and selective transport. Siwy et al.'** demonstrated a
protein biosensing system based on conical gold nanotubes
embedded within a robust polymeric membrane and functio-
nalized with a bio-recognition agent including streptavidin,
protein-G and antibody. Unlike the previously reported stochas-
tic systems,"**"3! the blockage of the ion current by binding the
protein analytes was used instead of analyzing transient current
pulses. In another example reported by Azzaroni et al. a bio
recognition process was incorporated inside a single conical
nanochannel through simple electrostatic assembly of bifunc-
tional, multivalent ligands on a charged pore wall. The nano-
channel showed good bio-specific features as well as non-fouling
properties toward unspecific proteins.*® Dahlin et al.'®* showed a
functionalized nanopore with poly(ethylene glycol) brushes, which
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fully blocks the translocation of proteins, can be reversibly gated
to an “open” state by binding of single IgG antibodies that disrupt
the entropic barrier presented by the polymer brush. Apart from
experimental works, a theoretical study reported by Tagliazucchi
and Szleifer in 2015 gives interesting insights into the protein
ligand-receptor binding equilibrium in nanoscale pores and
confinement."** For example an optimum binding amount at
intermediate grafting density as well as an optimum linker length
is reported. Interestingly, the optimum linker length depends on
the pore size as the optimum situation prefers placing proteins
close to the channel center resulting in a maximum volume
fraction of the bound protein in the nanopore. This is especially
of importance for protein pore blocking and in the context of
sensing or biomolecule stabilization and biocatalysis. Especially
when charged proteins are used the nanochannel conduction
might be strongly influenced by the protein location along the
nanochannel cross section either reducing or increasing nano-
channel conduction which is based on an interplay of volume
exclusion and surface charge effects.

Gradual nanopore accessibility via
polymer functionalization control

To go beyond gating and towards gradually adjusted nanopore
transport, a gradually tunable polymer amount, and with this
e.g. gradual adjustment of charge density has to be experimen-
tally realized. Furthermore, polymer chain composition in
nanoscale pores as well as multifunctional nanopores represent
an experimental step towards gradually adjusted nanopore
accessibility. An essential step towards this goal is the application
of controlled polymerization techniques to nanoscale porous
materials. Grafting density, chain length and thus polymer
amount, for example, encode charge density. Thus they not
only affect molecular transport but are important parameters in
polymer modified porous materials also affecting ion and polymer
density distribution along the pore cross section'*'**'** or pro-
tein adsorption."*> The majority of controlled polymerizations in
nanoscale pores is based on radical polymerization such as
surface-initiated atom transfer radical polymerization (SI-ATRP),
surface-initiated reversible addition-fragmentation chain-transfer
(SI-RAFT), or iniferter-initiated polymerizations, although exam-
ples on other polymerization techniques such as SI-Nitroxide-
Mediated Polymerization (SI-NMP), SI-ROMP or ionic polymeriza-
tion have been reported.’*®*™*® Regarding ATRP for example,
the functionalization of porous nanoparticles with PDMAEMA
was reported."*®'*® This study demonstrated low dispersity
(P < 1.08) in 10-15 nm cylindrical mesopores upon adding
Cu(n) halide as the deactivator to the reaction mixture. Although
controlled ATRP was observed, Charleux and co-workers also
pointed towards irreversible termination inside the mesopores
upon ATRP grafting from polymerization in mesoporous silica
particles."*® Recently, variations of ATRP such as ARGET-ATRP in
mesopores have been demonstrated,"*" and the confinement
influence was further analyzed. For example, the group of
Schonherr further investigated the curvature and pore size
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influences on SI-ATRP using anodic alumina nanopores with
high aspect ratios."** Their study demonstrates a curvature and
pore diameter effect on the polymerization kinetics and con-
firms the control of pore filling by using SI-ATRP. For highly
confined samples (19 nm pore radius) all the monomers
initially present inside the pore were converted to PDEGMA
chains with an accelerating rate attributed to chain stretching
and confinement. With increasing pore diameter the confine-
ment became less important with a transition to similar poly-
merization kinetics as compared to planar surfaces for 65 nm
or larger radius pores. It has to be noted that the pore radius for
nanopores applied to transport control is often still signifi-
cantly smaller than 19 nm. Regarding SI-RAFT and iniferter-
initiated polymerizations Chen et al'**'** applied light
induced SI-RAFT to graft zwitterionic and thermoresponsive
monomers on silica nanoparticles in the presence of oxygen.
Re-initiation of polymerization and high pore filling degrees
were obtained by Tom et al. By grafting chloroprene to silica
nanoparticles using SI-RAFT, Zheng et al.'*> demonstrated that
even on particle surfaces SI-RAFT of chloroprene is slower than
free RAFT polymerization.'*® Besides radical controlled poly-
merization a few examples on SI-ROMP as well as on anionic
polymerizations on surfaces and in porous materials have been
reported: anionic polymerization lacks control when applied
to surfaces such as silica as residual water is almost always
present and disturbs polymerization, resulting in inhomoge-
neous polymerization and relatively large D. Nevertheless,
polymer layers with a ® < 1.21 have been obtained on silica
nanoparticles after systematic optimization of the reaction
conditions.**”**® For SI-ROMP two approaches can be consid-
ered. Either designing a ROMP catalyst carrying an anchor
group allowing surface binding'*® or modifying the surface
with double bonds to coordinate the catalyst followed by ROM
polymerization in the presence of a suitable monomer. The
second approach is more frequently used in the context of SI-
ROMP. The group of Buchmeiser demonstrated metathesis
graft polymerization in the context of porous materials for
chromatography.'”*"** Zhou and colleagues combined ATRP
and ROMP for asymmetric polymer functionalization discrimi-
nating both sides of an anodic aluminium oxide porous
material.'>® Our research group successfully applied SIFROMP
to generate photoresponsive spiropyran and spirooxazine
homopolymers in silica mesopores which cannot be synthe-
sized as a homopolymer in larger molecular weight using
radical polymerization.*

