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Laser Writing of Block-Copolymer Images into Mesopores Using
SBDC-Initiated Visible-Light-Induced Polymerization

Claire Forster, Robert Lehn, Enis Musa Saritas, and Annette Andrieu-Brunsen*

Abstract: For miniaturization, as well as for improving
artificial nanopore performance, precise local polymer
functionalization and the combination of different
functionalities are required. Imagining data driven nano-
pore design automated nanopore functionalization
would be beneficial. Using direct laser writing as one
option of automated nanopore polymer functionaliza-
tion visible light induced polymerizations are beneficial.
Here, we demonstrate the functionalization of mesopo-
rous silicafilms with two different polymers using
automated laser writing. For this we developed a visible
light (400-700 nm and 405 nm) N,N-
(diethylamino)dithiocarbamoylbenzyl(trimethoxy)silane
(SBDC) inifierter initiated polymerization. While trans-
ferring this visible light induced polymerization using
SBDC to a commercially available microscope, direct,
automated laser writing, as well as polymer re-initiation
was demonstrated. Thereby, polymer spots of 37 and
40 um in diameter were achieved using 1-5 seconds for
each irradiated spot. )

Introduction

Micro- and nanostructures have become increasingly impor-
tant in many applications in recent years. One commonly
used way to manipulate the attributes of micro- and nano-
structures is their surface functionalization using polymers.
Light-induced polymerizations allow for spatial and tempo-
ral control over chemical reactions and especially control
over polymer chain growth. In many applications, such as
cell cultures," artificial tissue engineering® or biomedical
implants® the use of visible light instead of UV light is
advantageous.!! Visible light is also considered to promote
wound healing,”! which is particularly advantageous for the
mentioned examples.[”! Furthermore, visible light is consid-
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ered to be one part of greener chemistry as it can be
provided by nature directly.”” These advantages of visible
light motivate the investigation of visible light-based chem-
ical reactions and functionalization, especially in the field of
polymerization and polymer functionalization of interfaces.
Most light-induced processes are using mask-based lithog-
raphy, which makes them time effecient.’! Nevertheless, the
non-flexible nature of mask-based photolithography proc-
esses makes them less desirable in case rapid prototyping is
required. Alternative techniques for polymer structuring,
based e.g. on electron beam,”! scanning probe!'” or two-
photon processes!'!! were developed. Furthermore, direct
laser writing (DLW), which is often based on two-photon
processes, opens flexibility for local polymer functionaliza-
tion. Especially with respect to functionalization in three
dimensions DLW techniques are promising and frequently
used.*?! In general, for laser induced polymer writing,
simple reaction conditions and short irradiation times are
preferred. One frequently occurring difficulty in the context
of polymer functionalization is the intolerance towards
oxygen. The deoxygenation, for example by freeze-pump-
thaw cycles or the use of a glovebox can be time and cost
intensive and incompatible with DLW. In 1998 Matyjaszew-
ski et al. reported one of the first oxygen tolerant controlled
radical polymerizations (CRPs)."® Since then different
approaches were developed to achieve oxygen tolerant
CRPs. Examples are the use of glucose oxidase (GOx)
which consumes the oxygen before the polymerization,!
the use of reducing agents!™ as well as inducing the
conversion from molecular to singulett oxygen and subse-
quent trapping of the reactive oxygen species.'! A full
overview on oxygen tolerance in CRPs has been given by
Boyer.'! In addition to simple experimental conditions,
such as oxygen tolerance, the fabrication of more complex
surfaces is one aspect of current research”® which is of
interest for the functionalization of nanopores. Especially,
local functionalization and precise placement of different
functional polymers or bock copolymer formation is a
promising approach to the design of nanopore performance
with respect to nanopore transport. For example, theoretical
studies from Szleifer and colleagues®?! demonstrate the
importance of precise nanopore functionalization, as well as
polymer sequence control for directed and selective ion
transport. In an experimental study Azzaroni and colleagues
achieved a thermosensitive cation-selective mesochannel
using local polymer functionalization only on the outer
surface of the mesoporous silicafilm. The precise functional-
ization was achieved using an iniferter, which was surface-
anchored by its Z-group.’ Our research group demon-
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strated for example layer selective polymer functionalization
in multilayer mesoporous films.* Until now the experimen-
tal functionalizations of nanoscale pores are mostly limited
to homopolymers. Re-initiation using CRPs in nanoscale
pores was only achieved recently using the photoiniferter
N,N(diethylamino)dithiocarbamoylbenzyl(trimethoxy)silane
(SBDC)®*1 as well as photo electron/energy transfer
(PET)—Reversible Addition Fragmentation chain Transfer
RAFT polymerization.” Using SBDC as iniferter on planar
surfaces, Rahane et al.” analyzed the kinetics of meth-
ylmethacrylates under 365 nm light irradiation. Also using
365 nm light, de Boer et al.”” functionalized surfaces with
styrol and methylmethacrylate. Under UV irradiation, the
initiation of the polymerization is based on the hetrerolytic
dissociation of SBDC. This heterolytic dissociation of the
basic structure of SBDC, benzyl diethyldithiocarbamate
(BDC), under the influence of light was first described by
Okawara et al. in 1964.”! To our knowledge SBDC has not
been investigated under visible light irradiation, which
would be beneficial to be applied to direct laser writing.
Iniferters have been used as chain transfer agents in a visible
light induced PET-RAFT polymerization. For example the
UV-Iniferter DDMAT (2-(Dodecylthiocarbonothioylthio)-
2-methylpropanoic acid)*” can be used for a visible light
induced PET-RAFT" through the addition of a photo
catalyst. In recent years, the reduction or even avoidance of
metal catalysts becomes more and more requested which
drives research towards metal-free visible light induced
polymerization.

