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Mimicking such functional control in syn-
thetic nanopores requires precise control 
of structure and local placement of sur-
face functionality. Such precisely prepared 
materials with nanoscale control on struc-
ture and functionalization would allow, for 
example, new perspectives in sensing.[1] 
Further strategies mimicking the func-
tionality of biological channels include 
dynamic curvature nanochannel-based 
membranes to regulate ionic transport[2] 
or flexible elastomer-based microchannels 
for microfluidic devices.[3]

Already today nanoscopically structured 
materials play a crucial role in applications 
such as sensors or lab on chip devices,[4] 
separation,[4d] catalysis,[5] and for the 
developing of new materials, for example 
for applications in tissue engineering[6] 
or for the control of surface wettability.[7] 
Traditionally, nanostructures are fabricated 
using top-down approaches like photo     -
lithography, ink-jet printing or electrospin-
ning. Alternatively, bottom-up methods, 
which are based on the self-assembly of 
molecules or larger building blocks, can 
yield defined structures with high resolu-
tion.[8] Periodic, nanostructured materials 

are for example accessible through the self-assembly of colloidal 
building blocks, which can yield macroscopic areas of well-
ordered colloidal crystals.[9] Such colloidal crystals can be further 
used as templates to generate inorganic, interconnected nano-
pore arrays by backfilling with a sol–gel precursor and subse-
quent removal of the templating particles.[9a,10] In two dimen-
sions, the resulting porous materials are known as inverse col-
loidal monolayers and their wettability can be adjusted by pore 
opening angle and surface functionalization.[7e,11] Such struc-
tures are ideal model pores due to their uniformity, adjustable 
pore size and ordered structure.

A key step toward multifunctional nanopores with nanolocal 
control, is the ability to precisely position different functionalities 
into individual pores.[1a] Therefore, it is necessary to develop strat-
egies for a nanoscale control in manufacturing and functionaliza-
tion of porous materials. This enables nanopore design with mul-
tiple functional and responsive units, individually and precisely 
placed into each nanopore.[1b] To date, functionalization of porous 
silica materials is mainly based on postsynthetic functionalization 
strategies like grafting of silanes from gas or liquid phase or co-
condensation of functional building blocks.[12] These approaches 
generally result in a homogenous functionalization without 

In the context of sensing and transport control, nanopores play an essential 
role. Designing multifunctional nanopores and placing multiple surface 
functionalities with nanoscale precision remains challenging. Interface 
effects together with a combination of different materials are used to obtain 
local multifunctionalization of nanoscale pores within a model pore system 
prepared by colloidal templating. Silica inverse colloidal monolayers are first 
functionalized with a gold layer to create a hybrid porous architecture with 
two distinct gold nanostructures on the top surface as well as at the pore 
bottom. Using orthogonal silane- and thiol-based chemistry together with 
a control of the wetting state allows individual addressing of the different 
locations within each pore resulting in nanoscale localized functional 
placement of three different functional units. Ring-opening metathesis 
polymerization is used for inner silica-pore wall functionalization. The 
hydrophobized pores create a Cassie–Baxter wetting state with aqueous 
solutions of thiols, which enables an exclusive functionalization of the outer 
gold structures. In a third step, an ethanolic solution able to wet the pores 
is used to self-assemble a thiol-containing initiator at the pore bottom. 
Subsequent controlled radical polymerization provides functionalization 
of the pore bottom. It is demonstrated that the combination of orthogonal 
surface chemistry and controlled wetting states can be used for the localized 
functionalization of porous materials.

1. Introduction

Biological channels have a complex structure resulting in their 
ability to regulate molecular transport with a high selectivity. 
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spatial resolution or localized placement of different functional 
moieties into a single pore. Such surface functionalities can for 
example be used to bind a liquid lubricant into the porous net-
work, which creates surfaces with efficient repellency towards 
immiscible liquids, antifouling and self-healing properties.[13]

The modification of surfaces with polymers can enhance 
the functional properties  by introducing a high density of 
functional groups. With respect to polymerization strategies, 
the so called “grafting from” is preferred over “grafting onto” 
or “grafting through” strategies in nanoscopic pores due to 
potential hindrance of polymer diffusion in nanoscale confine-
ment.[14] Depending on the chosen polymers, porous materials 
reacting to different stimuli such as light, pH, temperature, sol-
vent or biochemical signals can be generated.[1b,15]

