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ABSTRACT: Bioinspired solid-state nanopores and nanochannels
have attracted interest in the last two decades, as they are
envisioned to advance future sensing, energy conversion, and
separation concepts. Although much eﬀort has been made
regarding functionalization of these materials, multifunctionality
and accurate positioning of functionalities with nanoscale precision
still remain challenging. However, this precision is necessary to
meet transport performance and complexity of natural pores in
living systems, which are often based on nonequilibrium states and
compartmentalization. In this work, a nanolocal functionalization
and simultaneous localized sensing strategy inside a ﬁltering
mesoporous ﬁlm using precisely placed plasmonic metal nanoparticles inside mesoporous ﬁlms with pore accessibility control is
demonstrated. A single layer of gold nanoparticles is incorporated into mesoporous thin ﬁlms with precise spatial control along the
nanoscale layer thickness. The local surface plasmon resonance is applied to induce a photopolymerization leading to a nanoscopic
polymer shell around the particles and thus nanolocal polymer placement inside the mesoporous material. As near-ﬁeld modes are
sensitive to the dielectric properties of their surrounding, the in situ sensing capability is demonstrated using UV−vis spectroscopy. It
is demonstrated that the sensing sensitivity only slightly decreases upon functionalization. The presented nanolocal placement of
responsive functional polymers into nanopores oﬀers a simultaneous ﬁltering and nanoscopic readout function. Such a nanoscale
local control is envisioned to have a strong impact onto the development of new transport and sensor concepts, especially as the
system can be developed into higher complexity using diﬀerent metal nanoparticles and additional design of mesoporous ﬁlm
ﬁltering properties.
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the potassium-ion channel.12 In biological channels, the
arrangement of several diﬀerent domainsdiﬀerent charges
and hydrophobic side chainsleads to a dynamic, directional,
and highly selective transport with high tuning rates.
Interestingly, active sides of such biological ion channels are
mostly concentrated to a few angstroms, which again indicates
the relevance of engineering on the nanometer scale and
beyond. Precise placement of responsive functionalities along
nanoscale pores together with compartmentalization has to be
experimentally implemented by overcoming the passive
responsiveness of technological porous materials advancing
toward dynamic, self-regulating, adaptive, and active materials
directing ﬂow of mass, energy, and information.11,13 These

