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Functionalisation of technological nanopores and investigation of their transport properties have attracted considerable 

interest from scientific as from technological point of view, among others due to their potential regarding molecular transport 

design. Asymmetric design of nanopore structure and functionalisation is expected to trigger increased and directed transport 

of ionic species. Based on this motivation, we demonstrate a layer-selective polymer functionalisation in a mesoporous double 

layer thin film to generate nanoscale step gradient architectures with asymmetric charge distribution by taking advantage of 

co-condensation and polymer modification techniques. Thereby, mesoporous silica and co-condensed mesoporous amino 

silica thin films are combined to double layered films with a film thickness of 300 – 400 nm in both sequential arrangements, 

respectively. Iniferter initiated polymerisation is used to selectively functionalise only the amino silica layer with polymers 

such as [2-(methacryloyloxy)ethyl]trimethylammonium chloride (METAC) in a grafting from approach. Investigation of the 

ionic pore accessibility of the mesoporous double layered films before and after layer-selective polymer functionalisation 

shows that the ionic permselectivity is dominated by the bottom layer when overcoming the electrostatic repulsion of the top 

layer. 

Keywords: layer-selective functionalisation, asymmetric charge distribution, mesoporous separation layer, iniferter 

polymerisation, transport modulation 

1. Introduction

Modulation and understanding the transport of mass and 

charge in nanoscale pores and channels has attracted 

reasonable interest in the field of biology, chemistry, and 

physics, based on the transport phenomena that arise in such 

nanoconfined environment, which can be quite different to 

larger microscale dimension[1-4]. Particular interest of such 

porous systems can be assigned to the field of nanofluidics, 

as artificial nanoscale pores and channels have made major 

progress in the last two decades emerging applications in the 

field of biosensing, molecular transport, separation, drug 

delivery, and catalysis[5-8]. Thereby, recent results show 

that a break in symmetry of nanoscale pores and channels 

can lead to directional or gated transport of mass and charge 

similar to the outstanding performance of biological pores 

and channels[9-11]. For example, side-selective transport or 

oil-water separation is obtained by asymmetric wettability 

design of porous materials and membranes[12-16]. 

Preferential transport direction in nanochannels is also 

observed as diode-like ionic current rectification (ICR) 

phenomena by applying asymmetric pore geometry[17, 18]. 

For example, Siwy et al. demonstrated enhanced ICR ratios 

in the case of a conical pore compared to cylindrical 

pores[19]. Likewise, regardless of the pore geometry, 

enhanced ICR ratios have been observed, when the pore 

surface exhibits an asymmetric surface charge pattern, which 

has been comprehensively studied in experiment along with 

simulations[20-27]. Implementing this asymmetric design, 

bio-inspired artificial single ion pumps have been 

realised[28-30]. For example, Jiang and co-workers 

achieved pH regulated ion pumping by selectively 

functionalising the tip ends of an hour shaped nanochannel 

with cooperative pH-responsive polyelectrolytes[31]. 

Furthermore, selectively functionalising the outer surface of 

nanoporous materials can result in transient capping of the 

nanopore entrance allowing controlled release of guest 

molecules trapped inside the pores[32-34] or 

gating/switching of ionic transport[35-39]. Thus, influential 

factors for asymmetric ion transport behaviour that can be 

built in nanoscale structures are: nanopore geometry, surface 

charge distribution, chemical composition, and wettability 
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on the channel wall, as has been summarised by Guo et 

al.[40]. However, to meet the requirements for selectively 

regulating ion transport for advanced applications would 

require enhanced control over surface functionalisation in 

such nanoscale pores and channels, as well as detailed 

understanding of ion transport behaviour in nanoscale 

confinement.  

 In this context, mesoporous silica thin films (MSTF) 

representing solid-state nanopores have been utilised as 

model systems to manipulate ionic transport upon 

functionalisation providing fundamental insights of transport 

properties at the nanoscale. 

