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Surface Plasmons and Visible Light Iniferter Initiated 
Polymerization for Nanolocal Functionalization of 
Mesoporous Separation Layers

Daniel John, Mathias Stanzel, and Annette Andrieu-Brunsen*

Although the technological relevance of mesoporous ceramic polymer 
hybrid materials is well accepted, missing functionalization concepts ena-
bling 3D nanoscale local control of polymer placement into mesoporous 
materials, including thin films, and ideally using controlled polymerization 
techniques limit the application potential. Here, nanolocal functionaliza-
tion of mesoporous separation layers using controlled, visible light iniferter 
initiated polymerization allowing responsive polymer functionalization locally 
limited to the irradiated spot is introduced. Thereby, two visible light sensitive 
iniferters, s-p-trimethoxysilylbenzyl-S´-dodecyltrithiocarbonate and 4-cyano-
4-((dodecylsulfanylthiocarbonyl)sulfanyl)pentanoic acid, are developed for 
polymer functionalization of mesoporous films in a grafting from and a 
grafting through approach. 3D nanolocal polymer placement close to the prox-
imity of the plasmonic field source is demonstrated by combining these vis-
ible light iniferter initiated polymerizations with optical near field modes, such 
as localized surface plasmon resonance (LSPR). As the location of the LSPR in 
mesoporous films can be controlled by placing metal alloy nanoparticles into 
these films and film thicknesses can be adjusted, this strategy is applied for 
precise positioning of polymers into mesoporous films with nanolocal control 
in three dimensions and thus reduces the gap in precision of functional group 
positioning between technological and biological nanopores.
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and specific transport characteristics into 
such nanoscale pores. In this context, 
polymer functionalization of mesopores 
advanced significantly within the last years. 
The majority of polymer functionalized 
mesopores focuses on responsive polymer 
grafting resulting, for example, in tuneable 
gating of ionic permselectivity. Within the 
last decade, gating of mesopore transport 
has been demonstrated by applying dif-
ferent stimuli such as pH,[4] temperature,[5] 
presence of ions,[6] light,[7] or voltage.[8] 
Contemporary studies related to polymer 
functionalized mesopores demonstrated 
control of polymer amount and thus con-
trollable functional density in mesoporous 
silica.[4,9] In addition, our research group 
recently demonstrated re-initiation of 
iniferter initiated polymerization resulting 
in block-co-oligomer functionalized silica 
mesopores.[10] This allows investigation 
of the influence of chain architecture on 
mesopore transport and demonstrates 
the utility of living polymerizations in 
mesoporous materials to generate multi-
functional and multiresponsive pores.[10b,11]

Being inspired by biological pores and their transport per-
formance, their precise local arrangement of functional units 
within a pore is of interest for transport design. Strategies to 
locally control the polymer grafting at the nanoscale and espe-
cially within mesoporous films are still very limited and have 
rarely been combined with living polymerization techniques. 
To date, (nano)local resolution in pore functionalization has 
been demonstrated by stepwise and thus layer-wise material 
deposition which could be followed by locally limited polym-
erization.[12] Very recently, we demonstrated precise placement 
of three different functional units of molecular and polymeric 
nature into inverse opal monolayers as model system using 
orthogonal surface chemistry and wetting control.[13] These 
approaches result in local functionalization along the porous 
film thickness, but no simultaneous nanoscale local resolution 
within x- and y-direction was achieved. In this context, near 
field mode induced polymerization is a promising approach 
as the electromagnetic field is localized into nanoscale dimen-
sions. As demonstrated by Soppera and coworkers and by Kre-
iter and coworkers, near field mode induced chemistry allows 
nanolocally limited (polymer) functionalization of plasmonic 
metal nanostructures.[14] Although, tunable by particle size 

1. Introduction

Mesoporous oxide films are materials with technological rele-
vance in sensing,[1] molecular sieving,[2] catalysis, and energy con-
version.[3] All these technologies depend on molecular transport 
in nanoscale pores. Often inspired by the structural precision and 
performance of biological pores, transport through mesopores 
has been strongly investigated within the last two decades and 
especially polymers have been used to implement new functions 

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative Com-
mons Attribution-NonCommercial-NoDerivs License, which permits use and 
distribution in any medium, provided the original work is properly cited, the 
use is non-commercial and no modifications or adaptations are made.

