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Abstract: Rational design and elaborate modular construc-

tion of interfacial architectures in which molecular transport
is mediated by responsive/adaptive nanostructures has
become a growing and fertile field of research in supra-

molecular materials chemistry. This work presents, for the
first time, the use of PNIPAM-capped mesoporous silica thin

films as thermosensitive cation-selective mesochannels. Thus
far, this feature has only been observed in thermosensitive
biological channels. The interfacial architecture created here
accomplishes its specific functions through the concerted or
simultaneous action of spatially addressed subunits with

temperature response and ion exclusion capabilities. The

thermo-perm-selectivity effect stems from the synergistic in-
terplay between the pH-dependent electrostatic characteris-

tics of the silica scaffold and the thermo-controlled steric ef-

fects introduced by the capping brush layer. It is hoped that
the “nanoarchitectonic” approach presented here will pro-

vide new routes toward the generation of heterosupramo-
lecular nanosystems displaying addressable transport prop-

erties similar to those encountered in biological ion chan-
nels.

Introduction

The possibility of creating fully synthetic hybrid assemblies dis-
playing gating and charge selectivity properties resembling

those observed in biological channels is one of the grand chal-
lenges for materials science in the 21st century.[1, 2] In this con-
text, mesoporous materials have demonstrated to be a robust
alternative to create nanoscopic channels as they offer exqui-

site control over the pore characteristics and, in addition, they
are compatible with the integration into functional systems.[3–6]

Part of the appeal of mesoporous nanoarchitectures is that
they can incorporate chemical entities that can act as a gate

and allow entry/release of chemical species into or from the
mesoporous matrix.[7, 8] The species can be entrapped in the

inner pores or the latter can be empty. The gate opens upon
application of an external stimulus and the hybrid material

either releases the confined guests or permits the entrance of
molecular species from the bulk solution.[9, 10] During the last
decade, significant research efforts have been focused on the
quest for novel alternative switchable nanopore machineries

capable of being “nanoactuated” by external stimuli in a con-
trollable manner.[11, 12] In this regard, one stimulus of particular
interest in biological and non-biological systems is tempera-
ture.[13, 14] Biological ionic channels activated by temperature
changes transduce this information into conformational

changes that open the channel pore. A typical example is ther-
mosensation that is carried out by the direct activation of ther-

mally gated ion channels in the surface membranes of sensory
neurons.[15] This complex task is accomplished by temperature-
sensitive cation-selective channels, which are members of the

extensive TRP family (transient receptor potential channels).[16]

These biological entities act as gateable ionic filters enabling

the selective passage of cations only under determined ther-
mal conditions.[17] It has been demonstrated that this gating
process is achieved through the concerted functions of hydro-

phobic and charged residues in the biological channel.[18, 19]

Biological pores like TRPs pose a challenging situation that still

remains elusive in molecular materials science: designing a
robust, fully artificial interfacial architecture displaying charge

selectivity with thermo-activated gating properties. In this con-
text, the quest for new concepts to create novel charge-selec-
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tive membranes is of critical importance for further expanding
the scope of applications of these materials.

The integration of thermoresponsive poly-(N-isopropylacryla-
mide) (PNIPAM) in mesoporous matrices has been the subject

of study of different groups.[20, 21] PNIPAM is a widely studied
water-soluble polymer, mainly because of its lower critical solu-

tion temperature (LCST) behavior in water, as it precipitates
out from water upon heating above T&31 8C.[22] This tempera-
ture-induced phase separation has been exploited for the con-

struction of thermoassociative polymeric systems, that is, poly-
mers that tend to associate in aqueous solution upon heating.

The first example of mesoporous materials integrating ther-
moactive gating properties was reported by Lopez and his col-
laborators in 2003.[23] These authors based their approach on
the surface-initiated atom transfer radical polymerization of

poly-(N-isopropyl acrylamide) (PNIPAM) brushes grafted from

mesoporous silica particles and demonstrated that these mac-
romolecular entities controlled the uptake and release of rhod-

amine 6G from the mesoporous particles. Later on, Oupicky
et al.[24] showed that densely grafted PNIPAM-modified meso-

porous silica nanoparticles exhibit good uptake and release
properties of fluorescein at room temperature (below LCST)

and a low level of leakage above LCST. According to these au-

thors, the densely grafted PNIPAM chains constitute the cap-
ping layer that prevents the uptake and release of cargo mole-

cules when polymer brushes are collapsed on the nanopore
outlets. Since then, different groups explored similar concepts

to thermally control the transport of chemical species through
mesoporous matrices. However, to the best of our knowledge,

