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1 Abstract

A visible light-induced living polymerization of a hydrophilic model monomer was initiated on organic
silane monolayers using isopropylthioxanthone (ITX). The type Il photoinitiator ITX was covalently
introduced to the octadecyltrichlorosilane monolayers by UV-induced (254 nm) hydrogen abstraction
and a subsequent coupling step through recombination. The resulting dormant
isopropylthioxanthone-semi pinacol (ITXSP) groups can be reactivated by irradiation with visible light
to initiate a controlled surface grafting polymerization. Using this surface-initiated polymerization
approach, hydroxyethyl methacrylate (HEMA) was polymerized under visible light irradiation (385 nm)
at room temperature. The polymer layer thickness depends linearly on the irradiation time, which is in
good agreement with previous reports on the living characteristics of the polymerization reactions. It
is possible to accurately control the thickness of the grafted layer by simply altering the irradiation

time.

Keywords: pHEMA, isopropylthioxanthone, type Il photoinitiator, Navicula perminuta, photo

patterning, living polymerization, surface grafting
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2 Introduction

In recent years, the synthesis of polymer brushes played a decisive role in the controlled modification
of surface properties. Synthetic control over polymer brush growth allows to tailor surfaces to specific
needs by the application of a variety of monomers with various functional groups. Surface-initiated
polymerization is known as the direct polymerization from initiating sites at the surface.(1-5) There
are three well-known and established controlled radical polymerization mechanisms: the dissociation-
combination mechanism, generally known as stable free radical polymerization, but often only
referred to the nitroxide-mediated radical polymerization, the bimolecular activation, represented by
the atom transfer radical polymerization (ATRP), and the degenerative transfer, carried out through
the reversible addition-fragmentation chain transfer method (RAFT). These controlled free-radical
polymerization techniques involve surface pre-functionalization to create active sites that can be used
for a subsequent, surface-initiated polymerization. In contrast to free radical polymerization,
controlled radical polymerization is characterized by an initiation rate higher than the growth rate, the
absence of chain termination and transfer reactions, infinite live times of the active chains resulting in
polymerization reactions until depletion of the monomer, the opportunity of block copolymer
synthesis and narrow molecular weight distributions.(6—13)

Conventional surface initiated free radical polymerization has the advantages of an effortless
operation, low cost, mild reaction conditions and avoidance of negative effects on the bulk
polymer.(14-17) For this procedure, the photoinitiator benzophenone has been frequently used. Also
thioxanthone and its derivatives are widely used conventional photoinitiators for technologically
important UV-curing applications, because of their excellent light absorption characteristics.(25-28)
Nevertheless, less control over the growth of the polymer chains to obtain uniform, homogenous
brushes and the reactivation of the polymer chains is a problem.(18) For the formation of grafted block
polymers, reactivation of the dormant group terminating the polymer chain is necessary.(19)

For this reason, Yang and Ranby(5) invented a two-step “living” photografting process, which
is based on a photoinitiation mechanism and was subsequently further developed into a sequential
system which had a 4-fold greater amount of grafted polymer relative to the total amount of polymer
compared to the simultaneous grafting method.(20, 21) The idea consists of using a previously
developed “living radical polymerization” based on the covalent coupling of a stable free radical for
reversible deactivation of growing radicals. The process can be exploited for surface-grafting
polymerizations. This surface grafting has the advantage over solution and bulk polymerization, that
the growing radicals are predominantly located on the solid surface due to the covalent connection of
the ITXSP to the surface. This results in low mobility, and the low free radical concentration, which
favors the surface-induced “living” polymerization reaction.(5) In order to form the ITXSP on the
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surface, ITX in solution is irradiated with UV light in the presence of the substrates. After hydrogen
abstraction, the semi pinacol end groups are formed, which serve as “dormant” groups on the surface
of the organic substrate (e.g., model films like glycidyl methacrylate or low-density polyethylene). In

the second step, the “living” polymerization was initiated by the reactivation of the dormant groups.(5,
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Figure 1: Reaction scheme of the introduction of the dormant ITXSP group using a photoreduction reaction.
Excitation with UV light to singlet state and relaxation to triplet state. After hydrogen abstraction from the alkyl

chain of OTS the coupling occurs and a dormant ITXSP group is formed.