Adv. Funct. Mater. 2021, 31, 2009732

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202009732&domain=pdf&date_stamp=2021-03-10


www.afm-journal.dewww.advancedsciencenews.com

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2009732  (2 of 9)

and composition of colloidal metal, near field modes, such as 
surface plasmons, usually emit light in the visible wavelength 
range larger than 400  nm. Thus, near field mode compatible 
photopolymerizations have to be selected or developed.

The combination of metal nanoparticles and mesoporous 
oxide thin films has been demonstrated in several studies in 
the last 15 years, and such composite materials are proposed 
for applications in catalysis,[3a,15] optics,[16] and sensing.[17] The 
bases for this application potential are new properties, which 
arise due to the synergy of the individual components. Several 
approaches for incorporation of the metallic nanoparticles into 
the mesoporous oxide thin films are known and the position 
inside the porous matrix can be precisely adjusted.[18] Nonethe-
less, incorporated in the mesoporous matrix, metallic nanopar-
ticles remain accessible for chemical reactions. For example, 
Angelomé et  al. demonstrated the growing and branching of 
gold nanoparticles that had been immobilized on a glass sur-
face and covered with a mesoporous silica thin film.[19] Further-
more, these systems can be very diverse, as the properties of 
metallic nanoparticles can be tuned beforehand by following 
well known synthesis protocols,[20] and mesoporous oxide 
films are tunable in pore size, film thickness, as well as surface 
functionalization.[21]

Within the last years, visible light induction has been dem-
onstrated for many polymerization mechanisms such as atom 
radical transfer polymerization (ATRP),[22] ring opening metath-
esis polymerization,[23] dye sensitized polymerizations,[14a,24] 
and iniferter initiated polymerizations.[25] The majority of 
these visible light induced polymerizations is using wave-
lengths around 400  nm, which is mostly not suitable for sur-
face plasmon generation. Nevertheless, the number of photo
polymerizations induced by larger wavelengths increases. For 
example, the induction wavelength of ATRP has been shifted 
to 464  nm by Zhu and coworkers[26] using [Ir(ppy)3] as photo
redox catalyst and to 400–500  nm by Yagci and coworkers[27] 
performing a metal-free ATRP by using perylene. Only a few 
examples for polymerizations at higher wavelengths are known 
and limited to photoinduced electron transfer reversible addi-
tion fragmentation termination (PET-RAFT)[28] or dye sensitized 
polymerizations.[29] Surface plasmon induced polymerizations 
at wavelength higher than 400  nm have been mainly com-
bined with dye sensitized polymerizations[14a,24] and reversible 
addition fragmentation termination (RAFT) polymerization 
using azobisisobutyronitrile (AIBN) as an initiator.[30] Very 
recently, a first example of so-called plasmon catalyzed PET-
RAFT polymerization on gold gratings has been reported.[31] In 
terms of RAFT polymerizations, a tolerance versus oxygen has 
been achieved in combination with photoredox catalysts[32] or 
dyes, for example, Eosin Y, and ascorbic acid.[33] The combina-
tion with dyes is even more beneficial, as light above 516  nm 
becomes suitable for polymerization induction. Furthermore, 
the catalytic presence of Eosin Y leads to faster reaction kinetics 
compared to polymerizations in absence of the dye.[34] Further-
more, a PET-RAFT approach, which utilizes zinc tetraphenyl-
porphyrin enabling visible light induction, was very recently 
applied on planar surfaces by the group of Boyer.[35]

Although, the number of visible light induced controlled 
or living polymerizations is increasing rapidly at the moment, 
almost all present studies related to near field induced 

polymerizations use free-radical polymerization approaches 
mostly using commercial components which strongly limits 
their diversity. Thereby, controlled polymerization techniques 
are of special interest as these would not only allow a certain 
control on polymer amount, but further provide access to chain 
composition control in addition to nanolocal placement. How-
ever, as the LSPR is usually generated upon visible light irradia-
tion, suitable polymerization techniques are required.

In this context, the first example of nanoscale polymer func-
tionalization using a controlled polymerization reaction has 
very recently been reported by Soppera and coworkers dem-
onstrating re-initiation using near-field mode induced ATRP, 
and by this, showing preparation of multifunctional metal/
polymer nanostructures.[36] Compared to ATRP, iniferter ini-
tiated polymerization is versatile as it offers polymerization 
control without requiring additional radical sources such as 
AIBN.[25b,37] This is especially useful for functionalization of 
nanoscale pores with restricted pore accessibility. The develop-
ment of such visible light sensitive iniferter molecules attained 
constantly increasing attraction since 2015,[38] and iniferter 
polymerization induced by visible light was demonstrated for 
the first time by the group of Qiao in 2015.[25a]