In general, organic functionalities can be placed in MSTF 

by either co-condensation of inorganic precursors containing 

organic functional groups, or by post modification of the 

silica surface. Different polymerisation techniques, such as 

dye sensitised polymerisation[41], ring opening metathesis 

polymerisation (ROMP)[42], reversible addition-

fragmentation chain-transfer polymerisation (RAFT) as well 

as iniferter initiated polymerisation[43], and atom transfer 

radical polymerisation (ATRP)[35] have been applied to 

generate hybrid MSTF. Thereby, regulation of transport has 

been demonstrated using stimuli, such as pH, temperature or 

light[44, 45]. 

In particular, tuneable functional densities and thus 

tailored transport properties arising from hybrid MSTF have 

been reported for the living radical polymerisation methods 

RAFT and iniferter initiated polymerisations[46]. Recently, 

our research group demonstrated that iniferter initiated 

polymerisations do not only offer the ability of controlled 

polymer amount and thus controlled functional density in 

mesopores, but also allow to control polymer chain’s 

architecture by generation of block-cooligomers[47]. 

Nonetheless, in terms of MSTF, scientific reports on 

polymerisation methods for preparation of hybrid materials 

are limited to single layer system. Multilayered MSTF have 

been mainly focusing on optical properties and have been 

demonstrated as promising materials in photonics, sensing, 

and photocatalytic processes[48-50]. Thereby, in 

mesoporous multilayer, MSTF are often combined with 

mesoporous titania to form photonic crystals[51, 52]. In 

previous works, our group investigated transport properties 

of mesoporous and mesostructured double layer silica thin 

films by applying functional structure determining templates 

to form step gradient architectures[53, 54]. Yet, only a few 

examples investigating transport properties of multilayered 

mesoporous system can be found in literature. 

Here, we demonstrate a strategy for layer-selective 

polymer functionalisation in mesoporous silica double layer 

films using iniferter initiated polymerisation in a grafting 

from approach for the formation of nanoscale step gradient 

architectures with asymmetric charge distribution on the 

nanoscale. We take advantage of the well-known co-

condensation and post modification techniques of MSTF by 

integration of an amino group comprising precursor into one 

layer of a double layer MSTF, followed by selective binding 

of the iniferter to polymerise the positively charged 

monomer METAC layer-selectively. Thereby, we evaluate 

the functionalisation with respect to layer selectivity using 

IR spectroscopy, charged dye adsorption, as well as 

ellipsometry. Ionic pore accessibility of the functionalised 

double layer is investigated by applying cyclic voltammetry 

and discussed with respect to the layer arrangement. 

Thereby, we demonstrate that the ionic pore accessibility is 

dominated by the bottom layer that can overcome local 

electrostatic repulsion.  

 

2. Experimental 

2.1. Chemicals 

All materials and solvents were purchased from Sigma-

Aldrich, Acros Organics, and VWR and used as received 

unless stated otherwise. Microscope slides (VWR, glass, cut 

edges) were cleaned ethanol and dried under ambient 

conditions. 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., Loveland, CO, USA, polished float 

glass, 150 x 150 x 1.1 mm, SiO2 passivated/Indium Tin 

Oxide coated one surface, RS = 4–8 ohms, cut edges) were 

cut to desired size using a diamond cutter, cleaned using 

technical grade ethanol, and dried under ambient conditions 

prior to dip coating of mesoporous films. 

 

2.2. Preparation of mesoporous double layer 

Mesoporous thin films were prepared as previously 

described[55] via sol-gel chemistry using tetraethoxysilane 

(TEOS) and (3-aminopropyl)triethoxysilane (APTES) as 

inorganic precursors and an amphiphilic triblock copolymer, 

Pluronic® F127, as structure directing template that 

undergoes micellisation upon solvent evaporation resulting 

in formation of a porous inorganic network. The molar ratios 

of the compounds in the precursor solution used for dip 

coating were 1-x TEOS / x APTES / 0.0075 F127 / 40 EtOH 

/ 10 H20 / 0.28 HCl with x = 0 for silica thin films and x = 0.2 

for amino silica thin films resulting in 6-10 nm mesopores. 