Regarding “grafting from” functionalization in nanoscale 
pores, the most used surface polymerizations are radical atom 
transfer polymerization (ATRP),[16] nitroxide-mediated radical 
polymerization (NMP)[17] or reversible addition-fragmentation 
transfer polymerization (RAFT).[18] An alternative polymeriza-
tion is the ring-opening metathesis polymerization (ROMP), 
which can offer mild reaction conditions, a wide range of 
polymer brush thickness[19] and living characteristics which can 
be useful to introduce multiple functional units by generating 
block copolymers.[20] Using light instead of temperature for 
polymerization by lithography has been used to localize polymer 
formation into defined areas on flat surfaces.[21] However, a local 
control perpendicular to the substrate along a porous system 
including more than two functional units has, to the best of our 
knowledge, not been demonstrated to date. Zhang et al. dem-
onstrated a bioinspired single ion pump based on pH-respon-
sive double-gate nanochannels with two locally placed poly-
electrolytes.[22] Voelcker and co-workers functionalized anodic 
aluminum oxide membranes with a series of anodization and 
silanization cycles. In this way multilayered surface function-
alities with silanes inside the pore channels are achieved which 
influence the wettability and transport properties of the mem-
brane.[23] Zhu and co-workers[24] achieved local functionalization 
with polymer by plasma-induced graft poly merization in a 12 µm 
thick hourglass-shaped nanochannel by functionalization of one 
conical side with poly(N-isopropylacrylamide) and the other side 
with acrylic acid. Other possibilities of a local functionalization 
of surfaces are contactless electrofunctionalization induced by 
polarization of the pore membrane in an electric field,[25] sur-
face patterning using click chemistry directed by scanning elec-
trochemical microscopy,[26] photothermally induced,[27] micro-
contact printing,[28] photolithographic patterning from reactive 
silane monolayer[29] or by using a masking/unmasking tech-
nique.[30] Selective molecular-assembly patterning which uses 
oxide contrast of SiO2 and TiO2 produced by photolithography 
and etching[31] can be used to create patterns with biochemical 
functionality in simple dip-and-rinse steps as shown by Blättler 
et al.[32] Besides the requirement of sophisticated equipment, a 
drawback of these techniques is the difficulty in achieving local 
multifunctionalization within the nanopores.

Although we are far from designing complexity, asymmetry, 
and selectivity of natural pores, asymmetric porous materials 
and membranes based on multiple layers or mixed functional 
units have been demonstrated. For example, Zhang et al.[33] 
developed a multifunctional membrane by combining a 

porous anodic alumina membranes with an asymmetric block 
copolymer membrane. This design resulted into a high ionic 
rectification and ion gating via pH-responsive groups. Bein 
and co-workers[34] reported multifunctional mesoporous silica 
nanoparticles to create a drug delivery system with controlled 
cargo release by using redox- or pH-sensitive groups. Although 
first examples of local functionalization of pores as well as 
multifunctionalization of surfaces are described, typically both 
 concepts are not combined and local placement of different 
functional units inside one pore has not been accomplished.

Here, we employ orthogonal surface chemistry and wet-
tability control as a means to design local pore functionaliza-
tion.[35] Inverse colloidal mono layers functionalized with a gold 
nanohole structure on the top surface and gold discs at the pore 
bottom are used as model pore system. Upon hydrophobization 
of the silica pore wall using SI-ROMP a Cassie–Baxter wetting 
state[36] is generated, where the liquid solution containing the 
functional molecules is not able to enter the pores and therefore 
selectively functionalizes the top surface of the inverse colloidal 
monolayer. A change to a Wenzel wetting state,[37] triggered by a 
solvent with lower surface tension, enables a second functional 
thiol to enter the pores and therefore functionalize the bottom 
gold discs and acts as polymerization initiator to locally grow 
functional polymer films within the nanopores. Multifunc-
tionalization is demonstrated by contact angle measurements, 
infrared spectroscopy and X-ray photoelectron spectroscopy.

2. Results and Discussion

In order to locally direct the covalent binding of multiple mole-
cules and polymers to specific locations inside a nanopore, we 
apply orthogonal surface chemistry and combine it with wetting 
control on an inverse colloidal monolayer model pore system.