In this study we demonstrate the first example of
polymer functionalization of mesoporous silica films (
~13nm pore diameter) using the iniferter SBDC under
visible light irradiation in the absence of any metal-
containing photo-catalyst and in the presence of oxygen
including polymerization re-initiation and block-copolymer
formation and its use in automated polymer writing. ATR-
IR and ellipsometry data confirm the successful polymer
functionalization under visible light irradiation with and
even without additional photo catalyst and thus under
metal-free visible light polymerization. Transport behavior
of positively and negatively charged probe molecules in
these block-copolymer functionalized mesoporous silica
films using cyclic voltammetry show the pore accessibility at
pH 10 even after functionalization with positively charged
polymer. This polymerization was transferred to laser-
induced block-copolymer writing of microscale structures
using visible light (405 nm) SBDC-initiated polymerization
in mesoporous films on a commercially available microscope
(Nikon Ti2-E with N-Storm unit) resulting in direct laser
writing of a 103 x30 pixel sized image. Each pixel repre-
sented a polymer spot containing either poly-2-dimeth-
ylamino)ethyl — methacrylate (PDMAEMA), poly-[2-
(methacryloyloxy)ethyl]  trimethylammonium  chloride
(PMETAC) or the PDMAEMA-co-PMETAC block-co-
polymer.
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Results and Discussion

Mesoporous silica films, which were obtained via sol-gel
chemistry and evaporation-induced self-assembly (EISAF?),
were functionalized using an easy, oxygen tolerant, and
visible light induced SBDC-initiated polymerization. To
demonstrate the visible light induced mesopore functionali-
zation with PDMAEMA the polymerization was performed
under visible light irradiation (400-700 nm) using SBDC
with and without the additional photo catalyst 5,10,15,20-
Tetraphenyl-21 H,23H-porphine zinc (ZnTPP, Figure 1). To
investigate the potential of visible light induced SBDC-
initiated polymerization in context of polymer writing, the
polymer amount in dependence of different reaction con-
ditions, such as irradiation time and intensity, as well as
irradiation wavelengths, presence, and absence of the photo
catalyst ZnTPP, and the influence of the outer surface was
investigated. All polymerization experiments were per-
formed in the presence of oxygen. The oxygen tolerance in
presence of ZnTPP is explained by the conversion of triplet
oxygen to singlet oxygen, which is irreversibly trapped by
the DMSO solvent."” Without ZnTPP the polymerization
may perform a “polymerizing through oxygen”, where
oxygen reacts with excess radicals in the system.!"”¥