The use of isopropylthioxanthone semipinacol (ITXSP) for visible light-induced (in the range of 380 to
420 nm) “living” polymerization reactions is only described for few surface-induced photografting
applications. As reported in literature, ITX can readily be immobilized on polymer surfaces(5, 23, 24)
with the according mechanism schematically shown in Figure 1. The dormant terminal groups can be
introduced to the surface through UV irradiation (254 nm). Under UV irradiation, ITX is excited to the
singlet state (ITX®) and instantaneously relaxes to the stable triplet state (ITXT) via intersystem crossing,
which can abstract a hydrogen atom from the surface of the OTS monolayer. The ITXSP radicals
undergo recombination reactions with the freely accessible surface radicals to form the dormant ITXSP

groups.(21)

The thickness of grafted polymer brushes can be controlled by the growth conditions like temperature,
irradiation time, monomer, and the interfacial grafting density of isopropylthioxanthone semi pinacol
(ITXSP). Furthermore, the controlled, light-sensitive character of ITXSP-induced polymer growth
provides the opportunity to control the vertical brush architecture by the creation of block copolymers
through chain reactivation in different monomer solutions and to control the horizontal distribution

of brushes by using photomasks with patterns during irradiation.(24, 29, 30)
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Visible light based systems present several advantages over UV-induced polymerization
reactions, such as safety in biomedical applications, avoidance of UV-induced damages to the
polymers, larger penetration depth through solvents, and the applicability to pigmented systems
where UV penetration and scattering concerns.(27, 31, 30) For example Ziani-Cherif et al. used visible
light-induced surface grafting polymerization to modify the inner surface of a transparent segmented
polyurethane (SPU) artificial heart device.(32) Furthermore, Magoshi and Matsuda used this technique
to form a densely packed heparin- or albumin-polymerized surface layer using camphorquinone (CQ)
as the initiator and SPU films as the substrate for tissue-engineered devices.(33) In recent years, visible-
light-induced grafting polymerization by dormant ITXSP groups was frequently applied to incorporate
or immobilize enzymes like papain and cellulase into or onto polymer films proving the broad scope of
possible applications. (34-37)

Based on the great potential that visible light-induced controlled polymerization reactions
offer, the aim of this work was to develop a versatile platform for controlled surface functionalization
using a variety of monomers and subsequent antifouling tests. Instead of starting the reaction from
the surface of bulk polymers, we used OTS as thin organic monolayer substrate that can be applied
easily to numerous organic and inorganic surfaces, thus working as a uniform and universal link. ITX
was then photoimmobilized on the coating to form the dormant ITXSP groups. These coated surfaces
can then be used for a visible light-mediated, controlled surface grafting polymerization at room
temperature which was exemplarily shown using HEMA as methacrylate monomer. The obtained
brushes were characterized by state-of-the-art surface analysis like spectroscopic ellipsometry,
contact angle goniometry, attenuated total reflection-Fourier-transform infrared spectroscopy (ATR-
FTIR), atomic force microscopy (AFM) and scanning electron microscopy (SEM). The obtained HEMA
coatings were then tested regarding their resistance against the adhesion of marine diatoms as model
biofilm-forming organisms. Challenging the feasibility of the system, micro-structured patterns were

polymerized using photomasks.
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3 Experimental Section

3.1 Chemicals and Substrates

Acetone p.a. (Sigma-Aldrich, > 99,5 %), chloroform (Fischer Chemicals, > 99.8 %), cyclohexane (Fisher
Chemicals, 2 99.99 %), ethanol (Roth, =2 99.8 %, p.a.), toluene (Fisher Chemicals, > 99.98 %) were used
as received. Octadecyl trichlorosilane (= 90 %) was purchased from Sigma-Aldrich and not purified.
The received bottle was only opened in a glovebox to ensure a water-free atmosphere and to
avoid hydrolysis. 2-Isopropylthioxanthone (ITX, 98.0 %) was bought from TClI, recrystallized once from
ethanol, and stored at -20 °C. Hydroxyethyl methacrylate (HEMA, Sigma Aldrich chemical > 99.8 %) was
used as received. Distilled water was purified by an Milli-Q-Plus system (Siemens). Silicon wafers
(<100> orientation, 100 mm diameter, 525 um thickness, prime quality) were obtained from Siegert
Wafer (Aachen, Germany). Nexterion B® (clean room cleaned) glass slides were obtained from Schott

(Jena, Germany). All substrates were stored under an argon atmosphere.
3.2 Light Sources for Photochemistry