Here, we demonstrate visible light induced and nanolocal 
polymer functionalization of mesoporous separation layers 
using visible light and plasmon induced iniferter initiated 
polymerization. Therefore, gold-silver alloy nanoparticles (Au/
Ag-NPs) were integrated into mesoporous silica films as sur-
face plasmon and thus nanoscale light source. S-p-trimeth-
oxysilylbenzyl-S’-dodecyltrithiocarbonate (SBDTTC) which 
possesses an absorption maximum at 434 nm in DMSO 
(Figure S8, Supporting Information) is used to functionalize 
mesoporous films in a grafting from approach. The iniferter 
4-cyano-4-((dodecylsulfanylthiocarbonyl)sulfanyl)pentanoic acid 
(CDTPA) possessing an absorption maximum at 448 nm in 
ethanol (Figure S8, Supporting Information) is used to func-
tionalize mesoporous silica films with grafted allyl triethoxysi-
lane (allyl functionalized silica) in a grafting through approach 
applying visible light irradiation and surface plasmon near field 
modes of the embedded nanoparticles. Nanolocally limited 
polymer functionalization is demonstrated for CDTPA by elec-
tron microscopy.

2. Results and Discussion

Polymer functionalization of mesoporous thin films is achieved 
by applying visible light and iniferter initiated polymerization. 
The iniferter CDTPA is used in a grafting through approach, 
whereas SBDTTC (synthesis described in the supporting 
information and characterization shown in Figures S1–S3, 
Supporting Information) is used in a grafting from approach 
(Figure  1). The polymer placement in mesoporous films is 
investigated. Dimethylaminoethyl methacrylate (DMAEMA) 
was used as monomer due to its responsivity to pH and 
reported transport regulation.[11]

Polymerizations were conducted under visible light irra-
diation without additional radical sources or catalysts in 
600–800  nm thick mesoporous silica films with pore sizes of 
12 nm (neck) and 16 nm (Figure S4, Supporting Information). 
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The mesoporous films show a porosity of 55  vol% as calcu-
lated by the Bruggeman effective medium theory (BEMT) 
applying the refractive index determined by ellipsometry at 
a relative humidity of 20% as further described in literature 
(see also Table S1, Supporting Information).[10a,39] In order to 
achieve polymer functionalization in a grafting from approach, 
SBDTTC is covalently grafted to the mesoporous silica sur-
face. Prior to polymerization under visible light irradiation, 
the SBDTTC functionalized mesoporous silica films are CO2-
plasma treated for removal of SBDTTC at the outer planar 
mesoporous film surface according to a protocol from Babu 
et al.[40] Consequently, polymerization can only proceed within 
the mesoporous film, but not on the planar outer surface.

The SBDTTC functionalization becomes evident by the mass 
loss of 20% in TGA-measurements (Figure 2c, black and red). 
The SBDTTC functionalized mesoporous films are then used 
for visible light induced polymerization. As SBDTTC did not 
initiate polymerizations under thermal treatment up to 70 °C 
under the applied experimental conditions (Figures S10–S12, 
Supporting Information), the increasing CO stretching vibra-
tional band at 1728 cm−1 is attributed to poly(2-(dimethylamino)
ethyl methacrylate) (PDMAEMA). Increasing PDMAEMA 
amount with increasing polymerization time is observed 
(Figure 2b,c). After 5 h of polymerization, a relative CO vibra-
tional band intensity of 0.05 at 1728  cm−1 (Figure  2b, blue) is 
observed. By increasing the polymerization time to 17  h, this 
relative CO stretching vibrational band intensity at 1728 cm−1 
increases to 0.08 (Figure 2b, dark yellow). Characterization by 
TGA shows an initial mass loss of 3% between 100 and 200 °C 
which is attributed to adsorbed water (Figure  2c, black). The 
observed mass loss of 7% between 400 and 600 °C is ascribed 
to chemisorbed water (Figure  2c, black).[41] A total mass loss 
of 20% at 600 °C is observed for SBDTTC functionalized 
mesoporous silica films (Figure  2c, red) indicating successful 
functionalization with SBDTTC. Considering a specific surface 
area range of 170–610  m² g−1, as determined by two different 
approaches, a grafting density of SBDTTC of 0.44 – 1.59 mole-
cules nm−2 is calculated. The upper value is very probably higher 
than the actual iniferter density, because the specific surface 
area is rather underestimated due to the sample preparation of 
scratching off 600–800  nm thick films from a substrate. This 
is supported by nitrogen sorption of additionally prepared bulk 
mesoporous silica using the sol in a petri dish under otherwise 
identical evaporation and calcination conditions resulting in a 

Figure 1.  Chemical structures of CDTPA (black) and SBDTTC (red). 
Polymer functionalization of mesoporous silica films using CDTPA follows 
a grafting through approach after covalent grafting of allyltriethoxysilane 
to the mesopore wall, whereas polymer functionalization using SBDTTC 
is achieved by grafting from after binding SBDTTC to the mesopore wall.