the possibility of creating thermoactuated cation-selective

mesoporous platforms remains fully unexplored.
In this work, we describe the creation of a hybrid organic–in-

organic assembly displaying thermo-dependent ionic transport
properties that, until now, were not observed in nanoporous

permselective membranes. In close resemblance to TRPs, func-
tional hybrids constituted of PNIPAM-capped mesoporous

silica-based thin films are able to discriminate and modulate

the transport of cations while inhibiting the passage of anions
in the presence of temperature variations. Being able to design

multicomponent mesoarchitectures at interfaces with functions
similar to thermosensitive biological channels would be of

great importance for further expanding the scope of applica-
tions of these designed nanoarchitectures.

Results and Discussion

Modification of the mesoporous films with poly-(N-isopropyl

acrylamide) (PNIPAM) brushes was accomplished by surface-ini-
tiated reversible addition–fragmentation chain transfer (SI-

RAFT) polymerization (Scheme 1). Mesoporous silica thin films
were prepared through a one-pot sol-gel method by dip-coat-
ing of glass and indium tin oxide (ITO) substrates, following

previously reported procedures.[25] Mesoporous films with
~200 nm thickness displaying organized pore arrays with high

accessibility were obtained (Figure 1). Synchrotron-based
small-angle X-ray scattering (SAXS) characterization performed

at the D10A-XRD2 beamline of Laboratjrio Nacional de Lus

S&ncrotron (LNLS-Brazil) confirmed that highly organized meso-
pore arrays presenting a cubic Im(3m mesostructure with an in-

terpore distance of ~12 nm were obtained (Figure 1). Mesopo-

Scheme 1. Functionalization of the mesoporous silica thin film with SI-RAFT.

Figure 1. SEM image: a) and SAXS-2D pattern, b) of as-obtained mesoporous
silica films.
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rous surfaces were subsequently derivatized with a RAFT
agent, benzyl-(3-(trimethoxysilyl)-propyl)-trithiocarbonate

(BT3PT). Due to the hydrophobic nature of the RAFT agent, the
water contact angle of the mesoporous films increased from

458 to 618 after derivatization. Then, polymer brush growth
took place via SI-RAFT in the presence of the adequate solvent,

monomers, and precursors (see the Supporting Information for
details). This process led to the surface modification of the

mesoporous film with covalently anchored PNIPAM brushes

(Scheme 1). After polymerization, ellipso-porosimetry revealed
only slight changes in pore and neck sizes, thus indicating that

brush growth did not proceed to a large extent into the meso-
pores (Figure 2). However, XPS characterization of these sam-

ples indicated the appearance of an intense peak at around
399.7 eV (typical binding energy of N 1s photoelectrons), cor-

roborating the presence of amide groups, namely PNIPAM,[26]

on the mesoporous surfaces after the polymerization (Fig-

ure 3 a). Concomitantly, atomic force microscopy (AFM) imag-
ing revealed the presence of a homogenously distributed nod-
ular-like film grown on the mesoporous substrate and no

patches or uncoated regions were found (Figure 3 b).
From these results we infer that the PNIPAM layer was

grown atop the mesoporous film. From ellipsometric measure-
ments, this polymer layer was estimated to be 9 nm in thick-

ness. We hypothesize that the selective growth of the thermo-
sensitive brush atop the mesoporous film originates from the
steric hindrance of the chains diffusing to the surface-anchored

Z-groups that precludes PNIPAM chains from entering into the
mesopores. In other words, the Z-group approach can be con-

sidered as a “grafting-to” strategy as it relies on the diffusion
of pre-formed polymer chains to the mesoporous surface.[27]

This fact ultimately leads to the selective tailoring of the

“outer” chemistry of the hybrid mesostructured assembly
(Scheme 1). This is another example of the importance of man-
aging charge matching and steric effects between the mono-

mer and the mesopore surface in the design of mesopore-
polymer nanosystems. In previous work, the combination of
cationic monomers and silanolate surfaces leads to partial to
complete pore filling through monomer pre-concentration and

preferential polymerization within the mesopores.[28, 29] The use
of a monomer containing a weak acid phosphate group par-

tially hydrolyzed led instead to polymerization within the
pores and on top of the film surface.[30]

Once we corroborated the formation of PNIPAM-capped

mesoporous films, we proceeded to study the thermo-depen-
dent permselective properties of the mesostructured hybrid in-

terface. To this end, we characterized the transport using redox
probes that diffuse across the mesoporous film deposited on a

conductive ITO substrate.