Influence of different light intensities and wavelengths on the
polymer amount

The PDMAEMA amount was monitored using ATR-IR
spectroscopy upon variation of irradiation time and inten-
sity, as well as presence of the photo catalyst ZnTPP, and
functionalization of the outer film surface. PDMAEMA was
detected at all applied polymerization conditions, even after
10 min irradiation time (Figure 2a,b,d,e). In the presence of
the photo catalyst ZnTPP, the aspects such as a second
radical initiating mechanism,® confinement effects, and
mass transport inside the pores have to be considered. For
this reason, in general controlled polymerization with ideally
only one initiator and without additional catalysts would be
preferred inside nanopores. Analyzing the effect of the
presence of ZnTTP on the generated polymer amount for
an irradiation intensity of 2.5 mWcm 2 and for relatively
short irradiation times up to 60 minutes (Figure 2b) interest-
ingly revealed that slightly less polymer was formed in the
presence of the photo catalyst.For all other applied con-
ditions no significant effect on the polymer amount was
observed within the accuracy of the experiment (Fig-
ure 2a,d,e,g,h). Furthermore, increasing the irradiation
intensity from 2.5 mWcm™ to 38 mWcm 2 does not result
in a significantly different increase of the carbonyl vibra-
tional band at 1720-1730 cm™' (Figure 2a,b,d,e) for poly-
merization times up to 300 minutes. Estimating the pore
filling degrees from the refractive index increase as detected
by ellipsometry according to Briiggemann effective medium
approximation!**?! pore filling degrees of up to 90 vol %
were obtained. In accordance with ATR-IR data the pore
filling degrees increase similarly with irradiation time
independently of using 2.5 mWcm 2 or 38 mWcem ? (Fig-
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Figure 1. a) Visible light induced polymerization using SBDC to functionalize mesoporous silica thin films (~500-600 nm) with PDMAEMA.

b) TEM image of a mesoporous silica film with pore sizes of ~13 nm. ¢) +d) TEM and SEM images of PDMAEMA functionalized mesoporous
silica film (3 h polymerization time, using photo catalyst ZnTPP, shows that the film survives the reaction conditions well and has no defects). The
SEM image (d) shows a cross-section of the PDMAEMA functionalized mesoporous silica film. e) uv/vis spectra (baseline corrected) of the

iniferter SBDC (red) and the photo catalyst ZnTPP (purple) in DMSO.

ure 2f, Table S2-Table S11). This observation indicates that
visible light induced polymerization and polymer writing
with SBDC as initiator is possible even without photo-
catalyst.

Furthermore, CO,-plasmal®~*! treated mesoporous films,
which do not allow polymer growth on the outer mesopo-
rous film surface due to the destruction of the initiator, show
similar time and irradiation energy, as well as wavelength
(365 nm and 400-700 nm, Figure 2a,d,g) dependent polymer
amount as mesoporous films without CO,-plasma treatment.
Additionally, a similar maximum polymer amount, with
approximately 0.15 a.u. carbonyl vibrational band intensity,
was observed for all investigated polymerization conditions
(Figure 2a,b,d,e,g,h). The intensity of the carbonyl vibra-
tional band at approximately 1720-1730 cm™' in normalized
ATR-IR spectra of approx. 0.15 a.u. correlates to pore filling
degrees of approximately 80 vol % according to ellipsometry
data (Figure 2f). This indicates that the polymerization
predominantly seems to take place inside of the mesopores,
independently from the CO,-plasma treatment. This obser-
vation of polymerization mainly occurring inside the meso-
porous film but not on the outer planar surface together
with TEM and EDX mapping of a previous study of our
group® indicates that diffusion of the cleaved SBDC
initiator from the outer surface into the surrounding solution
interrupts the polymerization at the outer mesoporous film
surface, whereas the diffusion of cleaved SBDC out of the
mesopores seems to be less favored resulting in progression
of the polymerization reaction. This is an interesting
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observation as this allows polymerization inside the meso-
pores without any further processing step.

Re-initiation with METAC and ionic pore accessibility

After a first metal free visible light and SBDC-initiated
polymerization in mesoporous silica films re-initiation was
achieved and block-copolymers of PDMAEMA-b-PME-
TAC were synthesized (Figure 3a,c). PMETAC is a pos-
itively charged, strong polyelectrolyte. As PDMAEMA can
also carry a positive charge with a pK, value in solution of
around pH 7.5% the re-initiation was carried out at two
different pH values of pH6 and pH9. We observed a
1.7 times higher polymer amount at pH 9 at which PDMAE-
MA is expected to be neutrally charged as compared to
pH 6 using 10 minutes polymerization time at 38 mW cm ™
irradiation intensity (Figure S4). For the PDMAEMA-b-
PMETAC block-copolymer functionalization the mesopo-
rous silica films were functionalized with PDMAEMA using
visible light irradiation for 10 min at 38 mWcm? without
additional photo catalyst. The PDMAEMA functionaliza-
tion results in an intensity of the carbonyl vibrational band
of approximately 0.03 a.u. and pore filling degrees of 24—
49 % (Figure 3b, Table S11-Table S13). Subsequent re-ini-
tiation using METAC was performed in the presence of the
photo catalyst ZnTPP under visible light irradiation. The
monomer METAC was used without previous destabiliza-
tion. Upon re-initiation using METAC and ZnTPP for
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Figure 2. Influence of varying irradiation intensities and irradiation wavelengths on the polymer amount in mesoporous silica films. a), b), d), e),
g), h) Normalized intensities of the carbonyl vibrational band of PDMAEMA at 1720 cm™" in dependence of the irradiation time, analyzed in
Si—O—Si—VS (approximately 1060 cm™') normalized ATR-IR spectra using mesoporous films after being scratched off from the supporting
substrate. The different data points in Figure 2 which shows the results of ATR-IR measurements, are based on multiple performance of the