Figure 2.  a) PDMAEMA functionalization of CO2-plasma treated mesoporous silica films in a grafting from approach with surface bound SBDTTC.  
b) ATR-IR spectra of mesoporous silica (black), mesoporous silica functionalized with SBDTTC (red), after 5 h of polymerization (blue), and after 17 h of 
polymerization (dark yellow) of DMAEMA on CO2-plasma treated mesoporous films. For measuring ATR-IR, the films were scratched off the substrate. 
c) TGA measurements of mesoporous silica (black), mesoporous silica functionalized with SBDTTC (red), and after 5 h (blue) as well as after 17 h 
(dark yellow) polymerization time of DMAEMA on CO2-plasma treated mesoporous silica films. Spectra were recorded in air.
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surface area of 610 m² g−1 (Figure S5, Supporting Information). 
In addition, the anchor group containing three methoxy groups 
is expected to form multilayers as well reducing the real grafting 
density as compared to the value of 1.59  molecules nm−2.  
After an irradiation time of 5  h, a total mass loss of 26% 
(Figure  2c, blue) is observed, which is correlated to 1 to 2 
repeating units of PDMAEMA assuming all iniferter molecules 
reacted and exhibit identical chain length. In accordance with 
attenuated total reflexion-infrared (ATR-IR) results, this total 
mass loss increases to 35% correlating to 4 to 5 repeating units 
after 17  h irradiation (Figure  2c, dark yellow). As discussed 
above, the real polymer chain length is expected to be higher as 
the density of reactive iniferters is expected to be overestimated. 
Nevertheless, this estimation gives a good idea on the min-
imum polymer chain length and the maximum chain density 
within the mesopores. Furthermore, polymer functionalized 
mesoporous silica films show a typical two step degradation in 
TGA measurements between 200 and 450 °C which is a clear 
indication for successful PDMAEMA functionalization of the 
mesoporous films.[42]

To achieve polymer functionalization in a grafting through 
approach applying CDTPA, the polymerizable group allyl trieth-
oxysilane is covalently attached to the mesoporous silica surface. 
As CDTPA shows sufficient absorption at 473  nm (Figure S8,  

Supporting Information), irradiation using a 473  nm laser 
(Figure S13, Supporting Information) results in PDMAEMA 
grafting as indicated by the CO stretching vibrational band 
intensity at 1728  cm−1 within the normalized ATR-IR spectra 
(Figure 3).

In addition, the PDMAEMA functionalization can be lim-
ited to the laser spot region (Figure 3b black and Figure 3c at 
0  mm). In that case, no significant PDMAEMA formation is 
observed in 5 or 10 mm distance from the laser irradiated spot 
(Figure 3c) indicating the potential of the applied functionaliza-
tion concept for locally limited functionalization.

To demonstrate nanolocally limited functionalization of 
mesoporous silica films applying visible light induced inif-
erter initiated polymerizations, mesoporous silica films were 
equipped with Au/Ag-NPs as plasmonic near field source with 
a suitable wavelength for iniferter initiated polymerization. For 
this, mesoporous architectures, particularly mesoporous silica 
double layer and mesoporous allyl silica double layer films 
with precisely positioned Au/Ag-NPs (Figure  4) between the 
two layers are constructed. In the first step, mesostructured 
films, silica or allyl silica (co-condensed), were deposited on 
substrates via dip coating using the well-established EISA pro-
cess.[43] By amine modification of the outer silica surface via 
3-(ethoxydimethylsilyl)propylamine grafting, immobilization 