The precursor solutions were prepared at room temperature 

and stirred overnight prior the deposition on glass, silicon 

wafers and ITO covered glass applying the evaporation 

induced self-assembly (EISA)[56]. The films were dip 

coated at a withdrawal speed of 2 mm s-1 at 23 °C and 50% 

relative humidity. After deposition, the films were kept at 

23 °C and 50% relative humidity for 1 h. The first film was 

then stabilised by a temperature treatment at 60 °C and 

130 °C for 1 h respectively. The mesostructured bottom 
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layer was then covered with a second silica film via dip 

coating using the above mentioned conditions and stored at 

23 °C and 50% relative humidity for 1 h. Finally, the 

mesoporous double layer was obtained, after template 

removal that was performed by extracting the mesoporous 

double layer in acidic ethanol (0.01 M HCl) for 3 days after 

consecutive temperature treatments at 60 °C, 130 °C for 1 h 

respectively and at 200 °C for 2 h. 

 

2.3. Surface grafting of 

4-(N,N-Diethyldithiocarbamoylmethyl)benzoic 

acid (BDC) 

Surface grafting of BDC was performed under inert 

conditions and water was removed from all glass ware by 

heating under high vaccuum. A solution of 60 mg BDC 

(212 µmol, 1 eq) in 60 mL anhydrous DMF was prepared. 

Then, 46.7 µL N,N-Diisopropylethylamine (DIPEA, 

275 µmol, 1.3 eq) and 104.6 mg 

1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]

pyridinium 3-oxide hexafluorophosphate (HATU, 

275 µmol, 1.3 eq) were added and the solution stirred at 

room temperature for 15 minutes. The mesoporous double 

layer were immersed in the solution at room temperature 

overnight. Afterwards, the samples were intensively rinsed 

with DMF and ethanol to wash unbound BDC. 

 

2.4. Iniferter initiated polymerisation of METAC 

Polymer functionalisation was performed with BDC 

functionalised samples. Therefore, an aqueous 1 M solution 

of METAC was prepared and purged with nitrogen for 

15 minutes. Then, the mesoporous double layer films were 

placed in the monomer solution and irradiated with UV light 

at a wavelength of 365 nm for 1 h. After polymerisation, the 

samples were extracted in deionised water for 1 h to remove 

unreacted monomer. 

 

2.5. Attenuated Total Reflection Fourier Transform 

Infrared Spectroscopy (ATR-FTIR) 

Infrared spectra of the prepared mesoporous films on 

glass substrates were recorded using a Perkin Elmer 

Instrument Spectrum One FT-IR Spectrometer equipped 

with a Universal ATR Polarisation Accessory (Waltham, 

MA, USA). All spectra were normalised to the stretching 

vibration of free silanol groups at ~905 cm–1. The spectra 

were recorded using the 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 was 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 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). 

 

2.6. 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 aluminium 

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 sputter-coated with a 7 nm coating of Pt/Pd. 

The digital micrographs were recorded over a range of 

magnifications at a working distance of 11 mm using an SE2 

detector. 

 

2.7. Transmission Electron Microscopy (TEM) 

TEM micrographs were recorded using a Philips FEI CM-

20 transmission electron microscope (Philips, Netherlands) 

equipped with a LaB6 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 the mesoporous films 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. 

For ultrathin sectioning, mesoporous double layer films were 

transferred on PET membrane discs (OxyDisc®, 13 mm 

diameter, Oxyphen, Germany) following the procedure of 

Lin et al.[57], embedded in Araldit© (polymerisation at 60 °C 

for 10 h) and cut in 70 nm sections using an ultramicrotome 

(Ultracut E, Reichert-Jung, Micro Star diamond knife). 

 

2.8. Fluorescence imaging 

Fluorescence images were recorded using a Fusion FX7 

Edge imaging system (Vilber Lourmat, Germany). 