Inverse silica colloidal monolayers are prepared by colloidal 
templating.[7a] In brief, a monolayer of polystyrene colloidal parti-
cles is pre-assembled at an air/water interface and deposited onto 
a glass substrate, backfilled with sol–gel solution and calcined 
to remove the polymer colloidal particles to create a 2D porous 
structure. A thin gold layer of 20 nm is deposited onto the sur-
face structure using thermal evaporation, producing a gold hole 
structure at the outer surface and a gold disc structure at the pore 
bottom (Figure 1). Pores with diameter of 560 nm and opening 
angles of around 55° are used in this study. The pore opening 
can be controlled by the amount of silica sol–gel precursor that 
is used to backfill the monolayer, which, in turn, controls the 
pore opening angle and thus the wettability.[7e] In this study we 
used quite large pore opening diameter (around 460 nm), as they 
already prevent water infiltration upon hydrophobization of the 
pore walls. The simultaneous presence of gold nanostructures 
and silica pore walls in the hybrid architecture enables the use of 
orthogonal silane and thiol chemistry for further functionaliza-
tion. Furthermore, the gold discs at the pore bottom and the gold 
hole structure at the external pore surface can be distinguished 
based on wetting characteristics making use of Cassie–Baxter 
and Wenzel wetting states, as described below. Additional scan-
ning electron microscopy (SEM) images, showing the separa-
tion between silica pore walls and the gold nanohole array at the 
pore opening and the gold discs at the bottom of the structure  
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via sample tilting and the use of backscattered electrons to 
enhance the chemical contrast can be found in Figure S8  
(Supporting Information). We note that the schematic presenta-
tion of the architecture shown in Figure 1 is simplified and does 
not take into account the curvature imposed to the top surface by 
the spherical shape of the templating particles, or the granular 
nature of the thermally evaporated gold film. Both effects can be 
seen in the high-resolution SEM image in Figure 1. However, we 
note that the evaporated gold, even though granular in nature, 
forms a complete film covering the nanoholes (SEM in Figure 1 
and Figure S8, Supporting Information), and therefore allows 
functionalization by self-assembled thiol monolayers.[38] Addi-
tionally, we investigated the plasmonic properties and sensitivity 
enhancement in the context of dielectric sensing of the unfunc-
tionalized structures in a different work.[39]

To facilitate the successful functionalization of all dif-
ferent elements, we select three model surface functionalities, 
namely poly-(norbornene-pentafluorophenyl ester) (PNPFPE), 
cysteamine hydrochloride and poly-(2-bromoethyl methacrylate) 
(PBEMA), which all carry different chemical elements and are 
therefore clearly distinguishable in X-ray photoelectron spec-
troscopy (XPS). In addition, these selected functional groups 
are suitable for further chemical modification, which subse-
quently allows adopting the multifunctional pores to different 
sensing problems for example.[40]

As the first functionalization step, the pore walls are  rendered 
hydrophobic via surface-initiated ring-opening metathesis 
polymerization (SI-ROMP, grafting from) of 5-norbornene-
2-carboxylic acid pentafluorophenyl ester on the silica pore wall 
(Figure 1, gray). The hydrophobic polymer on the pore walls 
in combination with the substrate topography (pore opening 
angle) prevents water from entering the pore, forming a Cassie–
Baxter wetting state. In contrast, solvents with lower surface 
tension can still infiltrate the pores forming a Wenzel wetting 
state. This feature is used within the second and third function-
alization to selectively functionalize the top gold  surface and the 

gold disc at the bottom of the model pore. The second function-
alization step aims to exclusively  functionalize the top gold hole 
surface by self-assembly of thiols from aqueous solution in the 
Cassie–Baxter wetting state (Figure 1, green). Subsequently, the 
third step aims to exclusively functionalize the gold discs in a 
Wenzel wetting state using a thiol-carrying polymerization ini-
tiator within an ethanolic solution, followed by surface-initiated 
atom radical transfer polymerization (SI-ATRP) (Figure 1, blue).

2.1. First Functionalization Step: Surface-Initiated Ring-Opening 
Metathesis Polymerization on the Silica Pore Wall

SI-ROMP of 5-norbornene-2-carboxylic acid pentafluorophenyl 
ester (NPFPE) is accomplished on the silica pore wall in a 
“grafting from” approach. First, the silica surface is functional-
ized with allytrichlorosilane to activate the Grubbs catalyst onto 
the pore wall surface (Figure 2a).[41] NPFPE has been chosen 
because it can be conveniently recognized by XPS due to the five 
fluorine atoms per monomer. More importantly, the polymer 
provides a versatile platform to create functional pore surfaces: 
the pentafluorophenyl ester enables amine coupling via active 
ester chemistry as well as ester hydrolysis for flexible follow-
up functionalization and adaptation of these layers.[42] Upon 
NPFPE grafting we observe an increase in Young’s contact 
angle from 20°–30° up to 110°–130°, which is accompanied by 
a transition from Wenzel to Cassie–Baxter wetting state, dem-
onstrated by the emergence of grating coloration (Figure 2d). 
These macroscopic changes in properties evidence the suc-
cessful hydrophobization that is consequently used to enable 
further local functionalization by a wetting-induced discrimina-
tion between the different gold elements. To further characterize 
the functionalization step, we analyzed the samples by attenu-
ated total reflection infrared spectroscopy (ATR-IR) spectros-
copy. All ATR-IR spectra are baseline corrected and normalized 
to the Si–O stretching vibration of silanol at 893 cm−1.  
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Figure 1. Schematic illustration of the functionalization strategy of the model pore architecture and representative SEM images of gold coated inverse 
monolayer: 1) Ring-opening metathesis polymerization on the silica pore wall to achieve hydrophobization of the pore. 2) Self-assembly of thiols on 
the top gold surface from aqueous solution in a Cassie–Baxter wetting state. 3) Self-assembly of a polymerization initiator from ethanolic solution in 
a Wenzel state, followed by atom radical transfer polymerization. The scheme shows an idealized structured that neglects both the granular structure 
and the curvature imposed on the gold film by the fabrication by colloidal templating, which are both visible in the SEM images.
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Complete ATR-IR spectra are shown in Figure S1 (Supporting 
Information) and ATR-IR spectra of SI-ROMP on glass sub-
strates and inverse monolayer without gold coating in Figure S2  
(Supporting Information). The ATR-IR spectra in Figure 2b 
show the appearance of the NPFPE ester carbonyl stretching 
vibrational band at around 1780 cm−1 and the aromatic carbon 
double bond stretching vibration of the pentafluorophenyl group 
around 1520 cm−1. These observations support the successful 
formation of PNPFPE polymer inside the pores. In addition, a 