Figure 3.  a) Schematic representation of PDMAEMA functionalization of allyltriethoxysilane functionalized mesoporous silica films using CDTPA 
in a grafting through approach. b) ATR-IR spectra recorded after CDTPA induced polymerization of DMAEMA in allyltriethoxysilane functionalized 
mesoporous silica films under irradiation with a blue laser (473 nm) for 4 h at the laser spot (black spectra), 5 mm distance (red spectra), and 10 mm 
distance to the laser spot (blue spectra). The ATR-IR spectra of the functionalized mesoporous silica film were recorded directly on the substrate. 
c) CO vibrational stretching absorbance at 1728 cm−1 normalized to the Si-O-Si vibrational band at 1050 cm−1 versus the distance from the laser 
focused spot recorded at allyl functionalized mesoporous silica films. The polymerizations are carried out in ethanolic solution of DMAEMA (1.7 m) 
and CDTPA, induced by laser light (473 nm, 7 mW) for 4 h. The irradiation is conducted on 3 individual substrates and the substrates are characterized 
by ATR-IR spectroscopy at the laser spot, in 5 mm distance, and in 10 mm distance to the laser spot.
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of Au/Ag-NPs becomes accessible due to electrostatic interac-
tion between the positively charged amine groups with the sta-
bilizing citrate groups of the Au/Ag-NPs. Finally, the desired 
mesoporous architecture is completed, after deposition of the 
second silica layer followed by template extraction (Figure  4). 
Besides these architectures, a reference film comprised of a 
mesoporous silica double layer without Au/Ag-NPs is prepared 
and used to validate near field induced polymerization. Single 
mesoporous silica thin films have a thickness of 564 ± 34 nm 
and 60 vol% porosity, whereas mesoporous allyl silica thin films 
have a thickness of 585 ± 12 nm and 59 vol% porosity as obtained 
by ellipsometry measurements and the BEMT (Table S2,  
Supporting Information). The permselective filter function of 
the mesoporous double layered films, without and with the 
incorporation of Au/Ag-NPs, has been investigated via cyclic 
voltammetry and can be found in Figure S7, Supporting Infor-
mation. Au/Ag-NPs show a particle size of 23 ± 2 nm as derived 
from TEM micrographs (Figure S6, Supporting Information) 
and an absorption maximum at 459 nm. Immobilization of the  
Au/Ag-NPs has been investigated by UV–vis spectroscopy. Due 
to the localized plasmons of the Au/Ag-NPs, the final mate-
rials show coloration visible by eye (yellow). By comparison of 
the UV–vis spectrum of the NPs suspension with the spectra 
observed from mesoporous composites (Figure 4), a controlled 
and homogeneous immobilization of the NPs can be stated, 
since no change in shape of the LSPR absorption is observed, 
thus aggregate formation is not very probable. However, a 
redshift of the LSPR absorption maximum is observed upon 
incorporation into mesoporous silica and even a higher shift 
is observed when incorporated in mesoporous allyl silica with 
its lower porosity and higher refractive index. This sensitivity 
of the plasmon resonance conditions on the refractive index of 
the nanoparticles vicinity makes them not only interesting for 
light induced reactions, but also attractive for sensing refrac-
tive index changes on the nanoscale, for example, induced by 
polymer functionalization.

Visible light induced iniferter initiated polymerization of 
DMAEMA in mesoporous composite materials was carried out 
by using CDTPA within the above described grafting through 
approach and by applying an energy dosage of 41.4  J cm−2,  
which corresponds to an irradiation time of 1 h at a power 
density of 11.5  mW cm−2. Successful polymer functionaliza-
tion of the composite materials is again indicated by the CO 

vibrational band of DMAEMA at 1728  cm−1 in the ATR-IR 
spectra which appears for both composite materials as shown 
in Figure 5. As the CO vibrational band can also be observed 
in the ATR-IR spectra of the reference material, a far field poly
merization is assumed. Reducing the energy dose of the irra-
diation source to 6.9 J cm−2, similar observations can be made 
for all three materials, whereas the intensity of the CO band 
is reduced in all cases compared to the signal intensity after 
irradiating with 41.4 J cm−2.

Since the energy of the electromagnetic field of surface 
plasmons is enhanced as compared to the irradiation beam, 
plasmon induced iniferter initiated polymerization is expected 
to be locally limited to the plasmon field when using even lower 
energy dosage below the threshold energy for polymerization. 
Therefore, polymerization of DMAEMA in mesoporous com-
posites was performed by applying 0.6  J cm−2 which corre-
sponds to an irradiation with 1 mW cm−2 for 10 min. Comparing 
the ATR-IR spectra after polymerization, signals at 1728 cm−1  
corresponding to the CO vibrational band can only be 
detected for composite materials bearing Au/Ag-NPs and do 
not appear in the spectrum of the reference material indicating 
a successful near field induced iniferter initiated polymeriza-
tion of DMAEMA in mesoporous films.