For the coupling of ITX to the organosilane monolayers, a 254 nm UV light source Osram Sylvania G8T5
(8W G5 288 mm T5, 15 W) was used. For the visible light-induced controlled photopolymerization, an
LED system with a 385 nm LED (NVSU233A-D1 U385; Nichia Corporation, Japan; 1 A, 3.65 V, 385 nm
peak wavelength, 11 nm spectrum half width, 1400 mW radiant flux, 60° viewing angle, relative radiant
intensity of 1 within * 10° radiation angle and 2 0.9 within + 40° and an irradiation intensity of
72 mW/cm?) was used. The necessary cooling for the high-power UV LED was achieved assembling it

to an EK Water Blocks EK-Supremacy MX processor water cooler.
3.3 Contact Angle Goniometry

The static water contact angles (WCAs) were measured using a custom-built goniometer. The water
droplets (= 50 pL) were deposited on the sample surface and their shapes were recorded via a charged
coupled device camera. The implemented contour tracing algorithm automatically distinguished
between drop and mirror image. The shape analysis was accomplished using Young’s equation. The
presented values were obtained on at least three replicates and three measured positions. The error

bars represent the standard error.
3.4 Spectroscopic Ellipsometry

The film thickness was determined by spectroscopic ellipsometry. Measurements were carried out

using a M-2000 V (J.A Woolam, Lincoln, USA) which measures in the spectral range between 370 and
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1000 nm. All measurements were carried out at three different incidence angles (65°, 70° and 75°).
The film on the surface was modeled as single organic layer with a wavelength-dependent refractive
index described by a Cauchy model (A = 1.45, B = 0.01, C = 0). We used the software package
CompleteEASE Version 4.98 for data analysis. Data obtained from at least three independent
measurements on three replicates per chemistry was averaged to determine the thickness. The error

bars represent the standard deviation.
3.5 Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy

The ATR-FTIR spectra (VariGATR, Harrick, USA) were obtained with a Bruker Tensor 27 spectrometer
(Ettlingen, Germany), with a liquid N,-cooled MCT detector. Before measuring the first spectra the
system was purged with nitrogen for 30 min. As background the spectrum of the Ge-ATR crystal was

used. The background was measured with 50 scans and the samples with 150 scans (2 cm™ resolution).
3.6 Atom Force Microscopy and Scanning Electron Microscopy

The AFM images were obtained using a NanoWizard 3 (JPK, Germany) controlled by a Vortis control
station lll. For tapping mode, an OTESPA-R3 (300 kHz) cantilever (JPK, Germany) was used. Typical
settings for a 100x100 pum scan area are 4V target amplitude, 2 V setpoint, 150 Hz igain, and 112 pum/s
tip velocity. The SEM images were obtained using a Quanta 3D FEG (FEI Company, Hillsboro, OR, USA)

Typically settings were 10 kV and a 4.5 spot size.
3.7 UV/Vis Spectroscopy

UV/Vis spectra were recorded in an Agilent Cary 60 spectrophotometer. The measuring range was
between 200 and 600 nm. The scan rate was 600 nm/min. A blank Nexterion B slide was used for the

background measurement.

3.8 Preparation of OTS Monolayer
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Figure 2: Silanization reactor for the synthesis of OTS-coated silicon substrates. (A) Silanization reactor equipped
with a two-neck ground glass joint connected to a tap (nitrogen flow) and a plug-sealed dropping funnel and (B)

bottom assembly of the reactor with frame and clamped silicon surfaces.

The silicon wafers were cleaned from silicon particles and dust through a nitrogen jet and immediately
stored in a clean petri dish to avoid dust contamination. The petri dish was inserted into a Gala
miniFlecto MFC plasma cleaner (argon oxygen plasma, 0.4 mbar, 80 W, 22 kHz, 3 min) for both plasma
cleaning through removal of organic contaminants (oxygen plasma), physical ablation (argon plasma),
and plasma surface activation through surface oxidation and hydroxylation (oxygen plasma). Under
inert conditions, OTS was transferred to 5 ml borosilicate glass bottles, which were sealed and stored
at-20 °Cuntil further use. Synthesis was carried out in a silanization reactor, which is shown in Figure 2.
It is a desiccator-shaped borosilicate glass reactor with a NS 29 ground glass joint and four screw-cap
joints. The NS 29 ground glass joint were equipped with a two-neck ground glass joint (3 x NS 29),
which is connected to a NS 29 ground glass joint tap for a nitrogen flow and a 500 ml dropping funnel
(2 x NS 29) sealed with a plug and connected to a Teflon hose directing the dropping funnel content to
the reaction space. Additionally, a V2A frame with holding clips was placed in the reactor. The clips
were used to hold the plasma-activated silicon surfaces and, under an argon atmosphere, 350 pl OTS
were mixed with 350 ml of the solvent mixture (75 % cyclohexane, 25 % chloroform (v/v)) in the
dropping funnel and added to the reactor. The sealed reactor was sonicated (Bandelin Sonorex Super,
35 kHz, 480 W) for 30 min at 10-15°C. After the silanization process was finished the samples were
removed from the reactor, placed in covered crystallizing dishes filled with cyclohexane and toluene