polymerization-experiment. a—f) Polymerization using visible light (400-700 nm) under the following specific parameter variations: a) 2.5 mWcm™2

with CO, plasma treatment, b) 2.5 mW cm™?, without CO, plasma treatment, d) 38 mW cm™?, with CO, plasma treatment, €) 38 mW cm™?, without
CO, plasma treatment. g+h) Polymerization using UV-light (365 nm) for g) mesoporous films treated with CO, plasma before polymerization and
h) mesoporous films without CO, plasma treatment. c), f) Results of ellipsometry measurements from Iniferter initiated polymerization using
SBDC without catalyst, at 38 (black) and 2.5 (blue) mW cm™? without CO, plasma treatment. Pore filling degrees in dependence of irradiation time.
f) Correlation between pore filling degree of PDMAEMA and the intensity of the carbonylsignal from ATR-IR measurements.

10 min at 38 mWcm ™ the intensity of the carbonyl vibra-
tional band increased to approximately 0.07 a.u. and high
pore filling degrees up to 100 vol % were obtained (Fig-
ure 3b, Table S11-Table S13) as deduced from ellipsometry
and refractive index increase. An irradiation time longer
than 10 minutes during re-initiation with METAC results
only in a small further increase of the carbonyl vibrational
band up to 0.10 a.u. (Figure 3c).

Block-copolymer chain architectures in mesopores have
been predicted to show interesting transport properties.'” A
first comparison of our research group between zwitterionic
and counter charged block-oligomer functionalization of
nanopores reveals an influence of the chain architecture on
the observed ionic pore accessibility.”**”! The ionic pore
accessibility was analyzed using cyclic voltammetry (CV,

Angew. Chem. Int. Ed. 2023, 62, €202217806 (4 of 7)

Figure 4). The unmodified mesoporous silica film shows, as
expected, a good accessibility for the positively charged
[Ru(NH;)¢]*"” at pH 10 (Figure 4a, red). The negatively
charged [Fe(CN)¢]>”*~ shows exclusion at basic pH due to
the negatively charged silanol groups (Figure 4a, purple). In
contrast, the PDMAEMA-b-PMETAC functionalized silica
film shows pore accessibility of the negatively charged
[Fe(CN),J>™ even at basic conditions, at which the
remaining silanol groups of the mesoporous silica film is
expected to be negatively charged. This indicates the
presence of positive charges from the polymer chains grafted
from the mesopore wall. The pore accessibility of the
positively charged [Ru(NH;)s**” is significantly reduced
and these ions are almost excluded from the PDMAEMA-b-
PMETAC functionalized mesopores even at basic pH at

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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after different irradiation times for the re-initiation with METAC after PDMAEMA functionalization for 10 min (blue); (purple) 10 min; (magenta)
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Figure 4. CV measurements of a) unmodified mesoporous silica film
and b) PDMAEMA-b-PMETAC functionalized mesopores silica films.
Red) positively charged probe molecule [Ru(NH;)¢* " at pH 10,
purple) negatively charged probe molecule [Fe(CN)¢]*/*~ at pH 10.
Concentration of probe molecules: T mM in 100 mM KCl electrolyte
solution.

which pre-concentration is observed without polymer func-
tionalization (Figure 4b). The PDMAEMA block is ex-
pected to be neutrally charged at pH 10 (pK, value of
PDMAEMA in solution around pH 7.5),*! why the exclu-
sion of cations is ascribed to the positively charged
PMETAC supporting the presence of both blocks after
polymerization re-initiation.
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38)