As the plasmonic resonance of metal NPs is highly sensi-
tive to the refractive index of their vicinity, as mentioned above, 
and can be monitored by investigation of the absorption prop-
erties of the composite materials before and after polymeriza-
tion, polymerization can be directly monitored. In Figure  6, 
absorption spectra of the silica composite and the allyl silica 
composite before and after polymerization with 41.4 J cm−2 (far 
field) as well as the spectra of the allyl silica composite before 
and after polymerization with 0.6  J cm−2 are shown. After 
polymer functionalization, a redshift of the LSPR band due to 
an increase of the refractive index of the nanoparticles vicinity 
are observed additionally supporting the assumption of local 
near field induced functionalization with respect to the absorp-
tion spectra of the allyl silica composite that has been irradiated 
with the lowest energy dose of 0.6 J cm−2.

Furthermore, TEM micrographs of the composites that have 
been irradiated with 41.4  J cm−2 depicted in Figure  6 do not 
indicate nanolocal placement of polymer, whereas the micro-
graph of the allyl silica composite that has been irradiated with 
0.6  J cm−2 clearly shows the formation of polymer halos with 

Figure 4.  a) Schematic representation of the mesoporous silica and allyl silica composite material fabrication procedure: After deposition of the first 
mesostructured silica thin film, Au/Ag NPs are immobilized on the outer film surface followed by deposition of the second layer and template removal 
to the final architectures. b) SEM micrograph of a mesoporous silica composite’s cross section depicting mainly the top mesoporous layer located on 
top of the bottom layer and alloy Au/Ag-NPs. c) Absorption spectra of aqueous alloy Au/Ag NP’s suspension (black), mesoporous silica composite 
(cyan), and mesoporous allyl silica composite (orange). Measurements of composite materials were performed in air.
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a thickness of ≈10  nm around the Au/Ag-NPs demonstrating 
the successful near field induced iniferter initiated polymer 
functionalization in complex mesoporous architectures on the 
nanoscale. Further data on near field induced polymerization 
can be found in Figures S16 and S17, Supporting Information.

3. Conclusion

In summary, two approaches using visible light sensitive inif-
erter molecules are presented for visible light and surface 
plasmon induced polymer functionalization of mesoporous 
silica films in absence of external radical sources or catalysts. 
Applying SBDTTC, mesoporous silica films were successfully 
functionalized with PDMAEMA at 430–500  nm in a grafting 
from approach. Applying CDTPA, mesoporous films were 
successfully functionalized with PDMAEMA at 473  nm in a 
grafting through approach. Thereby, PDMAEMA functionaliza-
tion could be locally limited to the laser spot region. Based on 
these promising results, PDMAEMA functionalization using 
iniferter initiated polymerization in a grafting through approach 
was achieved by surface plasmon irradiation after integrating 

plasmonic alloy Ag/Au nanoparticles into mesoporous silica 
films. We expect this combination of potentially controlled 
polymerization and nanolocal polymer deposition by using 
surface plasmons as nanoscale light source for mesoporous 
film functionalization to open up new pathways for porous 
hybrid materials and device design.

4. Experimental Section
Materials: Tetraethylorthosilicate (98%, reagent grade) (TEOS), 

sodium hydride (dry, 95%), carbondisulfide (99.9%),CDTPA (97%), 
allyltriethoxysilane (AlTES) (96%) and Pluronic F127 were purchased 
from Sigma Aldrich. (p-Chloromethylphenyl)trimethoxysilane (95%) 
was received by abcr, Karlsruhe, Germany. Dodecanethiol (98%) 
was purchased by Alfa Aesar. DMAEMA was purchased from Sigma 
Aldrich and destabilized over a γ-alumina column prior to use. 
Anhydrous toluene (0.5  ppm residual water content) and anhydrous 
tetrahydrofurane (max 0.0075% residual water) were received from 
AppliChem. All chemicals were used as received unless noted otherwise.