 

2.9. Ellipsometry 

The film thicknesses and refractive indices of mesoporous 

single- and double layer films deposited on silicon wafer 

substrates are determined using a Nanofilm EP3 imaging 

ellipsometer. By keeping the relative humidity constant at 
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15% relative humidity (humidity control: ACEflow, 

Solgelway), the one-zone angle of incidence (AOI) variation 

measurements are performed between AOIs of 38 ° and 68 ° 

in 2 ° steps using a laser wavelength of 658 nm. Film 

thicknesses and refractive indices are calculated using the 

measured ellipsometric angles Δ and Ψ with the software 

EP4 Model supplied with the instrument. The silicon oxide 

layer thickness of the substrate is kept constant at 4 nm. 

Layer thicknesses are fitted allowing an iteration between 

100 and 200 nm for silica layers and iteration between 150 

and 250 nm for amino silica layers respectively. The 

refractive indices are simultaneously fitted by iteration 

between the values 1.0 and 1.5. All films are measured on 

three spots along the direction of dip coating. Applying the 

Bruggeman effective medium approximation (BEMA), 

porosities and pore filling fractions are calculated with the 

refractive indices determined. 

 

2.10. Cyclic voltammetry 

The ionic pore accessibility of the mesoporous materials 

was investigated via cyclic voltammetry (CV) using 

[Fe(CN)6]3-/4- and [Ru(NH3)6]2+/3+ as charged, redox-active 

probe molecules. Measurements were recorded using a 

Metrohm Autolab PGSTAT302N potentiostat. Mesoporous 

films prepared on ITO coated glass substrates (Delta 

Technologies, Ltd., Loveland, CO, USA, polished float 

glass, 150 x 150 x 1.1 mm, SiO2 passivated/Indium Tin 

Oxide coated one surface, RS = 4–8 ohms, cut edges) were 

characterised using a 1 mM solution of either the positively- 

or negatively charged probe molecule in a 100 mM KCl 

electrolyte solution. The pH-dependent permselectivity was 

investigated by adjusting the solution pH between 2 and 10 

by the addition of either concentrated aqueous NaOH or HCl 

to the probe molecule containing buffer solutions. The pH 

was determined using a pH-meter (pH110, VWR). An 

Ag/AgCl reference electrode (BASi RE-6) and graphite 

counter electrode was used in the sample cell. The measured 

working electrode area was 0.21 cm2. Pore accessibility for 

each pH was measured using a scan rate sequence of 200, 

100, 25, 300, 1000, and 200 mV s-1, with each scan rate 

being cycled three times. Quality control of the cyclic 

voltammograms was performed by ensuring comparability 

of the first and last scan rate, as well as between each scan of 

one rate. In addition, the first pH applied is re-measured for 

all scan rates ensuring reversible switching of charge and 

thus ionic pore accessibility. 

 

3. Results and discussion 

3.1. Structural characterisation of mesoporous thin 

films 

The mesoporous films were prepared via well-established 

sol-gel chemistry and EISA[56] using TEOS and APTES as 

precursors and the amphiphilic triblock copolymer, 

Pluronic® F127, as structure directing template, as described 

in previous studies[55]. Thin multilayer layer films were 

deposited on glass, ITO coated glass, and silicon wafers via 

dip coating such that both individual layers, the bottom one 

as well as the top one are accessible for characterisation as 

depicted in Figure 1. MSTF with 160-190 nm thickness, 

~40 vol% porosity, and mesoporous amino silica thin films 

with 230-240 nm film thickness and ~25-30 vol% porosity 

are obtained as determined from ellipsometry measurements 

(Table S1-S2). Both layers present ordered mesopore arrays 

with mesopore diameters in a range of 6-10 nm as expected 

from manifold previous studies[43, 47, 58, 59] and as 

analysed by TEM micrographs shown in Figure 1c, d. The 

resulting double layered mesoporous film architecture is well 

observed in SEM cross sectional measurement depicted in 

Figure 1e. 