and sonicated for 3 min each time and dried in a stream of nitrogen.

3.9 Photografting of “Dormant” ITXSP Groups on Si-OTS films by UV

Irradiation

A 0.5 M solution consisting of ITX solved in acetone was placed in a Schlenk tube and three times
degassed using the freeze-pump-thaw method to remove oxygen. Subsequently, Si-OTS surfaces were
immersed into a Schlenk tube and exposed to 254 nm UV light (Osram Sylvania G8T5 8W G5 288 mm
T5, 15 W) for 3 minutes. After irradiation, the modified surfaces were rinsed with acetone and

sonicated in acetone for 30 min to remove the adsorbed, but not covalently attached ITX.

3.10 Visible Light-Induced Surface Grafting Polymerization on Si-OTS-

ITXSP

The polymerization was carried out in solutions of 0.1 w%, 0.2 w%, and 0.5 w% HEMA in acetone. These

solutions were degassed three times using the freeze-pump-thaw method to remove oxygen. Si-OTS-
7
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ITXSP surfaces were placed into the solution in a Schlenk tube. The distance between the light source
(385 nm LED) and the substrate was fixed to 3 cm and the Schlenk tube was irradiated for the desired
time. After the polymerization reaction was completed, samples were retrieved, placed in degassed

acetone for 24 h to leach out all uncoupled monomer and dried in a stream of nitrogen.

3.11 Removal of ITXSP Groups

To remove the dormant ITXSP groups, acetone was purged for 15 min with oxygen and the surfaces
(Si-OTS-ITXSP-, Si-OTS- pHEMA-ITXSP) were immersed into the acetone in a Schlenk tube. The surfaces
were irradiated for 10 min by the 385 nm LED. Afterwards the surfaces were immersed into an acetone

bath to leach for further 24h.

3.12 Surface Patterning by Visible Light-Induced Surface Grafting

Polymerization

For this step, a custom made holder was designed which is shown in Figure . The head of the stamp
has two cavities. The distance between these two cavities is about 3 mm. A TEM Grid (Plano GmbH,
Wetzlar, Germany; hexagonal structure copper 400 mesh with 10 - 12 um thickness) was placed in the
holder (b) and covered by small pieces of OTS-ITXSP-coated silicon (1.5 mm?). As the TEM grid fitted
into the recession of the holder (b), the grid was not in direct contact to the silicon and only shaded
defined parts of the LED beam. The holder was closed by screwing in part (a) and the assembly was
immersed into a Schlenk tube filled with 0.5 w% HEMA solution. The Schlenk tube was placed 3 cm

above the LED lamp for photopatterning.
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Figure 3: Schematic illustration of the sample holder used for patterning. It consists of the holder illustrated in
(b) and the lid that keeps the TEM-grid / silicon assembly in place (a). The central round recession is used for the
TEM Grid and the IXTSP coated silicon is placed into the rectangular recession. The part above the small holes in
the bottom of the sample holder allow the monomer solution to enter the cavity and to completely cover the
silicon. The assembly is made of polyether ether ketone with a total size of 45 mm and a thickness of 10 mm
(upper part) / 16.42 mm (lower part). The recession for the silicon wafer is 9.2 x 9.2 mm and the hole for the TEM

grid 3.1 mm with a height of 0.3 mm. See Figure S1 for a technical illustration.