Figure 4 a displays the cyclic voltammograms of PNIPAM-
capped mesoporous silica films supported on ITO in the pres-

ence of 1 mm Ru(NH3)6
3+ and Fe(CN)6

3@ at 20 8C, respectively. A
strong inhibition in the electrochemical signal of Ru(NH3)6

3 +

ions was observed, whereas no signal corresponding to
Fe(CN)6

3@ ions was electrochemically detected. As suggested

Figure 2. Pore size distribution of unmodified mesoporous silica films, meso-
porous films modified with the RAFT agent (BT3PT), and PNIPAM-modified
mesoporous silica films, as determined by ellipso-porosimetry.

Figure 3. a) N 1s XP spectra corresponding to the mesoporous silica film
after PNIPAM polymerization. b) AFM three-dimensional topography image
of PNIPAM-modified mesoporous thin film (PeakForce TappingS mode; maxi-
mum z-scale: 5 nm; scan size: 1.5 V 1.5 mm).
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by Ljpez and co-workers, below LCST the swollen PNIPAM
chains can act as an effective steric barrier and block the trans-

port through the pore openings, which is transduced by a

strong decrease in the electrochemical signals of the redox
probes.

Then, we set the working temperature above LCST and char-
acterized the transport of both redox probes. Contrary to what

was observed at 20 8C, upon increasing the temperature above
LCST the electrochemical response of Ru(NH3)6

3 + strongly in-
creased, leading to a well-defined voltammetric signal, whereas

the signal corresponding to Fe(CN)6
3@ remains fully inhibited,

namely: cation-selective “ON” state. According to the mecha-
nism demonstrated by Ljpez and collaborators, above LCST
the collapsed PNIPAM chains unblock the pores, thus allowing

the passage/diffusion of species from the solution into the
mesopore.

In our case, the experimental data imply that the mesopo-

rous film equipped with collapsed PNIPAM chains on the pore
outlets is acting as a very efficient permselective nanostruc-

tured barrier inhibiting the transport of anionic species. It is
evident that the thermoactuation of the PNIPAM layer is trans-

duced into drastic changes in the transport properties of the
mesoporous film owing to the electrostatic nature of the inner

environment of the mesopore matrix. The presence of surface-

confined silanolate groups (SiO@), is responsible for conferring
permselective properties to the film at pH values above the

silica surface pKa&2.[28] The exposed SiO@ groups act as elec-
trostatic barriers precluding the transport of anionic species.

As a result, the uncapped pores operate as silanolate-gated
cation-selective mesochannels ; they repel the transport of

Fe(CN)6
3@ but facilitate the free diffusion of Ru(NH3)6

3 + ions
across the inner environment of the mesoporous film.

For the sake of clarity, Figure 5 displays the histograms that
reflect the relative changes in ionic transport properties under

different temperature conditions for both probes. Considering

that EP confirmed that mesopores are not significantly occlud-

ed with polymer, it is plausible to ascribe the strong decrease
in electrochemical signals to the presence of the steric barrier

arising from the swollen PNIPAM brushes sitting atop the mes-
oporous film. Above LCST, PNIPAM chains collapse onto the

pore outlets with the concomitant unblocking of the meso-
pores (Scheme 2).

Furthermore, the reversibility of this nanogating process was

corroborated by cycling the temperature above/below LCST.
Figure 6 presents the reversible variation of the normalized

electrochemical current of Ru(NH3)6
3 + ions in the presence of

consecutive temperature changes between 20 and 50 8C.

These measurements confirm the excellent transport reversibil-
ity of the thermosensitive cation-selective mesochannels.

To the best of our knowledge, this is the first experimental
report on thermo-activated permselectivity in mesoporous thin
films using concerted functions inside and outside the meso-

porous matrix. This singular feature arises from the synergistic
combination of the electrostatic characteristics of the silica

scaffold and thermo-controlled steric effects introduced by the
capping brush layer. Or, in other words, the unique transport

properties of the hybrid interfacial could be observed only in

the presence of the cooperative interaction between the
“gating” of the PNIPAM layer and the anion entry exclusion ex-

erted by the mesoporous silica surface. In most examples refer-
ring to the use of mesoporous silica in delivery systems, nano-

porous matrices are relegated to mere scaffolds to create
nanoscopic channels. Here, however, we described the first ex-

Figure 4. Cyclic voltammograms corresponding to: a) PNIPAM-modified mes-
oporous silica thin film at 20 8C (below LCST), b) PNIPAM-modified mesopo-
rous silica thin film at 50 8C (above LCST), in the presence of 1 mm
Ru(NH3)6

3 + (red trace) and 1 mm Fe(CN)6
3@ (blue trace), respectively. Scan

rate: 100 mV s@1. Supporting electrolyte: 0.1 m KCl. Figure 5. Histograms showing normalized variations in electrochemical cur-
rent densities (“ON” and “OFF” states) arising from the influence of tempera-
ture on the molecular transport of Ru(NH3)6

3+ and Fe(CN)6
3@ redox probes

through the PNIPAM-modified mesoporous silica films.

