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Abstract

The performance of a material is determined by its bulk and its surface properties. As
many highly-engineered materials are designed to be robust, inert and stable, they often show
passivity in terms of their surface properties. Surface modification of such materials is therefore
highly desirable, as it allows the interfacial properties to be controlled in terms of specific
interactions or non-interactions towards the environment without completely changing the
chemical nature of the parent material. The focus of the presented work was the surface
modification of flexible, lightweight and deformable foils of high-performance fluoropolymers
such as poly(ethylene-alt-tetrafluoroethylene) (ETFE), poly(tetrafluoroethylene) (PTFE), as well
as microporous polyolefins such as polypropylene (PP) membranes to achieve light-
responsiveness.

Functionalization of surfaces with polymer brushes is very attractive, as it is offers a
versatile methodology for the implementation of a high density of functional groups per unit area
of the substrate. Such surface-bound macromolecular chains are mechanically and chemically
stable due to their covalent attachment at one end to the substrate. Furthermore they can act as a
very flexible and responsive extension of the surface into the third dimension. In the applied
grafting-from approach, polymer brushes are grown from polymeric substrates via surface-
initiated free-radical polymerization (FRP). Radical initiators are created by breaking of covalent
bonds in the topmost layer of the polymeric substrates by exposure to argon-plasma or
interference exposures with extreme ultraviolet radiation (EUV-interference lithography, EUV-
IL) at the Swiss Light Source (SLS). Argon plasma allows simple and straightforward grafting of
large areas in the order of several cm?, while EUV-IL leads to well-controlled grafting of micro-
and nanopatterns with high and tunable grafting densities.

Different strategies have been developed for the grafting of patterned light-responsive
polymer brushes by means of one- or two-step post-polymerization modification (PPM) of
epoxides (glycidyl methacrylate, GMA) and of acids (methacrylic acid, MAA) that were
activated as anhydrides. The different PPM approaches allowed the number of photochromic
spiropyran (SP) groups attached to the polymer brushes, and as a consequence their light-
responsive behavior, to be controlled. SP can open upon UV-light exposure to form zwitterionic,
deeply colored and fluorescent merocyanine (MC) and close back to the colorless SP

configuration via thermal or visible light-induced relaxation. Switching Kkinetics were studied
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using time-resolved fluorescence microscopy, indicating the importance of the local chemical
environment provided by both the polymer brush and added solvents. The measurements showed
the predominant influence of polar solvents, which stabilize the MC form, on the ring-closing
kinetics. Furthermore, light-induced reversible switches in color and wettability upon alternating
UV- and visible light irradiation were demonstrated.

The established PPM approach of grafted polymer brushes has been used to fabricate a
microporous pH- and light-responsive membrane that enabled remote control over its transport
and interfacial material properties. Morphological changes as a function of grafting level upon
argon plasma activation were analyzed by means of atomic force microscopy. pH- and light-
induced reversible switches in wettability and permeability upon changing from acidic to basic
pH or alternating UV- and visible-light irradiation, respectively, were demonstrated using static
water contact angle and flux measurements.

In the following, different thiol-reactive nanopatterned copolymer-brush structures were
grafted from polymeric substrates by means of EUV-IL. The copolymer brushes were designed to
contain maleimide functional groups as thiol-reactive centers. The number of reactive centers on
the grafted brush structures was tailored by varying the monomer ratios in the feed. The
maleimide methacrylate (MaMA) was furan-protected (FuMaMA) during the polymerization to
avoid in situ crosslinking and deprotected after the grafting process. The reactive MaMA units
were utilized to conjugate thiol-containing moieties using the nucleophilic Michael-addition
reaction, which proceeds at room temperature without the need for any metal-based catalyst.
Using this approach, a variety of functionalities was introduced to yield polyelectrolytes, as well
as fluorescent and light-responsive polymer-brush structures.

This approach was continued to graft amine- and thiol-reactive copolymer-brushes
allowing chemospecific orthogonal PPM of the grafted structures. Epoxides were utilized for
chemoselective bio-conjugation of microperoxidase-11 (MP-11) via an amine linker and de-
protected maleimides to conjugate photochromic SP thiols using again the nucleophilic Michael-
addition reaction. Enzymatic activity was illustrated via a MP-11-catalyzed oxidation of colorless
3,3”,5,5 -tetramethylbenzidine (TMB) diamine to deep-blue colored TMB diimine. A dramatic
switch in the enzymatic turn-over of TMB according to exposure to either UV- or visible light
allowed us to control the enzymatic activity of fabricated photochromic bio-conjugated

copolymer brushes grafted from the polymeric substrates.
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Zusammenfassung