3.13 Stability Test

The stability of the prepared surface coatings was tested in salt water (SW), containing the seven most
abundant salts (> 50 ppm) of the recipe of Kester(38) for artificial seawater over 28 days. The samples
were immersed in SW on an orbital shaker (60 rpm) for the selected duration and subsequently rinsed
with water and dried in a stream of N,. The thickness of the coatings was determined by spectroscopic

ellipsometry and ATR-FTIR spectra were measured after immersion.
3.14 Microfluidic Diatom Accumulation Assay

Diatom culture and the microfluidic accumulation assay followed previously published protocols.(39,
40) The diatom Navicula perminuta was used as a model organism. For the assay, the culture medium
was exchanged for filtered seawater (FSW pH 8), and a total cell concentration of 2 million/mL was
adjusted using ODg44. The microfluidic experiment was performed on polymer-coated Nexterion B glass
slides and on OTS-coated slides as a nonresistant control to account for slight variations in the
physiological state of the diatoms. Sticky slides 0.1 (IBIDI, Germany) were glued onto the samples and
formed the channel system. For each coating, three accumulation assays were conducted at a constant

wall shear stress of 0.18 Pa over 90 min. To remove any unattached diatoms, pure FSW was rinsed

9
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through the channels at the same speed as for the accumulation assay for 10 min. Thirty fields of view
(each 0.757 mm?; 1004 um x 754 um) in the middle of the channel were recorded using an inverted
video microscope (Nikon Ti-E, Nikon Japan; 10x phase contrast objective Nikon CFI Plan Fluor DLL NA

0.3, Nikon Japan).

10
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4 Results and Discussion

4.1 Introduction of ITXSP onto Si-OTS films by UV Irradiation

To create pHEMA brushes, several synthesis steps were required as illustrated in Figure 1. In the first
step, an OTS monolayer was assembled on the plasma activated substrate in solution. The prepared
OTS monolayers were characterized by spectroscopic ellipsometry and contact angle goniometry. An
average film thickness of 2.6 £ 0.1 nm and an average contact angle of 110° + 3° were determined and

indicated the successful formation of the silane layers (Table 1).(41)

Table 1: Surface analysis of the plasma treated silicon substrate (Si-OH), the OTS-coated silicon (OTS), and layer
thickness on top of the OTS monolayers for the different ITX and monomer concentrations. Static water contact
angles were determined by contact angle goniometry and film thicknesses by spectroscopic ellipsometry. Plasma
activated Si-OH and the assembled OTS layers are shown in comparison to the pristine silicon. ITXSP adlayers
were attached at different ITX concentrations, the thickness increase on top of the OTS was calculated, and
contact angles were determined. The properties of the pHEMA brushes were analyzed after 10 min of
polymerization with different HEMA monomer concentrations. The thicknesses refer only to the thickness of the

polymer brushes on top of the OTS-ITX. The standard deviation (n=3) is given as the error.

Monolayer ITX HEMA
Si-OH oTS 0.1M 0.3M 0.5M 0.1wt% 03wt% 0.5wt%
Contactangle/° <10 110+3 | 1081 1031 763 56+3 52+3 48 +2
Adlayer thickness / +0 2.6+0.1 +0 03+0 0.7%0.2 8+2 16+2 505
nm

11
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Figure 4: A: UV/Vis spectra of glass slides coated only with an OTS monolayer (Si-OTS) and dormant ITXSP groups
on OTS coupled at different ITX concentrations. The irradiation time was 3 min using the 254 nm UV LED for the
ITX coupling step. B: ATR-FTIR spectra of the pristine silicon (a), the OTS coated silicon substrate (b), the ITXSP-
functionalized OTS surface (c), and Si-OTS-pHEMA surface (d).

The second step was the covalent introduction of dormant ITXSP groups on the OTS monolayer. To
verify the successful formation of dormant ITXSP groups on OTS, samples were characterized by UV/Vis
and ATR-FTIR spectroscopy. The pristine OTS surface showed no absorption bands in the UV/Vis
spectra while UV/Vis spectra of the ITXSP functionalized samples in Figure 4A exhibited an absorption
peak at about 390 nm. As expected, the UV/Vis absorption of the ITXSP coatings increased with the
ITX concentration in the coating solution and thus a ITX concentration of 0.5 M showed stronger
absorption bands than coupling with an ITX concentration of 0.3 M. An ITX concentration of 0.1 neither
showed a relevant change in thickness, nor CA or UV/Vis signals, indicating that insufficient coverages
were reached (Table 1). Either the amount of coupled ITX was below the detection limit or radicals
could have been inhibited by impurities or molecular radical interceptors (e.g., O,, NO). Amirzadeh and
Schnabel,(25) Allen et al.(42) and Corrales et al. have also reported similar results involving ketyl
radicals with a characteristic absorption in the region of 380 - 420 nm. Table 1 shows the change in
contact angle and the increase in thickness after ITXSP was coupled to the OTS monolayers at different
ITX concentrations. The ITXSP-coupling at a concentration of 0.3 M caused a minor decrease of the CA
from 110° to about 103° and a slight increase in thickness. The CA decreased even more at a
concentration of 0.5 M ITX. The ellipsometry data also underlined a successful ITXSP coupling (0.7 +
0.2 nm) which corresponds very well with the absorption band in the UV/Vis spectra. After immersing
the surfaces several times in acetone, the contact angle and the UV/Vis spectra remained unchanged.