 

 

 

3.2. Layer-selective polymer functionalisation 

 

Layer selective polymer functionalisation was achieved 

following a controlled iniferter initiated polymerisation 

approach which is schematically presented in Figure 1a. The 

photoiniferter BDC was synthesised according to a published 

protocol[60] and covalently bound to the surface amino 

groups of the amino silica layer via HATU coupling under 

formation of an amide (Figure S2 and S3). Investigation of 

chemical functionality of the mesoporous layers using ATR-

IR spectroscopy shows layer-selective functionalisation of 

BDC exclusively on mesoporous amino silica. As the 

selective binding of BDC to amine groups determines 

subsequent local functionalisation, a careful extraction of 

unbound BDC has to be performed before polymerisation. 

Polymerisation of the monomer METAC was carried out in 

aqueous solution by applying UV light at a wavelength of 

365 nm. 

In order to investigate the chemical functionality of each 

individual layer as well as the double layer films through 

polymerisation of METAC, ATR-IR spectroscopy 

measurements have been performed before and after 

modification. Ideally, chemical modification as the result of 
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iniferter-initiated METAC polymerisation is limited to the 

amino silica layer, as only these contain the covalently 

grafted initiator BDC. Comparing the ATR-IR spectra 

shown in Figure 2, all spectra display typical bands for 

mesoporous silica in the range of 650 and 1280 cm-1 

indicating the presence of Si-O-Si (~1050 cm-1) as well as 

Si-OH (~905 cm-1) bands as discussed in previous 

studies[55, 61, 62]. The successful METAC polymerisation 

is validated based on the C=O vibrational band at 1725 cm-1 

corresponding to the acrylate group of PMETAC. This C=O 

vibrational band originating from PMETAC 

functionalisation is observed for BDC functionalised amino 

silica single layers as well as in the double layer films after 

polymerisation (Figure 2, red curves) independently of the 

layer arrangement (BDC containing amino silica layer on top 

or at the bottom of a double layer film). This PMETAC C=O 

band at 1725 cm-1 is not observed in the ATR-IR spectra of 

the silica single layer indicating that these have not been 

functionalised with BDC and consequently do not contain 

grafted PMETAC as well as no physically adsorbed polymer. 

As mentioned above, layer-selective polymer 

functionalisation using grafting from requires a selective and 

locally confined binding of the iniferter for layer-selective 

polymer placement in mesoporous double layer films. The 

successful layer-selective functionalisation is achieved due 

to low unspecific adsorption of BDC, suitable MW of 

METAC allowing successful extraction of non-covalently 

bound species.  

As the presence of the PMETAC C=O band in the ATR-

IR spectra indicates a successful layer-selective 

polymerisation of METAC in the amino silica layers and 

thus nanoscale step gradient formation, further 

characterisation on layer selectivity has been conducted. 

Independently of pH, the PMETAC functionalised layer 

exhibit positively charged mesopores in consequence of the 

permanent positive charge of PMETAC. On the contrary, the 

mesoporous silica layers can be negatively or neutrally 

charged depending on the protonation state of surface silanol 

groups and thus depending on pH. For visualisation, 

mesoporous single layers as well as double layer, which were 

deposited on glass substrates, as demonstrated in Figure 1b, 

were immersed in aqueous fluorescein and rhodamine B 

Fig. 1. Schematic representation of layer-selective functionalisation of mesoporous double layer architectures following an 

UV induced iniferter initiated polymerisation approach (a). Representative image of MSTF deposited on silicon wafer whereas 

both single layers and the double layer are present (b). TEM micrographs of MSTF (c) and mesoporous amino silica thin film 

(d), scale bar: 50 nm. SEM micrograph of a mesoporous double layer film cross section after polymerisation (e), scale bar: 

500 nm.
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solution at pH ~5, followed by analysis via fluorescence 

imaging. Charge-dependent dye adsorption is expected, as 

fluorescein carries a negative charge and the PMETAC 

functionalised amino silica layers exhibit a permanent 

positive charge, while rhodamine B carries a positive charge 

and the unmodified silica layers exhibit a negative charge. 