Chem. Eur. J. 2017, 23, 14500 – 14506 www.chemeurj.org T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim14503

Full Paper

http://www.chemeurj.org


ample in which the interplay between the intrinsic acid–base
properties of the mesoporous silica scaffold and the thermo-re-

sponsive characteristics of the PNIPAM layer leads to a func-

tional assembly with ionic transport properties so far believed
to be distinctive features of biological thermo-sensing ion

channels.

Conclusions

In summary, in this work we described the use of PNIPAM-
capped mesoporous silica films as thermosensitive cation-se-

lective mesochannels, a feature that has, until now, only been

observed in thermosensitive biological channels. An important
outcome of this research is the creation of interfacial architec-

tures capable of accomplishing specific functions through the
concerted or simultaneous action of different spatially ad-

dressed pre-designed subunits. We consider that these results
may open up new avenues for producing tailored interfacial

architectures displaying spatially-addressed functions, this

being an emerging concept often referred to as “nanoarchitec-
tonics”.[31] This may ultimately lead to “heterosupramolecular”

nanosystems with novel molecular transport functions arising
from concerted interactions between inorganic and macromo-

lecular counterparts.

Experimental Section

N-Isopropylacrylamide (NIPAM, TCI-Chemicals, 97 %) and 2,2’-
azobis-(methylpropionitrile) (AIBN, Akzo Nobel, 98 %) were recrys-
tallized twice from toluene/hexane (3:1) and methanol and dried.
All other chemicals were obtained commercially and used without
further purification. Benzyl (3-(trimethoxysilyl)-propyl)-trithiocar-
bonate (BT3PT) was synthesized following a procedure published
earlier.[32] Ultrapure water (18 MW cm@1) was used in all the experi-
ments.

Mesoporous film preparation

Synthesis of mesoporous silica thin films was performed as de-
scribed in previous works,[33] by processing an ethanolic solution

Scheme 2. Schematic depiction of the ionic transport processes taking place in the hybrid polymer-inorganic interfacial assembly at temperatures below and
above LCST.

Figure 6. Reversible variation of the normalized electrochemical current of
cationic Ru(NH3)6

3 + redox probes diffusing through PNIPAM-modified meso-
porous silica films upon alternating the solution temperature between 50 8C
(dark-red circles, “ON” state: above LCST) and 20 8C (dark-yellow circles,
“OFF” state: below LCST). Supporting electrolyte: 0.1 m KCl.
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containing the oxide precursor tetraethoxysilane (TEOS) in the
presence of the template (F127 block copolymer, Aldrich, M =
13600). The precursor solution was prepared using 0.8 TEOS:0.2
F127:40 EtOH:10 H2O:0.28 HCl molar ratios. This solution was used
to prepare the mesoporous films by dip-coating on glass and ITO
substrates under ~40 % relative humidity conditions at ambient
temperature and 3 mm s@1 withdrawing speed. The organic tem-
plate was removed by calcination at 350 8C for 2 h.

Surface modification with RAFT agent

The surface modification of the mesoporous silica films with RAFT
agent BT3PT was accomplished by following the procedure report-
ed by Huebner et al. with minor changes.[34] Plasma-cleaned meso-
porous thin films were immersed in a solution constituted of
BT3PT (0.03 mmol) and 1,2-dimethoxyethane (3 mL). The mixture
was gently shaken for one day at room temperature. Then, the
mesoporous thin films were washed three times with acetone and
dried under a stream of nitrogen.

Polymerization procedure

A stock solution of NIPAM (2.5 g, 22 mmol, see Scheme 1), the re-
spective RAFT agent (0.053 mmol), and 2,2-azobis-(2-methylpropio-
nitrile) (1.7 mg, 0.011 mmol) in 1,2-dimethoxyethane (7.4 mL) was
prepared and degassed using three freeze-pump-thaw cycles. Silica
thin films were added under an inert atmosphere and covered
with the stock solution. The samples were then conducted into a
preheated oil bath of 60 8C and left for 36 h. The polymerization
was stopped by cooling the samples at 0 8C and exposure to air.
Subsequently, the silica thin films were washed three times with
acetone and dried under a nitrogen stream. The polymerization so-
lution was precipitated into cold diethyl ether and the resulting
polymer was collected by centrifugation. The polymer was redis-
solved in a small amount of acetone, precipitated again in diethyl
ether and centrifuged. The process was repeated once. The isolat-
ed polymers were dried in a vacuum oven at 45 8C.