This suggests that the ITXSP was successfully covalently grafted onto the OTS monolayers.
12
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ATR-FTIR spectroscopy was used to further prove the different coupling steps to the surface. The
spectra are shown in Figure 4B. The ATR-FTIR spectrum of the pristine silicon substrate (a) revealed
only a peak at 1220 cm™ that can be assigned to the stretching vibration of the Si—-O-Si. The spectrum
of the OTS monolayer (b) exhibited the typical aliphatic asymmetric stretching vibration of the
methylene groups v,(CH,) at 2925 cmand the symmetric ones v (CH,) at 2851 cm™.(43) The spectrum
of the Si-OTS-ITXSP surface (c) reveals a hydroxyl deformation vibration (§ OH) as result of the
successful ITXSP coupling. The C-H stretch vibrations from the aromatic system of ITX, which usually

occur between 3066 cm™ and 3028 cm™?, are visible as a shoulder around 3000 cm.

4.2 Visible Light-Induced Grafting Polymerization on Si-OTS-ITXSP and

Deprotection
A B = pHEMA 0.1 w% ) Si-OTS-pHEMA
I s pHEMA 0.3w%
50 4 4 PHEMA 0.5 w% =
E @ |S-OTS-pHEMA-ITXSP
C 404 =
S~ Q
W Q
@ 30- C  |S-OTS-ITXSP
©
< 2
S 20- S
ﬁ 0
10 <
SIOTS
04
0 5 10 15 20 25 30 300 350 400 450
Irradiation time / min Wavelenght / nm

Figure 5: pHEMA brush formation on the Si-OTS-ITXSP surfaces. (A) Polymer brush thickness for different
irradiation times and for three different concentrations of HEMA in acetone. Each point represents an
independent sample. The irradiation intensity was 72 mW/cm? (B) UV/Vis spectra of the Si-OTS monolayer and
after ITXSP coupling leading to a spectrum that exhibits a peak around 385 nm which belongs to the covalently

bound ITXSP. This peak is also present in the pHEMA-ITXSP after polymerization but vanishes after decoupling.

It was proven earlier that the surface bound ITXSP can be photoactivated and a radical is liberated
which is capable to react with methacrylate monomers in solution. After the capture of the
methacrylate monomer, the free radical is protected again by the ITXSP until it gets photoactivated
again (24, 23, 5). Here, the ITXSP bound to OTS is used to prepare HEMA polymer brushes. Figure 5A
shows the increase of the layer thickness with irradiation time for different HEMA concentrations (0.1,

0.3 and 0.5 w%). Each data point represents an independent sample. While the linear dependence on

13
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irradiation time and concentration is only an indication and not a proof of the livingness of the
polymerization reaction. Latter can be proven by the possibility to restart the reaction as described by
Stenzel et al.(44). As shown in the Supplementary Information, the restart of the polymerization is
possible for the OTS-ITXSP system even after removing the sample from the methacrylate solution and
reimmersion into a different monomer solution (Table S1). The successful copolymerization was
proven by the increase in layer thickness as well as the change in wettability. This result is in agreement
with literature, where not only the restart was tested, but also the kinetics of the “living”
polymerization with ITX or benzophenone was characterized in detail (5, 20, 45). With higher monomer
concentration, a faster increase in layer thickness was detected (Figure 5a). At a concentration of 0.5
w%, the fastest polymerization rate of 7 nm/min was observed. At 0.1 w% the lowest thickness

increase rate of 1.5 nm/min was detected.