Despite the numerous developments in polymerization con-
trol in nanoscale pores relatively few studies directly correlate
the insights into controlled polymerization in such pores with
the experimentally resulting transport properties. On the other
hand, theoretical studies demonstrate the influence of polymer
amount and charge density, polymer sequence, molecular
weight, or polymer distribution on ionic transport, highlighting
the relevance of polymerization control in nanopores.'**3>1347158
Experimentally, it has been demonstrated that polymer amount,
and with this charge density in nanopores, and consequently
ionic permselectivity can be gradually adjusted using different
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polymerization reactions such as ATRP, RAFT, and iniferter-
initiated reactions.”®” Clochard and colleagues adjusted the
PAA filling degree of PVDF ion track etched pores with pore
diameters below 50 nm."*° This study systematically analyzes
polymer filling by combining different characterization tech-
niques such as atomic force microscopy (AFM), infrared
spectroscopy (IR), X-ray photoelectron spectroscopy (XPS),
and demonstrates the influence of pore filling on size exclu-
sion and Pb** ion sensitivity. In 2015 we reported the correla-
tion of pore filling control using free-radical polymerization
in mesoporous silica thin films with pore diameters below
10 nm in combination with a strong polyelectrolyte PMETAC
showing gradual increase in anion pore accessibility with
increasing polyelectrolyte density (Fig. 4a-c)."** The same
effect but with pH-dependence was observed by using
iniferter-initiated polymerization in similar mesoporous
silica films grafting pH-responsive zwitterionic polycarbox-
ybetaine methyl acrylate (PCBMA) polymer chains from the
pore wall.'®® Besides ATRP and free-radical polymeriza-
tion this iniferter-initiated polymerization appears to be a
suitable polymerization technique to functionalize small
mesopores in a controlled manner. Using this approach re-
initiation of the polymerization and with this block polymer
chain sequence generation in mesopores with pore dia-
meters below 10 nm has been demonstrated.”®'** Experi-
mentally combining PDMAEMA and 2-(methacryloyloxy)ethyl
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phosphate (MEP) into a block copolymer allowed this pH-
dependent positively and negatively charged pore to be
compared to a zwitterionically functionalized pore. Interest-
ingly, the chain architecture and thus charge distribution
within nanopores seems to influence the transport. Zwitter-
ionically functionalized pores using PCBMA show a polymer
amount and thus charge density dependent ionic pore acces-
sibility at acidic pH when PCBMA is positively charged. At
basic pH and thus in their zwitterionic charge these pores
show the so-called bipolar behavior and exclude ions.*®*®!
This exclusion was not observed for PDMAEMA-h-PMEP
block copolymers/block cooligomers even if the pH is
adjusted such that both monomers are expected to be
charged. This observation leads to the conclusion that the
chain composition is of importance.’® Huang and Szleifer
theoretically demonstrated that polymer chain sequence-
controlled mixing of nonpolar and pH-responsive monomers
allows the design of orthogonally responsive gates regulating
ion transport.’*> Recently, Szleifer and colleagues even
demonstrated based on their non-equilibrium steady state
molecular theory that a gradient in block ratio of an acidic
and a basic monomer in a 42 nm long nanopore with 13 nm
diameter would serve as an ion pump or pH-responsive
filter.’>* Consequently, theoretical studies serve as inspira-