Preparation of Dip Coating Solution for Mesoporous Silica Films: 
According to reported protocols,[11,44] Pluronic F127 (5.2  g; 0.38  mmol, 
BioReagent, Sigma Aldrich, 13  800  g  mol−1) was suspended in ethanol 
(48 mL; 820 mmol) under stirring. An aqueous hydrochloric acid solution 

Figure 5.  ATR-IR spectra of mesoporous silica and allyl silica composites as well as of the reference mesoporous silica double layer (from left to right) 
before (black curves) and after light induced polymerization of DMAEMA (red curves) by applying an energy dosage of 41.4 J cm−2 (top row), 6.9 J cm−2 
(mid row) and 0.6 J cm−2 (bottom row) respectively. For comparison, all spectra are normalized to the Si-O-Si vibrational band at 1050 cm−1.
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(0.05  mol L−1; 11  mL) was freshly prepared from water (10.44  mL) and 
hydrochloric acid (37 wt%; 0.66 mL). The acidic solution was added and 
the template dissolved immediately. TEOS (9.76 mL; 44 mmol) was added 
and the solution was stirred overnight at room temperature. The molar 
ratios of the solution were 1 TEOS: 0.009 F127: 19 EtOH: 14 H2O: 0.015 HCl.  
The solution was stored at −18 °C until being used for mesoporous silica 
film preparation.

Silica Film Deposition: Glass slides and silicon wafers were cleaned 
with ethanol and used as substrates for dip coating with a withdrawal 
speed of 2 mm s−1 under controlled environmental conditions (50% rel. 
humidity, 22–25 °C). Subsequently, the films were stored under these 
conditions for 60 min followed by a temperature treatment at 60 °C for 
60 min, which was followed by a temperature increase to 130 °C within 
10 min keeping 130 °C for 60 min. A final heating to 350 °C for 2 h using 
a heating rate of 1 °C min−1 resulted in template calcination.

Synthesis of Alloy Au/Ag-1:1-NPs: Au/Ag-NPs were synthesized based 
on a reported procedure.[45] A solution of 7.1  mg of HAuCl4·3  H2O 
(0.018 mmol, 1 eq) in 150 mL of Milli-Q water was refluxed for 10 min. 
Under vigorous stirring, a solution of 3.1 mg AgNO3 (0.018 mmol, 1 eq) 
in 170 µL water and a solution of 78.15 mg sodium citrate (0.219 mmol, 
24 eq) in 742 µL water were added quickly and the solution was stirred 
for another 3  h while reducing the temperature to 80 °C. Then, the 
mixture was cooled to 0 °C and filtered (0.4 µm). The mixture was stored 
at 4 °C protected from light.

Synthesis of Mesoporous Silica Alloy NP Composite Films: Mesoporous 
silica thin films were prepared as previously described[46] in accordance 
via sol-gel chemistry using TEOS and AlTES as inorganic precursors 
and an amphiphilic triblock copolymer, Pluronic F127, as structure 
directing template that undergoes micellization upon solvent 
evaporation resulting in formation of a porous inorganic network. The 
molar ratios of these compounds in the precursor solution used for 
dip coating of mesoporous silica thin films were 1 TEOS: 0.009 F127: 
19 EtOH: 14 H2O: 0.015 HCl and for dip coating of allyl silica thin films 
0.9 TEOS: 0.1 AlTES: 0.01 F127: 19 EtOH: 16.4 H2O: 0.015 HCl resulting 
in 16 nm mesopores (12 nm pore neck). The precursor solutions were 
prepared at room temperature and stirred for 20 min before deposition 
on glass and silicon wafer. 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 stabilized by a temperature treatment at 60 and 130 °C for 
1 h respectively. For immobilization of Au/Ag-NPs, the mesostructured 
silica film was functionalized with 3-aminopropyldimethylmethoxysilane 
using a 0.01 wt% solution in toluene. The reaction mixture as well as 
the functionalization itself had 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 film was rinsed with toluene and ethanol 
to remove unbound silane. After drying, the amine functionalized 
mesostructured film was incubated in the Au/Ag-NP dispersion 
overnight. The Au/Ag-NP functionalized mesostructured films were 
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 composite material was obtained, after 
template removal. For silica composites, a consecutive temperature 
treatment at 60 and 130 °C for 1 h, followed by calcination step up to 
350 °C with a heating rate of 1 °C min−1 and holding the temperature 
for 2 h was conducted. In case of co-condensed allyl silica composites, 
template removal was performed by extracting the mesoporous 
composite in acidic ethanol (0.01 m HCl) for 3 days after consecutive 
temperature treatments at 60, 130 °C for 1 h respectively and at 200 °C 
for 2 h.

Surface Grafting of SBDTTC: Mesoporous silica films deposited on 
glass substrates or silicon wafers were immersed into a solution of 
SBDTTC (0.1  m) in toluene. The functionalization was conducted at  
70 °C for 4 h. Hereafter, the films were extensively extracted in ethanol 
for 1 h to remove unbound silane. Prepared films were kept under 
protection from light until further use.