INTRODUCTION
Nanoscience and nanotechnology have ever since been
inspired by nature, and a variety of bioinspired materials
mimicking nature have been successfully introduced.1−6 One
important research goal in this context is related to
compartmentalization, miniaturization, and local control of
structure formation and functional placement. Therefore, a
toolbox of approaches has been developed mainly using topdown and bottom-up approaches. This knowledge becomes
increasingly important in the context of nanopore transport
modulation to enable nature and life-inspired sustainable
future water, energy, and sensing concepts.7−9 While state-ofthe-art approaches in top-down nanofabrication reach a
resolution of 10 nm and such devices are approaching mass
production, bottom-up approaches attempting to produce
nanoscale devices have gained limited success.10,11 Especially
polymer functionalization of pores with nanoscale resolution is
still a challenge, but represents an important step toward
bioinspired and dynamic transport control in technological
pores. This has been demonstrated by natural channels, such as
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ﬁndings have been theoretically demonstrated by Szleifer and
co-workers for nanopores and by Bocquet and co-workers
regarding responsive membranes.7,8
In this context, polymers and especially responsive polymers
are well-established functional components that enable the
precise functionalization of nanoscale pores with controlled
surface coverage or charge density.14 For example, polymerfunctionalized hybrid mesoporous silica thin ﬁlms show
transport properties gradually tunable by controlling the
polymer amount and thus controlling the functional density.15
Furthermore, applying controlled radical polymerizations
allows the generation of block-co-oligomers.16 Selective
functionalization of the inner or outer surface of mesoporous
materials has been demonstrated by applying several
approaches, for example, soft template protection, kinetic
protection, or size protection as, for example, recently
summarized in a review article of Tiemann and Weinberger.17
Functionalization of the outer surface of mesoporous materials
allows capping of the mesopores enabling gating/switching of
ionic transport18 or controlled release of guest molecules
entrapped inside the mesopores,19 for instance. Such porous
architectures can result in Janus-type multilayer porous
materials and membranes, and several studies have been
published, showing side-selective transport or oil−water
separation.20−23 Local functionalization of artiﬁcial nanochannels has been demonstrated by Jiang and co-workers
using plasma-induced graft polymerization in an hourglassshaped nanochannel to generate side-speciﬁc double responsiveness.24 Applying this asymmetric modiﬁcation method and
cooperative pH-responsive polyelectrolytes, namely, polyvinylpyridine and poly(acrylic acid), bioinspired artiﬁcial single-ion
pumps have been realized.25 Voelcker and co-workers
demonstrated multilayered surface functionalization of aluminium oxide membranes by means of multiple anodization and
silanization cycles.26 Furthermore, Liu et al. demonstrated local
pore wall functionalization of a single nanopore using
contactless electrofunctionalization.27 Likewise, we demonstrated a strategy to introduce three functional components
with precise local control into the pores of an inverse colloidal
monolayer as a model system by combining orthogonal surface
chemistry and control of the local wetting state of the pores
very recently.28 However, these techniques allow local
functionalization of small pores, but precise spatial control
perpendicular to the substrate along a porous system and
implementation of multiple functionalities inside nanopores
still remain challenging. Pushing further local placement of
polymers in small pores, nanoscale resolution would require
nanoscale focusing of light in combination with photopolymerizations. This can be achieved using two photon
processes, for instance.29 Alternatively, near-ﬁeld modes, such
as surface plasmons, oﬀer a highly conﬁned electromagnetic
near ﬁeld which is known to initiate polymerization, if
compatible initiators are used.30−33 For example, successful
polymer functionalization of mesoporous ﬁlms deposited on
planar gold or silver metal surfaces applying surface plasmons
and dye-sensitized photopolymerization systems have been
demonstrated in previous studies.34,35
Bachelot, Soppera and co-workers pioneered the photopolymerization induced by the high-energetic near ﬁeld of
silver nanoparticles, thus demonstrating nanoscale functionalization of plasmonic metal particles.36 Based on these ﬁndings,
the same groups investigated not only the plasmonic optical
near ﬁeld of single silver nanoparticles but also the underlying
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mechanism of the dye-sensitized photopolymerization induced
by the plasmonic nanoparticles.31,37 Furthermore, gold nanoparticles (Au-NPs) represent attractive sensing properties, as
the spectral position of the localized surface plasmon
resonance (LSPR) is highly sensitive to the dielectric
environment.38,39 Previous studies on composite materials
using Au-NPs and inorganic mesoporous thin ﬁlms demonstrated that Au-NPs can be precisely positioned with spatial
control and remain accessible for chemical reactions.40−42 For
instance, Angelomé et al. showed growing and branching of
Au-NPs embedded in mesoporous ﬁlms43 and very recently
extended this concept to reaction monitoring.44
Herein, we demonstrate for the ﬁrst time nanolocally limited
polymer functionalization with spatial control in mesoporous
silica ﬁlms by taking advantage of the LSPR of Au-NPs to
induce a dye-sensitized photopolymerization. Thereby, we
present the preparation of a composite material consisting of
mesoporous thin ﬁlms and Au-NPs positioned with spatial
control between the mesoporous layers and the consecutive
local polymer modiﬁcation. We investigate the particle loading
and refractive index-based sensing sensitivity of the composite
material. By that, the sensitivity of LSPR toward environmental
changes in the vicinity of the particles allows in situ detection
of the polymer functionalization. Moreover, the sensing
sensitivity of the embedded Au-NPs only slightly decreases
upon functionalization in the presented system. As the
nanoparticles are synthesized before thin ﬁlm deposition, the
size and shape of the colloids can be easily tuned and
engineered to desired properties by applying well-known
synthetic protocols. Also, a variety of monomers can be applied
with dye-sensitized photopolymerizations, which allows
incorporation of a plethora of functionalities and thus rational
design of multifunctional porous nanomaterials.