tion for experimental nanopore functionalization and trans-
port design.
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(a) Schematic depiction of mesoporous silica thin films functionalized with PMETAC at various electrolyte density, (b) molar concentration of

polymer segments, cations (K*) and anions (Cl7), as a function of the distance from the center of the pore, and (c) schematic depiction of the modified
silica surface at acidic pH < 3 (upper figure) and alkaline pH > 7 (lower figure). Reprinted with permission from ref. 134 Copyright (2015), American
Chemical Society.

5196 | Chem. Commun., 2022, 58, 5188-5204 This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cc01164f

Open Access Article. Published on 08 April 2022. Downloaded on 2/28/2026 5:21:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

Transport direction via asymmetric
nanopore architecture

Beyond functionalization the nanopore architecture or the
nanoporous material architecture design is of relevance for
molecular transport control. This was demonstrated when ion
rectification of conical ion track etched pores was discovered'®>'*
demonstrating the benefit of asymmetry in transport direction
concepts. In multipore nanoporous materials, such as mesoporous
films, material architecture characteristics such as film thickness
or multilayer arrangements are increasingly investigated. This
resulted, for example, in Janus-type materials with side selective
oil-water separation'®""'® or efficient osmotic energy conversion'®®
due to asymmetric wettability or charge distribution. It also resulted
in the fabrication of ultrathin porous films or layers to generate
thin selectivity filtration centers."®” Recent theoretical studies on
nanopore asymmetry induced not only by asymmetric pore shape
but also by asymmetric functionalization within the nanopore>*'*>
indicate in which direction experimental nanopore functionaliza-
tion has to develop.