Characterization

Film thickness and refractive index in the 200–950 nm region were
obtained using a SOPRA GES5A spectroscopic ellipsometer. Mea-
surement of the ellipsometric parameters q (Theta) and D (Delta)
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
RAFT agent functionalized and the polymer-modified mesoporous
films. A Breggemann effective medium approximation (BEMA) was
used to calculate the pore volume fraction (Vpore/%), considering
two phases made up of silica (n633 = 1.455) and void pores. The
polymer volume fraction in the material VPNIPAM\% was obtained by
analyzing the optical data with a three component BEMA using
n633 = 1.455 for the silica framework, n633 = 1.50 for PNIPAM and
void pores. Water adsorption–desorption curves (at 298 K) were
measured by ellipsometric porosimetry (EP, Winelli software,
SOPRA Inc.). Film thickness and refractive index values were ob-
tained from measuring the ellipsometric parameters q (Theta) and
D (Delta) under nitrogen flux containing controlled water vapor
quantities; P/P0 was varied from 0 to 1 (P0 being the saturation
water vapor at 298 K). Film pore volume and pore size distribution
at each P/P0 were obtained by modeling the refractive index ob-
tained according to a three-medium BEMA (see above) correspond-
ing to a one layer model for the mesoporous films.

Cyclic voltammetry (CV) was performed using a Gamry potentiostat
with an Ag/AgCl reference electrode. All probe solutions were pre-
pared with a concentration of 1 mm in 100 mm KCl as supporting
electrolyte resulting in a pH 5–6 solution. Quantitative variations in
permselectivity were studied by following the changes of voltam-
metric peak currents associated to cationic Ru(NH3)6]2 + /3 + and
anionic [Fe(CN)6]4@/3@ redox probes, diffusing across the mesopo-
rous film.

Atomic force microscopy (AFM) measurements were performed on
a Multimode AFM (Bruker) with a NanoScope V controller using
PeakForce TappingQ with a TAP525 A Cantilever (Bruker, nominal
spring constant: 200 N m@1, nominal resonance frequency: 525 kHz,
nominal radius 8 nm) in argon at room temperature. All images
were taken with a scan rate of 0.977 Hz, and a resolution of 512 V
512 samples per line. For the analysis of the data the program
Gwyddion was used.

Size exclusion chromatography (SEC) characterization of all sam-
ples was performed with DMAc containing 0.1 % (by mass) of lithi-
um bromide as the eluent using an Agilent 1260 Infinity system. It
was composed of an autosampler, an isocratic solvent pump, a PSS
GRAM (polyester copolymer network) precolumn (8 V 50 mm),
three PSS GRAM separation columns (8 V 300 mm, nominal particle
size = 10@5 m; pore sizes = 30, 103, and 103 a) maintained at 45 8C
in a column compartment, an 80 Hz UV detector (set to a wave-
length of 310 nm for the RAFT polymers), and a refractive index
(RI) detector. The flow rate of the mobile phase was 8 V
10@4 L min@1. The whole setup was calibrated with a total of 12 PSS
poly-(methyl methacrylate) standards (Mn = 0.8–1820 kg mol@1) of
low dispersity with toluene as internal standard. All samples were
filtered through a 450 nm PTFE syringe filter prior to injection. The
concentration of the polymer samples was 3 g L@1.

Dynamic light scattering (DLS) measurements were conducted on
a Zetasizer Nano S (Malvern) with a laser (l= 633 nm) by using
12 mm quartz cuvettes. Intensity distributions were recorded with
12 runs of a run duration of 20 s per measurements. All measure-
ments were recorded under a detection angle of 1738.

Contact angle (CA) was measured with an OCA 15EC (OCA Measur-
ing Instruments) using the TBO Video based contact angle measur-
ing system by Dataphysics. A water drop (2 mL) was placed at five
different spots on the surfaces. The presented results are an aver-
age of the five measurements.

Scanning electron microscopy (SEM) images were obtained with a
ZEISS LEO GEMINI field emission electron microscope (CMA, Facul-
tad de Ciencias Exactas y Naturales, UBA, Argentina).
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