■

EXPERIMENTAL SECTION

Chemicals. All materials and solvents were purchased from
Sigma-Aldrich, Acros Organics, and VWR and used as received
unless stated otherwise. The precursor solutions for dip coating
mesoporous ﬁlms were prepared using the inorganic precursor
tetraethoxysilane (TEOS, Acros Organics, 98%, Geel,
Belgium) in absolute ethanol (EtOH, Merck, ≥99.5%), with
hydrochloric acid as a catalyst (HCl, 37%) and water. Pluronic
F127 (F127, BioReagent, Sigma-Aldrich, 12,600 g mol−1) was
used as structure directing agent. Microscope slides (VWR,
glass, cut edges), silicon wafers (Si-Mat, Kaufering, Germany,
100 mm diameter, 525 ± 25 μm thickness, type P/Bor, ⟨100⟩
orientation, CZ growth method, 2−5 W resistivity, polished on
1 side), and indium tin oxide (ITO, Delta Technologies, Ltd.,
Lovel and, CO, USA, polished ﬂoat glass, 150 × 150 × 1.1
mm, SiO2-passivated/indium tin oxide-coated one surface, RS
= 4−8 Ω, cut edges) were cut to the desired size using a
diamond cutter, cleaned using technical grade ethanol, and
dried under ambient conditions prior to dip coating of
mesoporous ﬁlms.
Synthesis of Au-NPs. According to a procedure from
Panigrahi et al.,45 a solution of 34 mg (0.09 mmol, 1 equiv) of
HAuCl4·3 H2O in 360 mL of water was reﬂuxed for 10 min.
Under vigorous stirring, a solution of 45 mg of sodium citrate
(0.126 mmol, 1.4 equiv) in 4.5 mL of water (Milli-Q) was
added quickly, and the solution is stirred for another 30 min at
reﬂux. Then, the mixture was cooled to 0 °C and ﬁltered (0.4
μm).
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the comparable ﬁlm thickness, IR spectra of diﬀerent ﬁlms can
be compared. All further data processing was performed in
OriginPro9 (ADDITIVE Soft-und Hardware für Technik und
Wissenschaft GmbH, Friedrichsdorf, Germany, 2012).
Transmission Electron Microscopy (TEM). TEM micrographs were recorded using a Philips FEI CM-20 transmission
electron microscope (Philips, Amsterdam, Netherlands)
equipped with an LAB-6 cathode and Olympus CCD camera
and with a maximum resolution of 2.3 Å operating at an
accelerating voltage of 200 kV. Samples were prepared by
scratching oﬀ the mesoporous ﬁlms from the substrate and
dispersion in ﬁltered ethanol. After 5 min of sonication,
scratched mesoporous ﬁlms were drop-cast onto 3.05 mm Cu
grids (mesh size 200) with a Lacey carbon ﬁlm (Plano GmbH,
article number S166-2). The samples were dried under
ambient conditions.
Scanning Electron Microscopy (SEM). SEM micrographs were obtained using a Philips XL30 FEG scanning
electron microscope equipped with a tungsten cathode and a
back-scattered electron yttrium aluminum garnet (BSE YAG)
detector with an accelerating voltage of 15−25 kV, a 30 μm
aperture, and a spot size of 3−4. The samples were sputtercoated with a 7 nm coating of Pt/Pd. The digital micrographs
were recorded over a range of magniﬁcations at a working
distance of approximately 10 mm using an SE2 detector.
Ultraviolet−Visible Spectroscopy (UV−vis). UV−vis
spectra were recorded using an Agilent Technologies Cary 60
UV−vis spectrophotometer equipped with a full-spectrum
Xenon pulse lamp single source. The spectra were backgroundcorrected using the corresponding solvent. Each spectrum was
recorded between 750 and 400 nm at a scan speed of 600 nm
min−1. A square aperture PMMA cell with a 1.0 cm path length
was used for all measurements.
FEM Simulations. To calculate the absorption spectra of
mesoporous composite materials, COMSOL Multiphysics
software was used. A cuboid unit cell with periodic boundary
conditions in the xy plane and port boundary conditions in the
z direction was chosen. The optical constants of gold were
taken from experimental data of Johnson and Christy.47 The
porous matrix was simulated as an eﬀective medium with a
homogeneous refractive index calculated by the approximated
volume fraction of air and the silica matrix. The refractive index
of diﬀerent surrounding medium was chosen according to the
experimental values without dispersion for the whole spectrum
range. The illumination was a monochromatic plane wave with
linear polarization in the x direction and traveling in the z
direction. Simulations were carried out between 400 and 800
nm in 5 nm steps. The simulations qualitatively reproduce all
features of the experiments, including change in intensity
andmost importantlyshift in resonance. Quantitative
diﬀerences between experiments and simulations result from
the idealized structure of the model, which assumes identical
spherical particles within an identical local environment. In
experiments, size distribution, deviations from spherical
symmetry, surface inhomogeneities, variations in local environment, and possible deviations in the dielectric function of the
synthesized particles all contribute to diﬀerences in the
plasmon resonances.