Surface Initiated Polymerizations with SBDTTC: SBDTTC functionalized 
mesoporous silica films were placed into a solution of DMAEMA (1.3 mol L−1)  
in DMSO. The solution was degassed by purging with nitrogen 
and the sample was irradiated with a lamp (LUMATEC, Superlite 
S400, Deisenhofen, Germany, Filter 6, 430–500  nm, 12  mW cm−2)  
for indicated reaction times. Afterward, the substrates were extracted in 
water for 1 h.

Surface Grafting of Allyl Silane: AlTES (45 µL; 41 mg; 0.2 mmol) was 
dissolved in toluene (200  mL). Silica films were placed into the silane 
solution in flame dried flattened schlenk flasks. The samples were 
heated up to 80 °C for 1 h. The silica films were extensively extracted in 
ethanol for 1 h to remove unbound silane.

Figure 6.  a) Normalized absorption spectra of mesoporous silica composite (left) and mesoporous allyl silica composite (mid) before (black curves) 
and after far field polymerization of DMAEMA (magenta curves) and of mesoporous allyl silica composite after near field polymerization (right) showing 
redshifts due to an increase of the refractive index in the vicinity of the NPs. b) TEM micrographs of mesoporous silica composite (left) and mesoporous 
allyl silica composite (mid) after far field polymerization of DMAEMA and of mesoporous allyl silica composite after near field polymerization (right).
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473 nm Laser Induced Polymerizations: Monochromatic and linear, 
transverse-magnetic polarized (Glan–Thompson polarizer, B. Halle) 
laser light (Diode pumped solid state laser, Laser 2000, λ  = 473  nm, 
50  mW) was directed onto the sample placed in the polymerization 
solution after degassing the solution by purging with nitrogen for 1 min. 
The polymerization solution was prepared by dissolving CDTPA (46  mg; 
0.11 mmol) and DMAEMA (4 mL; 3.7 g; 24 mmol; 1.7 mol L−1) in ethanol 
(14 mL) with a molar CDTPA to DMAEMA ratio of 1:200. Polymerization was 
performed at the indicated time and laser beam power. The laser power of 
the polymerization was controlled by adjusting the angle of the first passed 
polarizer, according to a two polarizer system described by Malus’ law. 
The laser power versus polarizer angle dependence was determined with 
a THORLABS PM100A Optical Power Meter after passing two polarizers.

LSPR Induced Polymerization: Polymer functionalization of 
mesoporous composite materials was performed by mixing 2.9  g 
(18  mmol) destabilized DMAEMA and 40  mg CDTPA (99  µmol) in 
10  mL absolute ethanol. The solution was purged with nitrogen for 
10  min and then transferred to cuvettes in which the mesoporous 
composite material was placed. The cuvettes were irradiated with a 
lamp (LUMATEC, Superlite S400, Deisenhofen, Germany, Filter 6,  
430–500  nm) using a power density of 1  mW cm−² for 10  min and 
11.5 mW cm−² for 1 h at a distance of 10  cm to the irradiation source. 
Subsequently, the substrates were extracted with ethanol for 30  min 
before drying and storing under ambient conditions.

Infrared Spectroscopy: IR spectra were recorded in ATR mode using a 
Spectrum One FT-IR spectrometer from Perkin–Elmer. Corresponding 
spectra were recorded directly from the substrate or from films, 
which were scratched off the substrate. Each spectrum was recorded 
from 4000 to 650  cm−1. The spectra were background corrected and 
normalized to the Si-O-Si asymmetric stretching vibrational band at 
1050 cm−1.

CO2-Plasma Treatment: CO2-plasma treatment was performed 
according to a literature protocol[7b,40] using a Femto SRS plasma 
generator (Diener electronics, model Femto, 13.56  MHz, maximum 
RF power: 200  W). The samples were degassed and CO2 gas was 
introduced. The RF generator was switched on for 12  s after a stable 
pressure of 0.3 mbar was achieved.

Thermogravimetric Analysis: TGA was recorded in a Mettler–Toledo 
instrument (TGA 1) recorded in air atmosphere. The samples obtained 
by scratching off the mesoporous silica films from its glass supports 
were heated from room temperature to a final temperature of 600 °C 
with a heating rate of 10 K min−1.

UV–Vis Spectroscopy: UV–vis spectra were recorded with an Agilent 
Cary 60 UV–vis spectrometer. All spectra were background corrected to 
the respective solvent.
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