As shown in Figure 3a, the functionalised and thus positively 

charged PMETAC functionalised amino silica layers are 

coloured in magenta due to the physisorption of negatively 

charged fluorescein. The unmodified mesoporous layers are 

represented by the cyan coloured regions due to 

physisorption of positively charged rhodamine B into the 

negatively charged mesoporous silica. Note that the colour 

code matches rather the cartoons than the natural emission 

colour of the dyes. This charge selective dye adsorption 

further supports the successful layer-selective PMETAC 

functionalisation and thus step gradient formation, but as 

well indicates the potential relevance for transport control.  

Following a published protocol from Lin et al.[57], 

double layer films were transferred from ITO coated glass 

substrates to PET membrane discs (OxyDisc®) allowing 

ultrathin sectioning of the samples and further analysis by 

TEM. Depicted in Figure 3b, the TEM micrograph shows the 

cross section of the mesoporous double layer film with the 

amino silica layer at the bottom and silica layer on top. A 

layer thickness of 206 ± 2 nm for the amino silica bottom 

layer, and a thickness of 137 ± 1 nm is obtained, which is in 

very good agreement to the thicknesses derived from 

ellipsometry measurements (Table S3-S4). Furthermore, the 

mesopore structure of the layers is very well observed 

indicating that no damage occurred upon the transfer from 

the solid substrate. Additional TEM micrographs can be 

found in Figure S4. Furthermore, EDX spectroscopy of the 

top-view of amino silica single layer as well as double layer 

films using SEM shows the presence of sulphur and nitrogen 

confirming successful iniferter coupling along with 

successful functionalization via polymerization (Figure S6).  

Comparing the refractive indices obtained from 

ellipsometry measurements before and after applying the 

polymerisation conditions (Figure 3c-d, Table S1-S4), layer-

selective functionalisation is further investigated. Thereby, 

an increase of the refractive index is expected in 

consequence of successful polymerisation, since PMETAC 

(assumption: nPMETAC = 1.5 for organic molecules) replaces 

the volume of air (nair = 1.0) in the porous material. 

Considering the single layers, MSTF show a slight decrease 

in refractive index indicating no functionalisation, whereas 

the mesoporous amino silica show an increased refractive 

index due to successful polymerisation of METAC. Pore 

filling of mesoporous amino silica single layer of 

35-56 vol% is calculated by applying the BEMA and 

refractive indices before and after functionalisation. These 

observations are in agreement with the respective layers of 

the mesoporous double layer film, where the mesoporous 

silica layer is present as bottom layer and mesoporous amino 

silica layer on top (Figure 3d), and a pore filling of 84 vol% 

of the amino silica layer is calculated. Comparing the 

respective layers of the mesoporous double layer film, where 

the mesoporous amino silica layer is present as bottom layer 

and mesoporous silica layer on top (Figure 3c), again, an 

increased refractive index of the amino silica layer with a 

pore filling of 59 vol% is observed upon polymer 

functionalisation. Although the mesoporous silica bottom 

layer as well shows an increase in refractive index with a 

Fig. 2. ATR-IR spectra before (black curves) and after polymer modification (red curves) for single layer films and the double 

layer film with following sequence: silica layer at bottom - amino silica layer at top (a). ATR-IR spectra before (black curves) 

and after polymer modification (red curves) for single layer films and the double layer film with following sequence: amino 

silica layer at bottom - silica layer at top (b). For comparison, all spectra are normalised to the stretching vibration of free 

silanol groups at ~905 cm-1.
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theoretical pore filling of 27 vol%, the initial refractive index 

(before functionalisation), as well as the film thickness 

(Table S2), seem to be an artefact of the complex model and 

undervalued from the fit, when compared to the mesoporous 

silica single layer, which had been exposed to the same 

experimental conditions (same substrate) showing no 

increase in refractive index. In an additional dataset of 

refractive index changes with lower polymer amount (pore 

filling 25 – 34 vol%) provided in the Supporting Information 

(Figure S1), this artefact is not observed, but again an 

increase of refractive index of mesoporous amino silica 

layers after polymerisation is observed in single and double 

layer arrangements. Thus, layer-selective functionalisation is 

further confirmed by ellipsometry measurements and high 

pore filling seems to result in difficulties fitting the obtained 

two layer films with strong refractive index step gradient. 