Synthesis of the Mesoporous Composite Material.
Mesoporous silica thin ﬁlms were prepared as previously
described46 via sol−gel chemistry using TEOS as an inorganic
precursor and an amphiphilic triblock copolymer, Pluronic
F127, as a structure-directing template that undergoes
micellization upon solvent evaporation, resulting in the
formation of a porous inorganic network. The molar ratio of
the compounds in the precursor solution used for dip coating
was 1 TEOS/0.01 F127/19 EtOH/16.4 H2O/0.015 HCl. The
precursor solution was prepared at room temperature and
stirred for 20 min before deposition on glass, silicon wafer, or
indium tin oxide coated glass. The ﬁlms were dip coated at a
withdrawal speed of 2 mm/s at 25 °C and 50% relative
humidity. After deposition, the ﬁlms were kept at 25 °C and
50% relative humidity for 1 h. The ﬁrst ﬁlm is stabilized by a
temperature treatment at 60 and 130 °C for 1 h, respectively.
For immobilization of Au-NPs, the mesostructured silica ﬁlms
were functionalized with 3-aminopropyldimethylmethoxysilane
using a 0.01 wt % solution in anhydrous toluene. The reaction
mixture and the functionalization itself have to be prepared
under inert conditions. The reaction mixture was added to the
mesostructured ﬁlm and heated at 80 °C for 1 h. Then, the
ﬁlms were rinsed with toluene and ethanol to remove unbound
silane. After drying, the amine-functionalized mesostructured
ﬁlms were incubated in the Au-NP dispersion overnight. The
Au-NP functionalized mesostructured ﬁlms were then covered
with a second silica ﬁlm via dip coating using the abovementioned conditions and stored at 25 °C and 50% relative
humidity for 1 h. Finally, the mesoporous composite material
was obtained, after a consecutive temperature treatment at 60
and 130 °C for 1 h, followed by a calcination step up to 350 °C
with a heating rate of 1 °C/min and holding the temperature
for 2 h.
Photopolymerization. The photopolymerization in solution and in the mesoporous composite material was
performed with a formulation composed of 1.22 × 10−6 mol·
L−1 dibromoﬂuorescein as a sensitizer dye, 6.71 × 10−6 mol·
L−1 N,N-diethylmethylamine (DEMA) as a coinitiator, and 2
mmol·L−1 2-(methacryloyloxy)ethyl phosphate (MEP) as a
monomer dissolved in dimethylformamide (DMF). The
photopolymerizable formulation was adjusted to pH 7 with
triethylamine (Et3N) and purged with nitrogen for 20 min.
Irradiation was performed with a green LED emitting at 530
nm (Metrohm AG, max. 487 lumen) with a distance of 14 cm
with respect to the reaction vessel. The light intensity in
dependency of the applied current can be found in the
Supporting Information (Figure S7).
Attenuated Total Reﬂection−Fourier Transform Infrared Spectroscopy (ATR-FTIR). Infrared spectra of the
prepared mesoporous ﬁlms on glass substrates were recorded
using a PerkinElmer Instrument Spectrum One FT-IR
spectrometer equipped with a Universal ATR Polarization
Accessory (Waltham, MA, USA). All spectra were normalized
to the stretching vibration of free silanol groups at ∼905 cm−1.
The spectra were recorded using Spectrum software (Version
10.5.4.738, PerkinElmer, Inc. Waltham, MA, USA, 2016)
between 4000 and 650 cm−1 with a resolution of 4 cm−1. A
background and a baseline correction were automatically
performed. Additional bands of the glass substrate are visible in
the FTIR spectra: mesoporous ﬁlm signals are partially
superimposed by signals originating from the glass substrate
in the region of 830−1250 cm−1 depending on the penetration
depth of the ATR-IR evanescent waves. Nevertheless, due to
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RESULTS AND DISCUSSION
Composite Fabrication and Characterization. Precise
polymer placement inside a nanoporous material was
demonstrated by applying LSPR of Au-NPs and a dye5396
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Figure 1. (a) Schematic representation of the mesoporous composite material fabrication procedure: After deposition of the ﬁrst mesostructured
silica thin ﬁlm, Au-NPs are immobilized on the outer ﬁlm surface followed by deposition of the second layer and calcination to the ﬁnal porous
architecture. Note that the photographs with respect to dip coating are both the same and only serve for representative purpose of the process itself
showing an interference color observable on silicon wafers when the substrate had just been withdrawn from the precursor solution. (b) SEM
micrograph of the composite ﬁlm cross section. Scale bar: 500 nm. (c) TEM micrograph of the composite material showing the Au-NPs with an
average particle size of 26 nm embedded between two mesoporous silica thin ﬁlms. Scale bar: 200 nm. The Au-NP size distribution extracted from
the TEM micrograph is shown as the inset.

Figure 2. (a) Schematic representation of the mesoporous composite architecture and photograph of the material deposited on a glass slide. (b)
Absorption spectra of composite materials in dependence of Au-NP loading. (c) Absorption spectra of the composite material in dependence of the
solvents air (black curve), water (red curve), and DMSO (blue curve) obtained experimentally and (d) by FEM simulation.