As shown in Table 1, the water contact angles show the expected decrease after the growth of the
pHEMA brushes and reach values <60°. Figure 4B shows the ATR-FTIR spectra of the pHEMA brushes
and an enhanced hydroxyl peak at 3200 — 3600 cm™* appeared. In the carbonyl region, a distinct peak
at 1714 cm-* was found which is caused by the carbonyl stretching vibrations of esters as occurring in
pPHEMA. The strong band at 1140 cm™ can be assigned to the ether stretching vibration of the pHEMA.
The film thickness increase, water contact angle change, and the ATR-FTIR spectra prove that pHEMA

brushes are successfully grafted from the surface.

As the ITXSP groups terminate the chain again after the addition of each new monomer (46), ITXSP
groups are still present on the surface at the end of the polymerization reaction. A proof of this
observation has been shown by the possibility to restart the reaction after retrieval of the sample as
shown in the Supplementary Information and in several publications (24, 46). In all cases, the
polymerization can be simply reactivated by irradiation of the polymer brush in a different, oxygen-

free monomer solution as long as the ITXSP is terminating the polymer brushes.

As the presence of ITXSP groups at the surface could influence the antifouling effects, it was important
to remove the photoinitiator after the polymerization reaction has been completed.(47) The removal
of the dormant ITXSP groups was realized by irradiating the surfaces with visible-light (385 nm LED) in
an oxygen-containing solution. The peroxide radical grown by addition of molecular oxygen is an
unreactive radical in comparison to methacrylate radicals and can either terminate the polymer chain
by rearrangement to a ketone and an alcohol or transfer the radical center to another chain by
abstraction of a hydrogen atom. The successful cleavage of the ITXSP was shown by UV-Vis

spectroscopy (Figure 5B). Si-OTS films prior to coupling the ITX showed no absorption bands in the

14
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UV/Vis region. The Si-OTS-ITXSP surfaces revealed the expected peak at a wavelength of about 390 nm
which was maintained during the pHEMA brush formation (Si-OTS-pHEMA-ITXSP). The successful
deprotection of the ITXSP from the Si-OTS-pHEMA film becomes obvious as the ITXSP peak
disappeared completely after 10 min irradiation time. In addition, no further polymerization was
observed under the same polymerization conditions after ITX removal. Those results are in agreement
with previous studies (24) , which show the “living” ITXSP terminal groups of poly(EGMA) brushes
toward further photo-assisted polymerization indicating that the ITXSP groups present at the surface

are still accessible to initiate further grafting.

4.3 Photopatterned polymer brushes

180
160
140
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Figure 6: Photopatterning of pHEMA polymers using visible light (A=385 nm). AFM images of honeycomb
structures (A) and letters (B) patterned by photo induced polymerization of HEMA using TEM grids as masks. (C)
SEM image of the photopatterned structures.

Among the advantages of using visible light to induce the photografting process is the possibility to use
masks to locally grow polymer brushes to create patterned surfaces. As a proof of principle, we used
TEM grids as photomask and illuminated them with a collimated light cone with a wavelength of
385 nm. In order to obtain sharp edges, the distance between the TEM grids and the Si-OTS-pHEMA-
ITXSP functionalized substrates, a custom build holder was designed as described in the materials and
methods section and the Supplementary Information. Figure 6A shows honeycomb like structures and
6B shows a letter-like triangle which were polymerized at the specific locations due to the localized
irradiation through the TEM grid. The structured illumination leads to a local polymerization of the
HEMA and opens the possibility to create even more complex patterns consisting of different
chemistries if the monomer solution is exchanged. Among the applications of structured polymer
surfaces is their use in studying the response of biological organisms to surface patterns as it was done

in the case of hierarchically wrinkled pHEMA which was tested against marine fouling species.(48)
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Figure 7: Remaining thickness of the pHEMA coatings of different thickness for different durations in MQ (A) and

in ASW (B). Thicknesses were determined by spectroscopic ellipsometry. Reported values are the average of

three independent measurements, error bars represent the standard deviation.

To ensure that the coatings are stable for the duration of the biological experiments we investigated

the stability of the surfaces in MQ (A) and ASW (B) by incubating the surfaces for up to 14 days. The

thickness was measured by spectroscopic ellipsometry after different immersion times. Figure 7 shows

that the overall thickness for all four coatings changes in both cases by <20% over the period of the 2

weeks, proving the necessary stability in aqueous media.
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Figure 8: Settlement of the diatom N. perminuta on pHEMA brushes of different thickness. Average diatom

density was determined in 30 fields of views across the surface. The data shown are the merged data from three
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independent measurements, error bars represent the standard error. A one-way ANOVA with post-hoc Tukey

test (*, significance level of a = 0.05) revealed differences that are statistically significant.