polymer vibrational band is visible as shoulder of the silica vibra-
tional band around 1010 cm−1 in the bend region of sp2 C–H. 
We observe variations in the detected polymer amount as meas-
ured by monitoring polymer vibrational band intensities with 
normalized ATR-IR spectra for different SI-ROMP polymeriza-
tion reactions using the same conditions. This is in accordance 
with Grubbs and co-workers[43] who measured film thickness 
of polynorbornene films on silicon wafers. For a monomer  
concentration of 180 × 10−3 m they obtained an average film thickness  

Small 2020, 16, 1906463

Figure 2. First functionalization step: silica pore walls via ring-opening metathesis polymerization. a) Schematic illustration describing the grafting 
from approach of 5-norbornene-2-carboxylic acid pentafluorophenyl ester polymer on the silica pore wall via ring-opening metathesis polymerization. 
b) Infrared spectra for gold coated inverse monolayer after SI-ROMP depending on I) catalyst amount and II) polymerization time (normalized to 
Si–O stretch vibration of silanol at 893 cm−1). c) Representative SEM images of gold coated inverse monolayer after SI-ROMP depending on catalyst 
amount and polymerization time: I) 5 mg catalyst, 24 h; II) 15 mg catalyst, 24 h; III) 15 mg catalyst, 2 h. d) Contact angle measurement with water 
before and after ROMP of plasma-treated gold coated inverse monolayer. e) Fluorine to silicon ratio according XPS measurements of gold coated 
inverse monolayer after all three functionalization steps.
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of 42 nm with a relatively high variation of ±14 nm which corre-
sponds to 33%. Possible reasons for the observed variations are 
secondary metathesis reactions like chain transfer followed by 
degrafting,[44] deactivation of the catalyst or decomposition.[19a] In 
our porous systems, additional confinement effects and reduced 
diffusion and transport further complicate the polymerization 
reaction. We therefore qualitatively discuss general trends of the 
surface functionalization reaction. In order to evaluate the con-
trollability of the SI-ROMP, we investigate the impact of the cat-
alyst amount and polymerization time. Figure 2b (I) visualizes 
the effect of varying catalyst amount in solution in the recorded 
ATR-IR spectra. The lowest applied catalyst amount of 5 mg 
always results in the lowest polymer vibrational band intensities. 
However, in SEM images (Figure 2c, I) polymer growth across 
the pore is visible. This extent of polymer across the pore is only 
observed after functionalization with low catalyst amount of 
5 mg, which may be related to an increased chain length caused 
by the low catalyst density on the surface.

The total polymer amount is greatly enhanced upon 
increasing the catalyst amount using 15 or 30 mg catalyst. 
This is reflected by increasing CC and CO vibrational band 
intensity in IR spectra (Figure 2b, I) together with higher flu-
orine to silicon ratio in XPS measurements (Figure 2e) origi-
nating from the fluorine atoms of the pentafluorophenyl group. 
A distinct difference between 15 and 30 mg catalyst amount 
cannot be determined, indicating that 15 mg catalyst are suf-
ficient to cover the pore wall with catalyst. In addition, different 
polymerization times of 2, 6, and 24 h are evaluated as shown 
in Figure 2b (II). After 2 h the detected polymer amount is 

significantly lower as compared to 6 h or 24 h reaction time 
verified by the intensity of IR vibrational bands at 1520 cm−1 
together with the low fluorine to silicon ratio of 1:0.8 in XPS. 
Between 6 h and 24 h no significant difference in polymer 
content upon variation in polymerization time is seen in the 
IR spectra. Only the XPS measurement indicates a higher 
polymer amount after 24 h under these conditions. Work from 
Bao and co-workers[44a] show that higher polymerization times 
for SI-ROMP are not favorable to increase polymer film thick-
ness on planar surfaces. In our experiments, a decrease of 
polymer amount upon polymerization times of 24 h could not 
be observed.