Janus-type porous materials have demonstrated side selec-
tive oil water separation or have been discussed in the context
of osmotic energy conversion. For example Jiang and colleagues
demonstrated a “water diode” Janus membrane by combining
a hydrophilic porous PET foil with a one side hydrophobic
polytetrafluoroethylene (PTFE) layer.'®® Further functionaliza-
tion rendered this Janus membrane magnetism or pH-
responsivity. Side selective oil-water penetration through this
membrane was demonstrated. A similar side-selective oil-water
separation was demonstrated by Ikkala and colleagues'®®
depositing a skin layer on a cotton support demonstrating
directional water droplet gating. Using paper functionalized
with silica gradients in low silica amounts, the silica coating
leads to silica amount-dependent hydrophobization of the paper
sheet. When applied in a material gradient side-selective hydro-
phobization and thus side selective oil-water separation was
observed.'® Different studies were looking at transport exclusively
at the pore entrance or outer surface functionalized porous
materials. For example Ma et al.'® demonstrated pore-wall inde-
pendent transport control using anodic aluminium oxide (AAO)
locally functionalized with gold at the outer surface allowing
subsequent selective further binding of functional molecules such
as polymers or DNA to the gold. A similar approach was presented
by Azzaroni and colleagues functionalizing mesoporous films
exclusively at the outer surface with a few nanometers thick
light-responsive polymer.>* Changing from hydrophobic to hydro-
philic upon irradiation while gating the pore wall and polymer
charge upon pH-change a multi-stimuli-responsive nanoporous
layer was obtained. Side selective functionalization was also
achieved for ultrathin 1D porous materials. A comparable concept
of combining hydrophobic rejection with electrostatic ion discri-
mination was reported by Su and colleagues."””>"’" A pH-
responsive, ion discriminating mesoporous silica film with a
hydrophobic polydimethylsiloxane (PDMS) layer in contact with
the solution was used and cation selective transport was
observed. Jiang and his group demonstrated a side selective
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functionalization of conical PET nanopores using an acid-
driven PS-b-P4VP block copolymer assembled porous layer at
the large pore opening and a base-driven PAA brush functio-
nalized gate at the small pore opening creating a bioinspired
heterogeneous ion pump membrane with a selective unidirec-
tional ion pumping function for the anion."”> The key step to
this performance is the combination of asymmetric pore shape
and precise, orthogonal gating function. Based on such an
asymmetric design single channel ion pumps have been
designed."”>"""* In the context of pore arrays, the functionaliza-
tion of the pore entrance of a block-copolymer assembled
porous layer with a high pore density of ~10"" em™> capped
by a layer of hyperbranched polyethyleneimine (PEI)."*® Due to
the high channel density and its functionalization, ion selec-
tivity and unidirectional ion transport were achieved resulting
in the reported osmotic energy conversion output power of
22.4 W m~? at a 500-fold salt gradient. Although this approach
allows relatively large membrane area fabrication upscaling of
nanopore based osmotic energy conversion is still controversly
discussed, taking large scale application and its process
parameters, such as ion concentration polarization, into
account.'””"”® Wen and colleagues theoretically and experi-
mentally investigated the optimization of ion transport through
functionalized conical nanopores in the context of separation
selectivity and osmotic energy conversion.'”” They reported
that the ion selectivity as well as the energy conversion effi-
ciency is effectively enhanced upon optimization of the local
functional density translating into the local surface charge or
by introducing a layer with dense surface charge at the low
concentration side of the porous layer.'”” Beyond potential
performance optimization, and without mentioning every sin-