a mesostructured thin ﬁlm is deposited on a substrate via dip
coating using evaporation-induced self-assembly (EISA).48
For further Au-NP sensing unit deposition, amine
modiﬁcation of the outer silica surface allows immobilization
of Au-NPs. The immobilized Au-NPs on top of the ﬁrst crackfree mesostructured thin ﬁlm distribute homogeneously
without aggregate formation (Figures 1 and S1). To complete
the mesoporous architecture, we deposit a second mesostruc-

sensitized photopolymerization. The Au-NP loading of the
composite material and the functionalization thereof were
investigated with respect to the sensing properties of the
composite in experiment and simulation.
The porous composite material was composed of a
mesoporous silica double layer with Au-NPs that can be
precisely positioned between the two mesoporous layers and
thus along the mesoporous ﬁlm cross section (Figure 1a). First,
5397
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tured silica layer. Calcination ﬁnally resulted in the desired
mesoporous composite material depicted in Figure 1. Both
layers can be adjusted in ﬁlm thickness allowing to precisely
position the metal nanoparticle sensor and thus the nanoscale
polymerization light source along the pore dimension.46
TEM and SEM micrographs (Figure 1b,c) reveal no
inﬂuence of Au-NPs on the formation and structural integrity
of the second mesoporous thin ﬁlm, which is in accordance
with similar architectures reported in the literature.49,50 Also
from SEM, it can be deduced that the top layer has a smooth
surface without appreciable defects. Particle size analysis of the
TEM micrograph shows a narrow size distribution with a mean
particle size of 26 (±0.5) nm. Furthermore, an average pore
size of the mesoporous silica ﬁlm of 11 (±1) nm is obtained
from TEM (Figure S13).
The Au-NP loading was investigated regarding the
incubation time of the ﬁrst layer in the Au-NP suspension.
The coloration of the ﬁnal material is visible by the eye, as
depicted in Figure 2a, and characterization by UV−vis
spectroscopy shows an absorption maximum at 530 nm.
Based on UV−vis spectroscopy, control of the immobilized
Au-NP amount by varying the immersing time in Au-NP
solution was conﬁrmed (Figure 2b). Here, coloration occurs
due to localized surface plasmons of the Au-NPs. Taking into
account a Au-NP concentration of 0.246 nM in the aqueous
suspension resulting in an absorbance of 0.85 at a wavelength
of 530 nm, a maximum Au-NP loading of 540 Au-NP/μm2 on
the silica surface of the ﬁrst thin ﬁlm can be assumed, which is
in good agreement with the TEM micrograph representing an
Au-NP loading of around 300 Au-NP/μm2, shown in Figure
1c. It is worth mentioning that the TEM samples were
prepared by scratching oﬀ the ﬁlms from their supporting
substrates, thus a loss of Au-NP cannot be excluded.
Comparing the UV−vis spectrum of the Au-NP suspension
(Figure S2) with the spectra observed from the mesoporous
composite, it is clear that the shape of the LSPR absorption
does not change upon integration into mesoporous ﬁlms,
indicating that the nanoparticles were stable and no
aggregation occurred. This again conﬁrms a controlled and
homogenous immobilization of the particles between two
mesoporous silica thin ﬁlms.
The resonance conditions of surface plasmons are highly
dependent on the refractive index of the Au-NP vicinity, which
makes them attractive sensors in such constructions, as
demonstrated in the UV−vis spectra in Figure 2c. Due to
this sensitivity to the local environment, an increase in the
refractive index of the surrounding medium (e.g., solvent) leads
to a redshift of the LSPR absorption maximum. By varying the
surrounding media of the composite material from air (n =
1.00) to water (n = 1.33) or DMSO (n = 1.48) and thus
increasing the refractive indices, the sensing sensitivity is
investigated. Typically, the sensing sensitivity S of an LSPR
sensor is described as the ratio of the sensor output to the
change in quantity measured. Here, the refractive index is
considered and the sensitivity is reported in nanometers of
peak shift per refractive index unit (nm/RIU)
S = Δλ /Δn
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approximation over small ranges of n.51 As a result of linear
ﬁtting the resonance wavelength in dependency of the
refractive index obtained from experiment, a sensitivity of 51
nm/RIU with a Pearson correlation coeﬃcient R2 of 0.99082 is
determined for the composite material (Figure S9). Furthermore, with increasing refractive index, an increase in the
absorption of the LSPR can be found, which can be attributed
to the index matching of the surrounding media and silica.
The simulated spectra in dependence of the material’s
surrounding shown in Figure 2d qualitatively agree with the
experimental results. With increasing refractive index, the
absorption of the LSPR shows a redshift, and a sensitivity of 55
nm/RIU with a Pearson correlation coeﬃcient R2 of 0.97732 is
obtained. Additionally, an increase in the absorption is also
observed for the simulated spectra. Furthermore, we proved
local sensing inside the porous material by covering the
composite material with a hydrophobic polysiloxane thin ﬁlm
(Figure S10) and observing no change in the LSPR band upon
change in media and thus change in refractive index (Figure
S11), as the liquid did not enter the mesoporous ﬁlm.
Polymer functionalization of such complex systems with
nanoscale resolution is possible by combining the plasmonic
features of the composite material and dye-sensitized polymerization. This should enable future multifunctional and precisely
deﬁned hierarchical nanoporous system design. Here, the
absorption spectrum of the composite material overlaps well
with the absorption of the dye dibromoﬂuorescein (DBF), and
a photopolymerizable formulation thereof has been investigated.
For a locally controlled polymerization induced by the LSPR
of the particles, a photopolymerizable formulation containing
DBF as sensitizing dye, N,N-diethylmethylamine (DEMA) as a
coinitiator, and 2-(methacryloyloxy)ethyl phosphate (MEP) as
monomer has been systematically studied to determine the
energy threshold at which the polymerization is initiated. Such
polymerization systems are very ﬂexible, because the
components can be modiﬁed independently to adjust the
physical and chemical properties of the formulation with
respect to viscosity, spectral sensitivity, and polymerization
threshold.31
LSPR-Induced Photopolymerization and Characterization. First of all, the polymerization has been investigated
and optimized in solution to establish suitable polymerization
conditions for near-ﬁeld induced polymerization. To excite the
sensitizing dye DBF at its absorption maximum at 525 nm, a
green LED emitting at 530 nm was used and the pH of the
polymerizable solution was adjusted to pH 7 by the addition of
Et3N. The latter is crucial, since the polymerization solution
becomes acidic when adding the monomer MEP, and DBF
shows no absorption in an acidic environment (Figure S3). As
a tertiary amine serves as a coinitiator, the inﬂuence of Et3N,
which is used to adjust pH, is investigated by polymerization
without the presence of the coinitiator, and no signiﬁcant
inﬂuence of Et3N was observed (Figure S4).
In order to locally limit the polymerization to the presence
of the surface plasmon, the irradiation energy has to be kept
below the threshold energy of the polymerization initiation.
The determination of the threshold energy dosage was carried
out by investigation of the photopolymerization in solution,
keeping the light intensity and the irradiating distance
constant. Thereby, the irradiation time is varied and the C
C monomer stretching band of MEP in the FTIR spectrum is
observed. The threshold energy corresponds to a signiﬁcant