Using a custom-built parallel microfluidic setup, we tested the marine antifouling properties of three
different layer thicknesses of pHEMA and compared it to the hydrophobic, negative OTS control.
N. perminuta was chosen as a model organism because of its ubiquitous presence in the oceans. The
results reveal that OTS has significantly higher attachment of diatoms (109 + 9 diatoms/mm?2) than the
hydrophilic pHEMA (Figure 8). While lower thicknesses of pHEMA (5 and 15 nm) showed a moderate
reduction in diatom densities (81/59 diatoms/mm?), higher thickness of HEMA suppressed diatom
attachment effectively. Brushes with 50 nm thickness reduced the settlement to 0.4% (1
diatoms/mm?) compared to the negative OTS controls. The statistical significance of the observed
differences in diatom densities was determined by a one-way ANOVA with post-hoc Tukey test
(significance level of a = 0.05). OTS has significantly higher settlement than all other tested coatings.
Also, the antifouling performance of the different thicknesses of HEMA is statistically significantly
different from the densities on 5 nm and 15 nm pHEMA coatings (a = 0.05.) The results clearly show
that higher polymer thicknesses are more effective in reducing diatom attachment.

Our results are in line with literature describing HEMA as a powerful co-monomer for
antifouling coatings.(49, 50) The thickness dependence observed in our experiments is in excellent
agreement with previous reports on the inert properties of pHEMA polymer brushes synthesized by
Si-ATRP on silicon.(51) Both, settlement of diatoms and green algae, was significantly reduced when
the thickness of the pHEMA brushes was increased. In coherence with our experiments brush
thicknesses of 55 nm strongly reduced settlement to very small densities. Kim et al developed a ternary
system with styrene, ethylene glycol methacrylate (EGMA) and HEMA and tested their protein
resistance showing that polystyrene (pS)/pHEMA performed considerably worse than pS/pEGMA or
pPS-pEGMA/pHEMA. Compared to pEGMA, the hydrogel character and therefore the ability to tightly
bind water is reduced, leading to higher protein adsorption.(49) Yandi et al. established a Poly(HEMA-
co-PEG;p) polymer showing that coatings with thicknesses larger than 10 nm showed a good resistance
against nonspecific protein adsorption. Also Ulva linza and Cobetia marina settlement was reduced
when thicknesses > 10 nm were tested.(50) The influence of polymer thickness on the antifouling
performance was also seen in comparison to ethylene-glycols or polyglycerols of different length. (52,
53) As generally accepted reason, a good hydration seems to be the key for the inertness of the
coatings which is supported by a sufficient polymer thickness that helps water to penetrate into the

polymer.(49, 54)
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5 Conclusions

The aim of this work was to develop a versatile platform for controlled, visible light-induced surface
functionalization by polymer brushes. By using OTS as an organic monolayer and the UV-induced
coupling of ITX, a functional interface was created in a controlled way that served as starting point for
photo-assisted controlled surface grafting polymerization on a large range of substrates on which
silanes can be assembled. The presence of the dormant ITXSP groups was shown by UV/Vis
spectroscopy. The visible light-induced controlled polymerization reaction was used to prepare pHEMA
brushes of different thicknesses. The reaction involves the reactivation of dormant ITXSP species to
initiate the polymerization of monomers under visible light irradiation. After the successful
polymerization, ITXSP had to be decoupled from the terminal end of the polymer brushes which was
also proven by UV/Vis spectroscopy. In order to further exploit the light induced nature of the reaction,
TEM grids were used as masks and areas of patterned polymer brushes were created. The obtained
pHEMA polymers were stable in ASW and MQ water for over two weeks. Dynamic adhesion assays
with diatoms showed superior fouling-release properties compared to a hydrophobic OTS monolayer,

especially when greater polymer thicknesses were tested.
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TOC-graph: Reaction scheme of the visible-light induced surface grafting polymerization on OTS using ITX as the
dormant group and methacrylates as monomers (e.g. HEMA). ITX is grafted onto OTS coated silicon surfaces by
exposure to UV light. Covalently coupled ITXSP groups allow to initiate a visible light induced controlled surface

grafting polymerization of methacrylate polymers.