gle study in this field, these selected examples demonstrate that
porous layer architecture design and layer-wise local functio-
nalization allow separation and thus individual study, of the
transport determining effects such as the influence of the outer
surface or the inner pore wall functionalization. Inspired by the
design of biological pores or channels,® design strategies
towards nanoscale precise placement of functional responsive
molecules or polymers inside nanopores are expected to
advance transport performance with respect to transport direc-
tion, ion pumping, and selectivity even beyond the side selec-
tive transport direction. This requires symmetry breaking
within each individual nanopore. One detrimental step towards
symmetry breaking has been the directed ion transport in
conically or in general asymmetrically shaped nanopores.'”® 8>
Transport direction even with homogeneous functionalization
along the pore thereby results from the geometrically induced
asymmetric electrostatic potential distribution along the
nanopore.'® In addition to the geometric asymmetry, functiona-
lization has been asymmetrically designed. But examples of
experimental realization of nanoscale local polymer placement
inside nanopores remain scarce. To achieve asymmetric functio-
nalization along nanopores the reaction has to be locally limited
to the nanoscale inside a nanopore. This renders nanofabrication
methods known from planar surfaces, such as techniques based
on contact, e.g. a tip being in contact with a surface to deposit a
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material (dip-pen lithography) or colloids as a mask (colloidal
lithography),'®*'%* useless. In the context of nanopores, in 2007
the group of Siwy and Vlassiouk fabricated a nanofluidic diode
with a positively charged tip side and negatively charged base
side of a conical nanochannel by using active ester chemistry to
transform the carboxyl groups at the large pore opening side
inside the conical pore to amino groups.'® This resulted in ion
rectification degrees of several hundreds. The same concept was
applied to biosensing after locally modifying the small pore
entrance with a monoclonal antibody.'®® Local functionalization
was achieved by side selective contact with the reagent solution.
This approach is well-established for side selective functionaliza-
tion of ion track etched nanochannels and allows so-called
diffusion limited (polymer) functionalization (DLP). In 2010
Hou et al. demonstrated the asymmetric functionalization of a
double conical pore of 12 um length using responsive polymers
using DLP.'®” By side selective monomer contact one cone was
functionalized with the temperature responsive PNIPAAm and
the other cone with pH-responsive PAA resulting into a multi-
responsive, double conical nanopore (Fig. 5a). In 2015 Jiang and
his group demonstrated that in such double conical and asym-
metrically polymer-functionalized pores, here using a PAA gate,
the location of the smallest diameter between both cones signifi-
cantly influences ion transport, too (Fig. 5b).**® Therefore, the
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position of the transition from one to the other cone was
gradually shifted from the channel end to the channel center.
The nanochannels with the PAA gates on the small base sides
exhibited very strong gating and rectification properties. When
the PAA gates were located at the large pore opening the gating
abilities and rectification effects of the nanochannels were
weakened and even reversed. Jiang and colleagues attributed this
gate-location-dependent enhancement and inversion of the ion
gating and rectification to the cooperation and competition
between asymmetric geometries and the gate-position-controlled
asymmetric surface charge distributions of the nanochannels.'®®
Jiang and his group further reported on the pore entrance
localized functionalization of a cigar shaped 10 um long and up
to 150 nm pore center radius pore with the two different polymers
PVP and PAA at both entrances.'® This nanopore design with two
orthogonally charged gates demonstrated ion pumping (Fig. 5c¢).