(1)

Plotting the resonance wavelength against the refractive
index and proceeding a linear ﬁt allows calculation of the
sensing sensitivity, which is represented by the slope of the
linear ﬁt. Although the plasmon resonance wavelength is not
strictly linear with the refractive index, it is linear to a good
5398

https://doi.org/10.1021/acs.analchem.0c04446
Anal. Chem. 2021, 93, 5394−5402

Analytical Chemistry

pubs.acs.org/ac

Article

Figure 3. (a) Schematic representation of the polymer-functionalized mesoporous composite material, and FTIR spectra before (black) and after
polymer functionalization (red). (b) TEM micrograph of the polymer-functionalized mesoporous composite material. Representative polymer
halos of the Au-NPs are indicated by white arrows. Scale bar: 100 nm. (c) Absorption spectra of the composite material before (black) and after
polymer functionalization (red) in air and dependence of the solvents water and DMSO obtained experimentally and (d) by FEM simulation.

decrease in the absorption of the CC stretching band of the
monomer at 1635 cm−1 in the FTIR (Figure S5) and is of
signiﬁcant importance to determine the energy dosage
necessary for near-ﬁeld polymerization. From this investigation, a threshold energy dosage of 5.7 mJ/cm2 was determined
under the applied conditions.
The LSPR-induced photopolymerization was thus carried
out in the presence of the mesoporous composite material by
applying an energy dosage of 3.8 mJ/cm2, which corresponds
to two-thirds of the threshold energy dosage needed to initiate
the polymerization, in order to avoid free polymerization.
Characterization of functional groups using ATR-FTIR
spectroscopy reveals the typical bands for mesoporous silica
materials at lower wavenumbers in the range of 650 and 1280
cm−1, indicating the presence of Si−O−Si and Si−OH bands,
as discussed intensively in previous studies.46,52 After polymerization, the appearance of a carbonyl CO vibrational band at
1700 cm−1 can be assigned to the polymer’s CO band
(Figure 3a), which does not vanish after careful extraction
overnight using DMF as a solvent, indicating covalent grafting
(Figure S8). The carbonyl band is not observed, when these
polymerization conditions are applied to a reference material
without Au-NPs (Figure S14). Furthermore, the TEM
micrograph shown in Figure 3b reveals the formation of
nanoscopic shells around the plasmonic Au-NPs with a
thickness of approximately 5 nm ascribed to polymer
formation after polymerization, conﬁrming, together with
ATR-IR data, the nanolocal placement of the polymer around
the Au-NPs. Additionally, a three nm redshift of the LSPR in
the UV−vis is observed after polymerization, indicating an