2.2. Second Functionalization Step: Self-Assembly of Thiols on 
the Outer Gold Surface

To introduce a second functional component exclusively on the 
top gold surface, we use an aqueous thiol solution to form a 
self-assembly monolayer (SAM) in the Cassie wetting state 
(Figure 3). We use cysteamine hydrochloride as a water-soluble 
thiol as it contains a nitrogen atom and thus can be tracked by 
XPS. As water does not enter the hydrophobic pores, the for-
mation of a SAM on the gold discs inside the pores should be 
prevented (Figure 3a). However, to prevent any functionaliza-
tion at the pore bottom, thiol adsorption from gas phase has 
to be prevented as well. This turned out to be challenging and 
limits the choice of thiols. Suitable water soluble thiols are lim-
ited to short chain thiols or thiols with polar (end) groups. But 
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Figure 3. Second functionalization step: top gold surface via thiol adsorption. a) Schematic illustration describing the thiol adsorption of cysteamine 
hydrochloride and dodecanethiol (1:1) from aqueous solution in a Cassie–Baxter wetting state after pore wall functionalization with SI-ROMP polymer. 
b) Infrared spectra for gold coated inverse monolayer after ROMP and thiol adsorption from aqueous solution (normalized to Si–O stretch vibration 
of silanol at 893 cm−1). c) X-ray photoelectron spectroscopy. Survey scan (0–1100 eV) of planar gold after thiol adsorption and high resolution spectra 
of S 2p and N 1s photoemission peaks.
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these thiols tend to from less stable SAMs among others due to 
weaker van der Waals forces.

After screening different thiols (Figure S3, Supporting 
Information) a mixed monolayer consisting of dodecanethiol 
and cysteamine hydrochloride in a 1:1 mixture proved to be 
the most versatile candidate although the water solubility of 
dodecanthiol is very limited. The stability of the SAM is opti-
mized and a nitrogen atom is included for XPS detection. After 
formation of thiol SAM on the SI-ROMP pretreated sample a 
high intensity increase in the C–H stretch vibrations between 
3000 and 2830 cm−1 is monitored in IR spectra (Figure 3b) due 
to the presence of dodecanethiol. In XPS the only noticeable 
changes are related to additional signals of sulfur (S 2p, 163 eV) 
and nitrogen (N 1s, 401 eV). Unfortunately, these nitrogen and 
sulfur signals are quite low, often noisy and therefore do not 
enable quantification (see Figure S7, Supporting Information). 
Since the XPS spectra are dominated by the polymer signatures, 
we use planar gold surfaces as reference to demonstrate a suc-
cessful formation of the mixed dodecanethiol and cysteamine 
hydrochloride SAM formation (Figure 3c).

2.3. Third Functionalization Step: SI-ATRP at the Pore Bottom 
via Self-Assembled Initiator

In the final step, we exemplarily demonstrate the introduc-
tion of a third, independent functionality selectively at the pore 
bottom gold discs. For this step, we exploit a solvent-mediated 
change in pore wettability and use ethanol to self-assemble 
the polymerization initiator ω-mercaptoundecyl bromoisobu-
tyrate selectively at the pore bottom. As the third functional 
component, we chose 2-bromoethyl methacrylate (BEMA), 

which can be polymerized in a “grafting from” approach from 
a surface-anchored initiator by surface-initiated atom radical 
transfer polymerization. BEMA was chosen as commercially 
available monomer carrying a bromine atom to enable detec-
tion by XPS. In principle any monomer suitable for ATRP can 
be polymerized similarly. Because the top surface of the pore is 
already functionalized with the mixed dodecanthiol/cysteamine 
monolayer, the last self-assembly step will selectively function-
alize the gold disc at the pore bottom with the initiator mole-
cules. Reaction times are kept as short as possible to avoid thiol 
exchange (Figure S3, Supporting Information). According to 
literature protocols[45] ATRP is performed using Cu(I)Br and 
Me6Tren in methanol/water at room temperature (Figure 4a). 
IR spectra (Figure 4d) show the carbonyl stretching vibration 
of the methacrylate polymer around 1730 cm−1 which is clearly 
separated from the carbonyl ester band of the PNPFE polymer 
at 1780 cm−1 introduced to the silica pore wall during the SI-
ROMP as first functionalization step. SEM images (Figure 4b,c) 
displaying polymer beads at the bottom of the pores corrobo-
rate the successful polymerization step. Polymerization of 
BEMA occurred in all samples. Reference experiments further 
supporting the functionalization concept can be found in the 
Supporting Information. They show the importance of the 
SI-ROMP to distinguish the gold surfaces, the prevention of 
thiol exchange due to the chosen reaction times and how IR 
and XP spectra are influenced, if SI-ATRP is done as first step 
(Figures S4–S6, Supporting Information).