Although the majority of examples on locally functionalized
nanopores is based on ion track etched nanochannels with a
length of usually larger than ten micrometers, several attempts
in other materials exist. For example, Zhou and coworkers
functionalized an AAO membrane using ATRP, dopamine
self-polymerization (DOP-SP) and ROMP.'>® As the membrane
was in contact with two different polymerization solutions at
each side of the membrane asymmetric polymer functionalization
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(a) Schematic representation of an asymmetric dual responsive single nanochannel system locally modified by PNIPA and PAA on different sides

of the inner surface of the nanochannel. Reprinted with permission from ref. 187 Copyright (2010), American Chemical Society. (b) Schematic depiction
of an artificial single-nanochannel system and the corresponding geometry parameters and the pH-responsive conformational changes of the inner
surface. Reprinted with permission from ref. 188 Copyright (2015), American Chemical Society. (c) Schematic illustration of the cross-section of a
bioinspired single ion pump system based on the double-gate nanochannel and the pH-responsive conformation changes from the open to the closed
state. Reprinted with permission from ref. 189 Copyright (2013), American Chemical Society. (d) Schematic of the in-situ-functionalization of a
mesoporous silica film via evaporation-induced self-assembly of PS-b-P2VP-Si(OEt)s and PFS-b-P2VP-Si(OEt)s resulting in ionic permselectivity and
pH-responsive transport properties. Reprinted with permission from ref. 196 Copyright (2020), Royal Society of Chemistry.
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was obtained. Similarly double hydrophilic poly(3-sulfopropyl
methacrylate potassium salt)@poly(2- (methacryloyloxy)ethyl-
methylammonium chloride) (PSPMA@PMETAC), temperature
and pH double responsive poly(N-isopropylacrylamide)@
DMAEMA (PNIPAM@PDMAEMA), and hydrophilic/hydrophobic
poly(3-sulfopropyl methacrylate potassium salt)@poly(hydro-
phobic pentadecafluorooctyl-5-norbornene-2-carboxylate) (PSPMA®@
PNCA-F15) polymer brushes-modified asymmetrical AAO mem-
branes were reported.">® Voelcker and co-workers reported
functionalized AAO membranes with a series of anodization
and silanization cycles. Following this strategy multilayered
surface functionalities with silanes inside the pore channels
are achieved which influence the wettability and transport
properties of the membrane.'®® Using sol-gel chemistry and
co-condensation our research group demonstrated that layer
selective pre-functionalization of a multilayer mesoporous film
can be used to localize subsequent initiator binding and the
following polymerization to a specific layer in a multilayer
mesoporous silica film."”" Together with mesoporous film
fabrication, using e.g. gravure printing, allowing down to
approximately 15 nm thick homogeneous mesoporous film
deposition a nanoscale step gradient was achieved.'®> Another
approach toward nanoscale step gradient formation is acces-
sible for ceramic mesopores fabricated by sol-gel chemistry
using block-copolymer assembly for mesopore formation fol-
lowed by polymer removal upon calcination or chemical extraction.
Usually these mesoporous layers are deposited using dip-
coating. Alternatives are spray or spin coating, for example.
Using dip-coating the layer thickness can be usually adjusted
varying the speed with which the substrate is removed from the
solution. This process was in detail evaluated by Sanchez and
colleagues for deposition of thin silica/CTAB films as well as
titania/block copolymer mesostructured films by dip-coating."*?
The block-copolymers being responsible for the mesoporous
structure formation after their assembly during solvent evapora-
tion and subsequent calcination are usually selected regarding
the envisioned mesopore size. On the other hand, block-
copolymer assembly and precise synthesis is a vital field which
has resulted in various multiblock architectures, bottle brushes,
shape readjusting particles, membranes and much more.***
Aiming for (nanoscale) step-gradient formation, our research
group reported using block-copolymers with suitable functional
blocks for in situ functionalization in addition to mesopore
formation in mesoporous films.'”> As an additional option
co-condensation can be used to pre-program functionalization
followed by layer-specific post-functionalization. As a first exam-
ple for in situ functionalization Tom et al. synthesized amphi-
philic PS-b-PAA BCPs with different chain lengths and block
ratios through single-electron transfer living radical polymeri-
zation and applied this block copolymer as a functional
template.’®> Multilayer formation was successful and reversible
on-off gating for both positive and negative species was achieved.
Furthermore, Herzog et al. demonstrated the further develop-
ment of this concept by preparing an amphiphilic polystyrene-b-
poly(2-vinylpyrindine) (PS-b-P2VP) and polyferrocenylsilane-b-
poly(2-vinylpyrindine) (PFS-b-P2VP) BCPs with a silane end group

This journal is © The Royal Society of Chemistry 2022
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and a pH-degradable block (Fig. 5d). Although the silane end-
group seems not to be necessary to integrate the BCP into the
pore wall, which is attributed to the PEO - tetraethoxysilane
(TEOS) interaction, the degradation of the PFS block segment
resulted in P2VP-functionalized mesopores with pH-responsive
transport performance.'®® Recently, Ngo et al. also reported
in situ polymer functionalization of mesoporous silica through
co-condensation of TEOS and a functional polymer with a
triethoxysilane terminal group in the presence of poly(ethylene
oxide)-b-polystyrene (PEO-b-PS) used as the pore template.’®” The
obtained hybrid material was investigated with respect to its CO,
gas adsorption capacity with selectivity towards methane and
nitrogen.