Direct laser writing for local polymer functionalization in
mesopores

The oxygen tolerant nature of PET-RAFT with SBDC and
especially the observation of visible light induced polymer-
ization even without photocatalyst as well as the use of
visible light for initiation due to the presence of ZnTPP
even for stabilized METAC, favors a transfer of this
reaction to automated polymer writing in mesoporous films
or coatings using a commercially available microscope for
local laser illumination. This would enable local direct laser
writing in mesoporous silica films. As a proof-of-concept
study, a 103x30 pixel sized image was written into a
mesoporous silica film using SBDC-initiated PET-RAFT of
DMAEMA and METAC. The size of the achieved polymer
spots was 37 um in diameter for PDMAEMA and 41 pm for
PMETAC while using an irradiation laser beam with a size
of 41 um in diameter (1/e?). Following the achieved spot
size, the distance between spots was set to 40 pm. For
PDMAEMA, the laser power was set to 50 mW (approx-
imately 416 Wcm2) and an irradiation time of 5 seconds per
spot was chosen. PMETAC was polymerized with a laser
power of 20 mW (approximately 190 Wem™2) and 1 second
of irradiation. The values for power and time were chosen to
create polymer spots with roughly the same size for both
polymers, while also being the same size as the illumination
beam. As observed for a different polymerization

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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mechanism,*” the size of the written polymer spot can be
tuned down with modulation of irradiation time and power
to a much lower size compared to the used irradiation laser
beam which was not optimized in this study, yet. After
polymerization, the sample was stained, first, with Alexa
Fluor 488 (1 mgL™") and then ATTO647N (1 mgL™), both
at neutral pH. The negatively charged Alexa Fluor 488
adsorbs to the positively charged PMETAC, while the
positively charged ATTO647N adsorbs to the non-function-
alized silicafilm. A final washing step with water at pH 4
proved to be very beneficial for image clarity. The stained
sample was then imaged with a confocal laser scanning
microscope (Leica SP8). Figure 5 shows the possibility to
use multiple monomers in the same sample and the ability
to re-initiate polymerization at previously functionalized
areas.

Opverall, the sample shown in Figure 5 consists of 1494
PDMAEMA (black) and 437 PMETAC (green) spots. The
combined illumination time was 2.2 hours. The zoom clearly
shows re-initiation of polymerization in areas where the
black and the green spots overlap. The grid of the
illumination pattern was slightly moved between polymer-
ization of PDMAEMA and PMETAC to better show only
partly overlapping polymer spots.

Together, this shows that SBDC is a capable iniferter for
oxygen tolerant, visible light-induced PET-RAFT with and
without photocatalyst ZnTPP. It can be used for polymer-
ization re-initiation and the creation of block-copolymers in
a micro-local fashion in mesoporous silica film.

Conclusion

We demonstrated the first example of mesopore functional-
ization using the iniferter SBDC under visible light irradi-

Figure 5. Confocal laser scanning image of PDMAEMA and PMETAC
multi-functionalized mesoporous silica film. PMETAC is visualized by
staining with Alexa Fluor 488 due to opposite charge (green). Non-
functionalized mesoporous silica film is shown by staining with
ATTO647N (red). DMAEMA is indirectly shown by exclusion of
ATTOG647N in functionalized areas (black).
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ation at 405nm even without additional photocatalyst.
Furthermore, we demonstrate the use of this visible light
induced SBDC-initiated polymerization for automated mi-
crometer scale polymer and block copolymer writing into
mesoporous silica layers. The amount of PDMAEMA
functionalization in mesopores was investigated and opti-
mized towards microscope-based automated polymer and
block-copolymer writing under varying polymerization con-
ditions, such as the presence and absence of the photo
catalyst ZnTPP, CO,-plasma®*! treatment, and different
polymerization irradiation intensities. In this context we
found that polymer amount can be varied even for short
irradiation times and that under all investigated conditions,
the maximum amount of polymer detectable in the ATR-IR
corresponds to a pore filling degree of approximately
90 vol %. In accordance with a previous study,”” these
results indicate a diffusion of the cleaved SBDC initiator
from the outer surface into the surrounding solution
terminating the polymerization at the outer surface.
Through such a polymerization-disrupting diffusion on the
outer surface, functionalities can be easily achieved only
within the mesopores without additional steps, such as CO,-
plasmal®- treatment. Importantly, polymerization re-initia-
tion using this visible light SBDC-initiated polymerization
was demonstrated, and resulting ionic pore accessibility at
basic pH even after functionalization with positively charged
polymers was observed. This polymerization development
finally enabled the combination of this visible light SBDC-
initiated polymerization with a commercially available
microscope (Nikon Ti2-E with N-Storm unit) to write
multifunctional micrometer scale polymer and block-copoly-
mer images into mesopores demonstrating automated,
multifunctional local and well-resolved laser writing in
~13 nm pores. This opens a door towards high throughput
and automated polymer-mesoporous ceramic hybrid materi-
al fabrication with high local resolution and multifunction-
ality.
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