Our functionalization strategy allows the incorporation of 
different heteroatoms in each individual functionalization step. 
We were therefore able to follow the functionalization by XPS 
via the detection of the characteristic heteroatoms (Figure 5). 
The XPS survey scan of a fully functionalized inverse colloidal 
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Figure 4. Third functionalization step: polymerization at the pore bottom by attaching initiator with thiol end-group and grafting from polymeriza-
tion via ATRP. a) Scheme describing the polymerization of 2-bromoethyl methacrylate on the gold surface via ATRP after adsorption of the initiator 
ω-mercaptoundecyl bromoisobutyrate from ethanolic solution. b,c) Representative SEM images of gold coated inverse monolayer after all three func-
tionalization steps. d) Infrared spectra for gold coated inverse monolayer after all three functionalization steps (normalized to Si–O stretch vibration 
of silanol at 893 cm−1).
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monolayer (Figure 5a) is dominated by signals of carbon, oxygen 
and gold, as well as fluorine which is assigned to the pentafluo-
rophenyl group of PNPFPE in the first functionalization step. 
The fluorine to silicon ratio (Figure 2e) can be determined and 
allows relation of different ROMP polymerization parameters 
as discussed in Figure 2. Compared to the unfunctionalized ref-
erence sample the content of oxygen and silicon declines sub-
stantially after the SI-ROMP functionalization step, indicating 
that large surface areas are covered by the PNPFPE polymer. 
The bromine signal, introduced by the PBEMA polymer in the 
last functionalization step, is detected, albeit with low intensity 
(Figure 5b) in all measurements. We attribute the low intensity 
signal of bromine 3d electrons to the porous structure of the 
sample. As the third functionalization takes place at the bottom 
of the pore, the signal intensity is decreased. This drop in signal 
intensity is a further indication of the localized functionaliza-
tion of the gold discs at the bottom of the pores.

In reference experiments where ATRP was performed as 
a first step and therefore adds polymer to the top of the pores, 
the bromine peak has a higher intensity (Figure S5, Supporting 
Information). In a second reference experiment, we verified the 
importance of the pore hydrophobization for the subsequent, 
wetting-controlled local functionalization. The local function-
alization relies on a change between Cassie–Baxter and Wenzel 
wetting between the second and third functionalization step. We 
therefore hypothesized that when the first functionalization step, 
introducing the hydrophobic polymer layer at the pore walls was 
omitted, the selectivity of the second functionalization should 
be lost as the aqueous thiol solution would be in contact with 
all available gold surfaces in the sample. Indeed, no polymer 
was detected after the third step of the functionalization in the 
absence of the first functionalization step (Figure S4, Supporting 
Information). The absence of the polymer layer indicates that the 
dodecanethiol/cysteamine layer was not selectively introduced to 
the top surface of the pores and also coated the gold discs at the 
pore bottom, which, in turn, prevented a successful functionali-
zation of the pore bottoms with the thiolated initiator.

3. Conclusion

In this work, we demonstrated a strategy to introduce three 
functional components with precise nanoscale local resolu-
tion into each individual pore of an inverse colloidal monolayer 
used as model pore system. Our strategy is based on a com-
bination of orthogonal surface chemistry with a control of the 
local wetting state of the pore. The first step used silane chem-
istry to introduce anchor groups from which poly-(norbornene-
pentafluorophenyl ester) were grafted by ring-opening 
metathesis polymerization. This polymer layer rendered the 
porous structure sufficiently hydrophobic to prevent wetting 
of aqueous liquids. Consequently, the Cassie–Baxter wetting 
state was exploited for the self-assembly of thiols from aqueous 
solution, which led to an exclusive functionalization of the top 
gold surface. Subsequently, the gold-coated pore bottom was 
functionalized with poly-(2-bromoethyl methacrylate), using 
a self-assembly of thiolated initiator molecules from ethanolic 
solution, which was able to infiltrate the pores. IR and XPS 
measurements verified the presence of all different surface 
functionalities and supported their local placement. The intro-
duction of local surface functionality with nanoscale precision 
is an important step in the design of multifunctional struc-
tures, affecting, for example, the design of advanced sensors or 
membrane architectures. Our approach showcases how surface 
chemistry and control of wettability can be jointly applied to 
achieve precise nanoscale local control in the design of multi-
functional porous architectures.

4. Experimental Section
Materials: All commercially available chemicals were used 

without further purification unless otherwise specified. Anhydrous 
dichloromethane was prepared by drying with phosphorus pentoxide 
overnight, distillation under nitrogen and storage over molecular sieve. 
Inverse monolayers were prepared on microscope slides (VWR) which 
were cut into pieces (2.6 cm × 1.5 cm) and cleaned with the following 

Small 2020, 16, 1906463

Figure 5. X-ray photoelectron spectra of multifunctionalized inverse monolayer. a) Survey scan (0–1100 eV). b) High resolution spectra of F 1s, C 1s, 
Br 3d, and Si 2p photoemission peaks.
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procedure: wiping with ethanol on a tissue, ultra-sonication in ethanol 
for 10 min and then 10 min in ultrapure water (Milli-Q, 18 Ω) drying 
with air and treatment with oxygen plasma on both sides.