 

3.3. Correlation to ionic permselectivity of mesoporous 

thin films 

The ionic pore accessibility of the differently and pH-

responsively charged mesoporous double layers deposited 

on conductive ITO coated glass substrates is characterised by 

cyclic voltammetry using the redox-active probe molecules 

[Ru(NH3)6]2+/3+ and [Fe(CN)6]3-/4-, which result in a detected 

current at their redox potential after diffusing through the 

mesoporous film reaching the below ITO electrode. 

Measurements were performed at pH 2 and pH 10 for 

investigation of pH dependent negative charge of silica, 

which results from the deprotonation of silanol groups 

present on the pore wall surface at basic conditions. For the 

initial and hence unmodified double layers shown in 

Figure 4a, the expected pH-dependent ionic permselectivity 

is observed. At pH 2, [Fe(CN)6]3-/4- is able to pass through 

the mesoporous film generating a current at the electrode 

upon oxidation and reduction. Thereby, no current density is 

detected for [Ru(NH3)6]2+/3+, which can be ascribed to 

electrostatic repulsion and thus [Ru(NH3)6]2+/3+ exclusion by 

the positively charged amine groups present in the amino 

silica layer. At pH 10, the negative charge of deprotonated 

silanol groups in both layers dominate the ionic mesopore 

accessibility. At this basic pH, [Fe(CN)6]3-/4- is 

electrostatically excluded from the mesopores and no 

relevant current density is detected at the corresponding 

oxidation and reduction potential. Contrary to this, 

[Ru(NH3)6]2+/3+ shows higher peak current densities as 

compared to an unmodified ITO electrode for both double 

layers, along with a peak broadening indicating a 

Fig. 3. Fluorescence image of single layers and double layer 

after subsequent incubation in aqueous fluorescein and 

rhodamine B solutions marking positively charged layers in 

magenta which can be attributed to METAC functionalised 

layers and negatively charged layers in cyan corresponding 

to the unmodified silica layers. Substrate size: 76 x 26 mm 

(a). Note, that the colour code does not represent the natural 

emission colour of the dyes used, but rather match the colour 

code of the cartoons. TEM micrograph of the mesoporous 

double layer film cross section after applying the 

polymerisation conditions, scale bar: 100 nm (b). Refractive 

indices obtained from ellipsometric measurements before 

(dashed columns) and after applying the polymerisation 

conditions (filled columns) for mesoporous single layer films 

and double layer films of the sequence: silica layer at bottom 

- amino silica layer at top (c) and for the sequence: amino 

silica layer at bottom - silica layer at top (d).

Fig. 4. Cyclic voltammograms of the mesoporous double 

layers using the redox active probe molecules 

[Ru(NH3)6]2+/3+ and [Fe(CN)6]3-/4- at concentration of 1 mM 

respectively in 100 mM KCl supporting electrolyte solution 

at pH 2 (black curves) and pH 10 (red curves) before (a) and 

after METAC functionalisation (b). Scan rate: 100 mV s-1.