Modeling studies from the research group of Szleifer pushed
this concept of block-copolymers in nanopores towards nano-
scale local functionalization including precise copolymer
sequence control.">*"**> They proposed a concept for directed
and selective ion transport by using a block copolymer with
precise sequence design (Fig. 6a-d) including a combination of
responsive and nonpolar monomers. These polymers are
placed at both pore entrances with nanolocal resolution. Upon
consecutive opening and closing of these polymer gates a
directed transport is obtained. A theoretical study from Boda
and colleagues showed ion distribution for cylindrical nano-
pores with a charge transition along the length of the nanopore
using a multiscale modeling approach.'®® In this study it was
observed that the diffusion coefficients are dependent on the
net charge of the nanopore although being comparable for
charge patterns with the same total charge. Furthermore, ion
distribution of monovalent ions follows the charge pattern
along the nanopore. An interesting perspective for nanoscale
local polymer placement in nanopores going beyond side
selective or layer wise design is the use of light or so called
maskless lithography or polymer writing approaches compre-
hensively summarized by Riihe for planar surfaces.'®® In this
context the aim is to use light with nanoscale dimensions to
induce polymerization or induce hardening. Examples are two
photon lithography, scanning near-field optical microscopy
(SNOM), or beam pen lithography.'*>'*® One potential approach
towards nanolocal placement of functional polymers into nano-
pores is the combination of existing polymerization reactions with
nanoscale light sources such as surface plasmons or near field
modes in general. In a first proof of concept study our research
group demonstrated in 2015°% that surface plasmons on planar
gold surfaces are capable of initiating dye-sensitized polymeriza-
tions in mesoporous silica films, inspired by the work of Soppera
and colleagues on metal nanoparticles.**** Dye-sensitized poly-
merizations only offer limited polymerization control but the
polymer amount can be adjusted by the irradiation energy and
reaction time and they can be combined with basically any
plasmon source as an entire library of dyes, and thus initiation
wavelengths, are commercially available. Thereby, controlled
visible-light iniferterinduced polymerizations®***°* are a very sui-
table polymerization reaction allowing polymerization control
using grafting through or grafting from polymerizations induced
by visible light including surface plasmons in mesoporous films.

Chem. Commun., 2022, 58, 5188-5204 | 5199
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(a) Schematic representation of the nanopore grafted with a diblock copolymer (polyelectrolyte and hydrophobic blocks are colored in red and

green, respectively) along with the sequences of the copolymers with the grafting ends on the left side and the free ends on the right side. (b) Fraction of
the polymer volume and the corresponding electrostatic potential of the double-gate nanochannel at different pH values. Reprinted with permission
from ref. 155 Copyright (2017), American Chemical Society. (c) Schematic illustration of the nanopore system modified by polyampholyte layers with a
composition gradient. (d) The corresponding ion pumping process and the color maps of the charge distribution on the pore axis at different pH values
(5 and 9, A and B respectively) at an applied bias of 0.50 V. Reprinted with permission from ref. 154 Copyright (2021), American Chemical Society.

Nanolocal control could be demonstrated embedding plasmonic
spherical Ag/Au alloy nanoparticles into mesoporous films.>*
Besides this work on mesoporous films Soppera and colleagues
further developed this concept using plasmonic nanoparticles to
trigger a photo-ATRP to form a multilayer thin covalent polymer
at the surface of the nanostructure with spatial control at the
nanoscale.”” This platform provides a first experimental step
towards nanolocal polymer writing and design of nanopore func-
tionalization including the possibility of adjusting polymer
composition and chain architecture beyond a layer-wise or step-
gradient design and with this towards transport direction, as
proposed by Szleifer and colleagues based on nanoscale polymer
gates with a highly defined monomer sequence precisely placed
into nanopores. However, this platform not only allows nanoscale
placement of polymers but can be combined with sensing ques-
tions. For example, Liz Marzan as well as Angélomé and colleagues
integrate plasmonic nanoparticles into mesoporous films to
address sensing questions using surface-enhanced Raman scatter-
ing (SERS).>*® This combination can be used in the variety of
processes taking place at the confined nanoscale such as sensing
and catalysis. Our research group demonstrated that after integra-
tion into mesoporous films and nanoscale polymer functionaliza-
tion refractive index changes are within the average range of
detection limits. This can be used to in situ follow the polymer
formation within mesoporous films limits.>*” The next steps will of

5200 | Chem. Commun., 2022, 58, 5188-5204

course point towards asymmetric plasmonic nanoparticles, their
stable integration into mesoporous films and their use for polymer
placement and sensing.