Preparation of Gold Coated Inverse Monolayers: Inverse colloidal 
monolayers were prepared as described in literature.[7a,e,46] In brief, 
a colloidal dispersion of polystyrene (PS) with particle size of 560 nm 
was diluted with ethanol (50% by volume) and added to the air/water 
interface with a syringe pump until the entire interface was covered with 
closed-packed monolayer. A glass slide was immersed into the water 
phase, withdrawn under a shallow angle to collect the monolayer and 
dried under ambient conditions. In the next step a sol–gel solution of 
tetraethylorthosilicate (TEOS), hydrochloride acid (0.1 m), and ethanol 
with the ratio 1:1:1.5 (m:m) was prepared and stirred for 1 h at room 
temperature. The TEOS solution was diluted with ethanol 1:1.5 or 
1:2 (v:v), added onto the monolayer substrate (50 µL) and spread by 
spin coating with 3000 rpm for 30 s. Subsequently, the samples were 
calcined using the following thermal program: heating up to 500 °C from 
room temperature within 5 h, staying for 2 h at 500 °C, cooling for 5 h to 
room temperature. Titanium (1 nm) and gold (20 nm) were evaporated 
on the inverse monolayers using a thermal evaporator (THE3-2 kW, Torr 
Inc., USA). Functional, self-assembled monolayers are known to form on 
such thermally evaporated gold films that exhibit a granular morphology.

Norbornene-5-Exo-Carboxylic Acid: Commercially available racemic 
norbornene-5-carboxylic acid (25 mL, 1 eq.) was purified to obtain the 
exo-isomer by using the treatment of Pontrello.[47] Norbornene carboxylic 
acid was dissolved in aqueous 0.75 m NaHCO3 (300 mL) solution and 
treated dropwise with a solution of iodine (0.9 eq.) and KI (2.6 eq.) in 
water (250 mL) until a brown color of iodine excess was obtained. The 
aqueous layer was separated from the brown organic layer and extracted 
with diethyl ether (5 × 100 mL). Then aqueous 10% Na2S2O3 solution 
(30 mL) was added to the aqueous layer and the pH was adjusted with  
1 m H2SO4 to 2. The solution was extracted with diethyl ether (4 × 100 mL), 
the combined diethyl ether layers were dried over MgSO4 and evaporated 
to obtain the exo product as yellowish solid with a yield of 12%. 1H NMR 
(300 MHz, CDCl3, δ): 6.14 (m, 2H), 3.11 (s, 1H), 2.94 (s, 1H), 2.27 (m, 
1H), 1.95 (m, 1H), 1.54 (d, 1H), 1.45–1.36 (m, 2H).

Synthesis of 5-Norbornene2-Carboxylic Acid Pentafluorophenyl Ester: 
According to literature protocol[48] norbornene-5-exo-carboxylic acid 
(1 eq.) was dissolved in dry toluene (1.65 g in 50 mL) under nitrogen 
atmosphere and oxalylchloride (1.1 eq.) was added dropwise. The 
reaction mixture was stirred for 1 h at 80 °C and afterward toluene 
was removed under vacuum. Dry dichloromethane (35 mL) was added 
under nitrogen atmosphere and cooled down to 0 °C. Pentafluorophenol 
(3.53 g, 1.6 eq.) and 2,6-lutidine (2.06 g, 1.6 eq.) were mixed in dry 
dichloromethane (15 mL) and added to the solution with a syringe 
at 0 °C. For 24 h the mixture was stirred at room temperature and the 
product was purified by column chromatography using cyclohexane with 
2 vol% triethylamine as eluent. The product was gained as colorless oil 
with 56% yield. 1H NMR (300 MHz, CDCl3, δ): 6.20 (m, 2H), 3.27 (s, 1H), 
3.03 (s, 1H), 2.59 (m, 1H), 2.07 (m, 1H), 1.60–1.45 (m, 3H).

Synthesis of ω-Mercaptoundecyl Bromoisobutyrate: According to 
synthesis procedure of Ma et al.,[45] mercaptoundecanol (2.52 g, 
1 eq.) and pyridine (0.88 g, 0.91 eq.) were mixed with 60 mL dry 
dichloromethane. After cooling down to 0 °C an ice-cold mixture of 
dimethylaminopyridine (30 mg, 0.02 eq.) and bromoisobutyryl bromide 
(2.60 g, 0.91 eq.) in 3 mL dry dichloromethane was added dropwise. The 
mixture was stirred for 1 h at 0 °C and then 17.5 h at room temperature. 
Toluene (35 mL) and distilled water (75 mL) were added and the aqueous 
layer was extracted with toluene (2 × 75 mL). The combined organic 
layers were concentrated by evaporation under vacuum. The crude 
product was dissolved in diethyl ether (100 mL), washed with saturated 
NH4Cl solution (3 × 100 mL) and dried with MgSO4. The diethyl ether 
was removed and a yellow oil was obtained as crude product which 
was purified with column chromatography with cyclohexane and 2 vol% 
triethylamine as eluent. The product was a colorless oil with 91% 
yield including small impurities of bromoisobutyril bromide. 1H NMR 
(300 MHz, CDCl3, δ): 4.16 ppm (t, 2H), 2.89 ppm (t, 2H), 1.93 ppm, 
1.74−1.57 ppm (m, 5H), 1.44–1.25 (m, 15H).