increase in the refractive index in the vicinity of the Au-NPs
(Figure S8). This demonstrates in situ detection of the AuNP’s functionalization upon polymerization. Assuming total
replacement of air with the polymer in the sensing range of the
Au-NPs, a change in refractive index of 0.5 and a redshift of 24
nm were expected based on the sensitivity calculated from
experimental results before functionalization. Thus, a redshift
of three nm indicates a refractive index change of 0.059 in the
sensitive vicinity of the Au-NPs, which corresponds to 12% of
the maximum change expected in case of complete pore ﬁlling.
Moreover, element-speciﬁc analysis using EDX spectroscopy
proves the presence of phosphorus which can be attributed to
the presence of PMEP (Figure S6).
Investigation of the refractive index sensitivity for additional
molecules after polymer functionalization of the Au-NPs
(Figure 3c,d) reveals a slight reduction of the sensing
sensitivity as compared to before polymer functionalization
(Figure 2) obtained from experimental and for simulated
results. After polymer functionalization, a sensitivity of 44 nm/
RIU with an R2 of 0.99828 is observed from experimental data
(Figure 3c and Figure S9), whereas a sensitivity of 31 nm/RIU
with an R2 of 0.99893 is obtained from the simulated data. Due
to functionalization, the sensing sensitivity dropped by 14%,
which is in good accordance to the calculated polymer amount
of 12 vol % in the sensing range of the Au-NPs. However, an
increase in the LSPR’s absorption with higher refractive indices
is also observed after polymer functionalization from both
experimental and simulated spectra, which again can be
attributed to the index matching of the surrounding media and
silica.
5399
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ultrasensitive analytical methods, for example, SERS. In
addition, the selectivity can be tuned using the well-known
ﬁltration, selective preconcentration, and, in general, transport
and condensation control of mesopores. Furthermore, the
presented material and nanoscopic sensing abilities are
envisioned to open new insights into the functionalization
and transport of nanopores and nanochannels themselves,
providing nanoscopic local information of the conﬁnement of
nanoporous materials.

Concluding the sensitivity obtained from experiment before
(51 nm/RIU) and after functionalization (44 nm/RIU), which
is in very good agreement with the sensing sensitivity reported
for spherical Au-NPs in dispersion solutions,53 the detection
limit for aqueous protein solutions, as one sensing example,
can be calculated54 (T = 298.15 K) as 8.6 wt % before and 9.5
wt % after functionalization of the Au-NPs inside the porous
material, taking a signal output change of Δλ = 1 nm into
account. Translating into values of concentration and taking
bovine serum albumin as an analyte, 1.3 mM aqueous solutions
before and 1.4 mM aqueous solutions after polymer
functionalization would be detectable. Although the obtained
sensitivity is lower compared to optimized commercial
systems,55 this material represents a promising starting point
as an application of diﬀerent colloidal metals56−58 and as well
diﬀerent shapes53,59,60 (Figure S14), together with ultrasensitive analytical methods, such as surface-enhanced
Raman scattering (SERS),42,44,61 will improve the sensitivity
signiﬁcantly. In addition, the mesoporous ﬁlm provides a
preﬁlter function (Figure S12) to increase selectivity and the
local placement of responsive, ligand-binding polymers enables
compartmentalization, allowing new sensing concepts for
future applications, as the transport properties can be easily
designed upon functionalization.62−66
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CONCLUSIONS
In summary, nanolocal polymer placement with precise
positioning into nanoscale porous thin ﬁlms and simultaneous
readout of functionalization and sensing option have been
demonstrated. This has been achieved by placing plasmonic
gold nanoparticles as a nanolocal light source for polymerizations between two layers of mesoporous silica thin ﬁlms.
The position can be precisely adjusted by regulating the
individual layer thickness. The nanoparticle loading can be
tuned by variation of the immersion time of the chemically
modiﬁed bottom layer in the aqueous nanoparticle solution.
Applying dye-sensitized photopolymerization and irradiation
dosage below the threshold energy, covalent polymer grafting
exclusively in the nanoscopic surrounding and thus within the
near-ﬁeld of gold nanoparticles has been achieved. A redshift of
the nanoparticle absorbance has been observed after polymerization, due to the refractive index change in the nanoparticle
surrounding, which allows in situ detection of functionalization
inside the nanoscale porous ﬁlms. In addition, the sensing
ability of the gold nanoparticles has been evaluated regarding
the refractive index change, showing a sensitivity of 51 nm/
RIU for the unmodiﬁed Au-NPs in the porous system. After
nanolocal functionalization, the sensitivity decreases slightly to
44 nm/RIU, which can be attributed to the polymer shell of
Au-NPs. FEM simulations of the absorption properties of the
plasmonic properties are in good agreement to the
experimental results obtained before and after polymer
placement. This approach to functionalize nanopores and
nanochannels with precise nanoscale spatial control is a key
step toward the design of complex multifunctional and
multiresponsive porous architectures and thus for the
implementation of future water, energy management, and
sensing concepts. A general classiﬁcation of composite
materials bearing colloidal metal and mesoporous materials
into possible applications is described in detail in ref 49. The
presented material design concept allows us to direct the
sensing sensitivity toward highly sensitive detection playing
with diﬀerent colloidal metals in diﬀerent shapes, together with