8 
 

preconcentration of the probe molecule in the mesoporous 

film. Here, the peak current densities are 1.7 - 1.8 times 

higher as compared to an unmodified ITO electrodes (Figure 

S5). Considering the ionic pore accessibility of the double 

layer films after modification of the amino silica layer with 

PMETAC (Figure 4b), significant influence of the PMETAC 

functionalisation, but as well of the layer arrangement are 

observed, especially for the positively charged probe 

molecule [Ru(NH3)6]2+/3+ (Figure 4b). At pH 2 (Figure 4b-c, 

black), where the silica layer is neutral in consequence of 

protonated silanol groups and the PMETAC functionalised 

amino silica layer positively charged, similar transport 

properties with respect to [Fe(CN)6]3-/4- compared to before 

functionalisation are observed for both layer arrangements 

into a double layer film. Only a slightly reduced peak current 

density is detected compared to before functionalisation, 

which might arise due to steric hindrance upon 

functionalisation with PMETAC for both double layer 

arrangements. Under the same conditions, [Ru(NH3)6]2+/3+ is 

not able to reach the ITO electrode underneath the 

mesoporous double layer film independently of the layer 

arrangement induced by the electrostatic repulsion of the 

PMETAC functionalised and thus positively charged layer. 

Differently to the unmodified double layers (Figure 4a) at 

basic conditions, an increase of peak current density is 

detected for [Fe(CN)6]3-/4- at pH 10 after functionalisation 

with PMETAC for both layer arrangements indicating a 

weakening of the electrostatic repulsion of the negatively 

charged silanoate groups of the silica layer as result of 

incorporation of PMETAC in the amino silica layer, and thus 

positive charges. Interestingly, [Fe(CN)6]3-/4- is even able to 

pass the negatively charged silica top layer (Figure 4b, left). 

In case the PMETAC functionalised layer is present as 

bottom layer, thus a step gradient from negatively charged 

top layer to positively charged bottom layer, no current 

density for [Ru(NH3)6]2+/3+ is observed due to electrostatic 

repulsion of the positive charge induced by PMETAC 

functionalised amino silica bottom layer. A different result is 

obtained for the double layer with inverted layer 

arrangement containing the PMETAC functionalised, and 

thus positively charged amino silica as top layer, hence a step 

gradient from positively charged top layer to negatively 

charged bottom layer. For this layer arrangement, a peak 

current density is detected at pH 10, as [Ru(NH3)6]2+/3+ is 

able to overcome the positively charged top layer probably 

by electrostatic attraction of the negatively charged bottom 

layer. This is a very interesting observation: a reduced peak 

current density is detected as compared to the unmodified 

double layer, although the present film thicknesses are much 

higher than the Debye Screening length (DBL) in these films 

(DBL here around ~1 nm). This indicates that the 

electrostatic repulsion in such systems can be locally 

overcome and ionic pore accessibility is dominated by the 

bottom layer, which is not in direct contact with the solution. 

The mesoporous double layers and layer-selective 

functionalisation presented serve as model systems for future 

mesoporous architectures, whose complexity can be further 

enhanced by, for example, increasing the number of the 

incorporated layers, which can be precisely adjusted in film 

thickness and pore dimensions, or compartmentalisation 

with other functional units like metal nanoparticles, along 

with further polymer functionalisation. 

  

 

Conclusions 

In summary, we described a layer-selective functionalisation 

strategy of mesoporous double layered films resulting in 

charge step gradient formation at the nanoscale. Key 

elements to this achievement are consecutive layer 

deposition of mesoporous silica films and co-condensed 

mesoporous amino silica films, thus predisposition of one 

layer, followed by layer-selective and controlled iniferter 

initiated polymerisation. The way of depositing the 

respective layers allows investigation of single as well as 

double layered films upon functionalisation granting indirect 

proof of layer-selective functionalisation by concluding the 

collective results obtained from IR spectroscopy, 

ellipsometry, charged dye immobilisation experiment, and 

cyclic voltammetry. Furthermore, the pH dependent ionic 

pore accessibility of the mesoporous double layered films 

before and after PMETAC functionalisation is investigated 

using cyclic voltammetry. Thereby, the bottom layer 

revealed a dominant role overcoming local electrostatic 

repulsion, even it is not in direct contact with the solution. 

We consider these results will broaden the possibility of 

creating complex mesoporous multilayer architectures 

toward multifunctional interfaces for nanofluidics and 

separation. 
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