Conclusions and outlook

Inspired by the transport performance of biological pores, the
fields of nanopore transport control and smart gating have
been extensively developed within the last fifteen years aiming
to achieve gradual transport, improved transport selectivity, or
first examples on transport direction. These advances have
been made possible by systematic development of nanopore
polymer functionalization as well as recent progress in the
design of artificial nanochannels. Although the majority of
studies is based on using electrostatic interactions for ionic
transport modulation the influence of wettability and ligand
binding on transport becomes increasingly recognized. A grow-
ing number of publications draws attention to the complex
interplay of all these parameters in the confined space of
(polymer-) functionalized nanopores. Further pushing the lim-
its of polymer functionalization and precision in material
design from the nano to the macroscopic scale bares the
potential to approach nature’s ability in transport performance.
This includes a toolbox of functional building blocks, polymer

This journal is © The Royal Society of Chemistry 2022
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location and sequence control, as well as material architecture,
and pore composition control in multipore materials. Thereby,
the transported species, such as ions, particles, or proteins, has
to be considered.

Beyond their investigation and application in transport
control these highly defined nanoporous materials help to
understand complex porous materials in applications such as
chromatography, oil and gas production, or catalysis, for exam-
ple. This is based on their highly defined structural order and
nanopore shape at the nanoscale. Due to this defined structure
averaging characterization techniques can be applied to multi-
pore materials still allowing the extraction of information on
the nanopore length scale assuming identical nanopores. In
addition, single nanopore ion track etched pores allow us to
compare such multipore information with the behaviour of
individual pores. Although this approach is versatile, improve-
ments in characterization and especially in the local resolution
of in situ characterization techniques will be needed to further
advance toward nature’s precision in material design and
understanding of transport manipulation.

To bridge the gap between the length scale of material
characterization and molecular understanding, modelling is
detrimental. In addition, modelling predicts useful material
and functionalization parameters to guide the developments in
material fabrication and functionalization. Strengthening the
interplay of research on new material design and functionaliza-
tion strategies, high-resolution in situ characterization together
with modelling will allow us to further implement a so-far
unreached transport performance, and integration of nano-
pores as one element into complex systems. Another tool
recently gaining attention in the field of nanopore design and
transport is machine learning. Already mentioned in the
2000s,°°® machine learning has received increasing interest
since 2017 with strongly increasing numbers of publications
up to around twenty in 2021. To date, machine learning in the
context of nanopores has been mainly reported in the context
of sensing. Examples reach from the identification of amino
acids based on their transport through a MoS2 nanopore,**° to
support sensing of viruses>*® as well as biomolecules in conical
ion track etched pores** or DNA base modifications in
so-called oxford nanopore sequencing data,”’”> and machine
learning is in general investigated for nanopore ionic current
blockage classification.”"*™>*

When considering all relevant parameters, their interplay
and their dynamics a complete picture of the nanopore trans-
port mechanism will enable improvement of existing nano-
porous material applications as well as the development of new
technologies. For example, controlling the dynamics of nano-
pore transport to design a nanopore containing out of equili-
brium systems is expected to open avenues towards new
technologies. One specific example starting to be investigated
is ionic circuits in the context of sensing devices.,'$9:2167218

Future advances will thus strongly depend on increasing
precision and complexity in nanopore functionalization, on
understanding the interplay of phenomena occurring within
nanopores including their kinetics, on the ability to control
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transport of different species from ions to particles and proteins
and on the success of nanopore integration into more complex
systems.
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