General Procedure for Surface-Initiated Ring-Opening Metathesis 
Polymerization of 5-Norbornene2-Carboxylic Acid Pentafluorophenyl 
(SI-ROMP): First the gold coated inverse monolayers were cleaned with 
wet air plasma (Femto plasma cleaner, Diener electronic) and directly 
placed into a flask under nitrogen. All following reaction and washing 
steps were done under nitrogen atmosphere. Dry dichloromethane 
(10 mL) and allyltrichlorosilane (15 µL) were added for 10 min, 
before the solution was removed and the substrate was washed three 
times with dry dichloromethane. Dry dichloromethane (10 mL) was 
added to the flask, followed by the Grubbs catalyst of the second 
generation, Tricyclohexylphosphine[1,3-bis(2,4,6-trimethylphenyl)-
4,5-dihydroimidazol-2-ylidene][benzylidene]ruthenium(IV) dichloride 
(15 mg). The substrate was kept in catalyst solution overnight, then 
again washed three times with dry dichloromethane. The polymerization 
was started by addition of exo-norbornene-5-pentafluorophenylester 
in dry dichloromethane (3 mL, 200 × 10−3 m) after degassing with 
nitrogen for 5 min. After certain polymerization time some droplets of 
ethyl vinyl ether were added, then the substrate was washed first with 
dichloromethane, then with THF and extracted in THF for 24 h to 
remove remaining monomer and solvent polymer.

Self-Assembly Monolayer of Thiols from Aqueous Solution: A solution of 
cysteamine hydrochloride in distilled water (100 × 10−3 m) was prepared, 
followed by addition of the identical mole equivalent of dodecanthiol. 
The gold-coated substrate was placed in a jar and covered with 5 mL of 
the mixture for 4 h, followed by washing with water and ethanol to form 
the self-assembled thiol monolayer.

Surface-Initiated Atom Transfer Radical Polymerization: The 
polymerization was based on literature protocol.[45] A solution of 
ω-mercaptoundecyl bromoisobutyrate (10 × 10−3 m) was prepared in 
ethanol and the gold coated inverse monolayer was left in 5 mL of this 
solution for 4 h, then washed with ethanol, dried with compressed air and 
immediately put in a flask with stir bar under nitrogen. A methanol/water 
mixture (3 mL, 4:1) was added with Cu(I)Br (0.01 eq.) and degassed 
with nitrogen. Then 2-bromoethyl methacrylate (200 × 10−3 m, 1 eq.) 
and Tris[2-dimethylamino)ethyl]amine (Me6TREN, 0.01 eq.) were added. 
The polymerization solution was slightly stirred for 2 h. The inverse 
monolayer was washed with THF and extracted in THF for 20 min.

Infrared Spectroscopy (ATR-IR): IR measurements were performed 
using a Perkin Elmer One Spectrum FT-IR spectrometer in attenuated 
total reflection (ATR) mode in the range from 4000 to 650 cm−1. The 
data was automatically background corrected by the Spectrum software. 
Further data corrections like normalization to the Si–O band of silanol at 
893 cm−1 were performed using OriginPro9.

Contact Angle Measurement (CA): CA measurements were performed 
with a DataPhysics OCA35 instrument and calculated with SCA20 
software through sessile drop method. The measurements were 
performed in a climate-controlled room with a relative humidity of 50% 
and a temperature of 23 °C after applying a 2 µL water droplet on the 
surface. Each sample was measured at least three times at different 
positions and the final result is an average value with standard deviation.

Scanning Electron Microscopy: SEM images were obtained using 
Philips XL30 FEG and a Zeiss Gemini 500 scanning electron microscope 
equipped with a tungsten cathode with an accelerating voltage of around 
3–5 kV, a 30 µm aperture and SE detector. The substrates were sputter-
coated with a 10 nm coating of platinum/palladium using a Sputter 
Coater 208 HR with thickness controller MTM-20 (Cressington).

X-Ray Photoelectron Spectroscopy: XPS studies were performed on 
Quantera II (Physical Electronic) with monochromatic Al Kα X-rays 
and ≤7.5 µm spatial resolution. The measurements were operated with 
15 kV. Survey spectra from 0–1100 eV binding energy (BE) were recorded 
at 280 eV pass energy with 200 ms per step. High-resolution spectra 
were done at 140 eV pass energy.
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