■

Procedure of cyclic voltammetry measurements, synthesis of the hydrophobic polysiloxane thin ﬁlm,
synthesis of gold nanorods, surface modiﬁcation of
gold nanorods, immobilization of gold nanorods on the
mesostructured silica surface, additional SEM image of
Au-NPs immobilized on the ﬁrst mesostructured layer,
comparison of UV−vis spectra of aqueous Au-NP
dispersion solution and the composite material, additional data on the photopolymerization system, EDX
data of polymer-functionalized Au-NPs, light intensity
and photocurrent of the light source, additional data on
polymer functionalization of the composite material,
determination of sensing sensitivity, contact angle and
data obtained from ellipsometry measurements of the
hydrophobic polysiloxane thin ﬁlm, UV−vis of the
composite material covered with a hydrophobic layer in
dependence of media, demonstration of permselectivity
via cyclic voltammetry, pore size distribution of the
mesoporous separation layer, reference experiment on
nanolocal polymer placement, TEM of gold nanorods,
and absorption spectra of gold nanorods immobilized on
the ﬁrst mesostructured silica ﬁlm (PDF)

AUTHOR INFORMATION

Corresponding Author

Annette Andrieu-Brunsen − Ernst-Berl Institut für Technische
und Makromolekulare Chemie, Technische Universität
Darmstadt, 64287 Darmstadt, Germany; orcid.org/
0000-0002-3850-3047; Email: andrieu-brunsen@
smartmem.tu-darmstadt.de
Authors

Mathias Stanzel − Ernst-Berl Institut für Technische und
Makromolekulare Chemie, Technische Universität
Darmstadt, 64287 Darmstadt, Germany
Lucy Zhao − Ernst-Berl Institut für Technische und
Makromolekulare Chemie, Technische Universität
Darmstadt, 64287 Darmstadt, Germany
Reza Mohammadi − Institute of Particle Technology,
Friedrich-Alexander University Erlangen-Nürnberg, 91058
Erlangen, Germany
Raheleh Pardehkhorram − Ernst-Berl Institut für Technische
und Makromolekulare Chemie, Technische Universität
Darmstadt, 64287 Darmstadt, Germany
Ulrike Kunz − Department of Materials and Earth Sciences,
Physical Metallurgy Group, Technische Universität
Darmstadt, 64287 Darmstadt, Germany
5400

https://doi.org/10.1021/acs.analchem.0c04446
Anal. Chem. 2021, 93, 5394−5402

Analytical Chemistry

pubs.acs.org/ac

Nicolas Vogel − Institute of Particle Technology, FriedrichAlexander University Erlangen-Nürnberg, 91058 Erlangen,
Germany; orcid.org/0000-0002-9831-6905

(20) Lin, X.; Yang, Q.; Yan, F.; Zhang, B.; Su, B. ACS Appl. Mater.
Interfaces 2016, 8, 33343−33349.
(21) Zhang, Z.; Li, P.; Kong, X.-Y.; Xie, G.; Qian, Y.; Wang, Z.; Tian,
Y.; Wen, L.; Jiang, L. J. Am. Chem. Soc. 2018, 140, 1083−1090.
(22) Wang, Z.; Yang, X.; Cheng, Z.; Liu, Y.; Shao, L.; Jiang, L. Mater.
Horiz. 2017, 4, 701−708.
(23) Söz, Ç . K.; Trosien, S.; Biesalski, M. ACS Mater. Lett. 2020, 2,
336−357.
(24) Hou, X.; Yang, F.; Li, L.; Song, Y.; Jiang, L.; Zhu, D. J. Am.
Chem. Soc. 2010, 132, 11736−11742.
(25) Zhang, H.; Hou, X.; Zeng, L.; Yang, F.; Li, L.; Yan, D.; Tian, Y.;
Jiang, L. J. Am. Chem. Soc. 2013, 135, 16102−16110.
(26) Jani, A. M. M.; Kempson, I. M.; Losic, D.; Voelcker, N. H.
Angew. Chem., Int. Ed. Engl. 2010, 49, 7933−7937.
(27) Liu, J.; Pham, P.; Haguet, V.; Sauter-Starace, F.; Leroy, L.;
Roget, A.; Descamps, E.; Bouchet, A.; Buhot, A.; Mailley, P.; Livache,
T. Anal. Chem. 2012, 84, 3254−3261.
(28) Ochs, M.; Mohammadi, R.; Vogel, N.; Andrieu-Brunsen, A.
Small 2020, 16, 1906463.
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