Die Leistungsfahigkeit eines  Materials wird von dessen Bulk- und
Oberflacheneigenschaften bestimmt. Viele hochentwickelte Materialien sind jedoch so robust,
inert und stabil aufgebaut, dass sich auch ihre Oberflaichen passiv verhalten.
Oberflachenmodifikation solcher Materialien ist daher sehr wiinschenswert, da sie die Kontrolle
uber die Grenzflacheneigenschaften in Bezug auf deren Interaktionen bzw. Nicht-Interaktionen
mit der Umgebung ermdglicht, ohne die chemische Natur des Substrates komplett zu verandern.
Der Fokus der vorliegenden Arbeit lag auf der Oberflachenmodifikation von flexiblen, leichten
und verformbaren Folien von Hochleistungs-Fluoropolymeren, wie Poly(ethylen-alt-
tetrafluoroethylen) (ETFE), Poly(tetrafluoroethylen) (PTFE), sowie von mikropordsen
Polyolefinen, wie Polypropylen (PP)-Membranen, um Licht-induzierte Veranderungen in deren
Oberflacheneigenschaften und —funktionalitat hervorzurufen.

Die Funktionalisierung von Oberflachen mit ,,Polymerbirsten” (,,Polymer Brushes®) ist
hierbei sehr attraktiv, da sie eine vielseitige Methodik fir die Implementierung hoher Dichten an
funktionellen Gruppen pro Oberflacheneinheit bietet. Solche Oberflachen-gebundenen
makromolekularen Ketten sind aufgrund ihrer kovalenten Bindung mit einem Kettenende an das
Substrat mechanisch und chemisch stabil. Sie konnen zudem als flexible und schaltbare
Erweiterung der Oberflache in die dritte Dimension dienen. Im hier verwendeten ,,grafting-from*
Ansatz wurden ausgehend von Radikalinitiatoren an einer Polymeroberflache Polymerbirsten
mittels freier radikalischer Polymerisation (FRP) gepfropft. Die Radikalinitiatoren wurden mittels
Brechen von kovalenten Bindungen in der &ussersten Schicht des Polymersubstrates durch
Bestrahlung mit  Argon-Plasma oder mittels Interferenzlithographie mit  extrem-
Ultraviolettstrahlung (EUV-IL) an der Synchrotron Lichtquelle Schweiz (,,Swiss Light Source®,
SLS) erzeugt. Argon-Plasma erlaubt eine einfache und direkte Pfropf-Polymerisierung auf
grossen Flachen in der Gréssenordnung von einigen cm? wahrend die EUV-IL dafur genutzt
werden kann, prazise definierte Mikro- und Nanostrukturen mit hohen und einstellbaren
Pfropfdichten zu erzielen. Verschiedene Strategien wurden entwickelt, um strukturierte Licht-
schaltbare Polymerbirsten mittels Ein- oder Zwei-Schritt Post-Polymerisations-Modifikation
(PPM) von Epoxiden (Glycidylmethacrylat, GMA) und als Ester oder Anhydrid aktivierten
Séuren (Methacrylsadure, MAA) zu pfropfen. Die unterschiedlichen PPM Ansatze ermdglichten,

die Anzahl der photochromen Spiropyran (SP)-Gruppen an den Polymerbiirsten, sowie deren
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Licht-schaltbares Verhalten zu kontrollieren. SP kann sich unter UV-Licht-Einstrahlung 6ffnen
und die zwitterionische, stark-gefarbte Merocyanin (MC) Konformation ausbilden. Durch
thermische oder Licht-induzierte Relaxation kann sich das MC wieder zur farblosen SP-Form
schliessen. Das Schaltverhalten der SP-modifizierten Burstenstrukturen wurde mittels Zeit-
aufgeloster Fluoreszenzmikroskopie untersucht. Die Untersuchungen ergaben, dass die lokale
chemische Umgebung, gegeben durch die Zusammensetzung der Polymerbursten und das
hinzugefiigte Losungsmittel, massgeblich flr die Intensitat des Schaltverhaltens ist. Sie zeigten
den dominanten Einfluss von polaren Lésungsmitteln auf die Ringschlusskinetik, da jene die
MC-Form stabilisieren. Daruber hinaus wurde eine reversible, Licht-induzierte Veranderung in
der Farbe und der Benetzbarkeit aufgrund von abwechselnder Einstrahlung mit sichtbaren und
UV-Licht nachgewiesen.

Der so etablierte PPM-Ansatz fir gepfropfte Polymerbirsten wurde dazu genutzt, um
mikroporése pH- und Licht-schaltbare Membranen zu fabrizieren, welche die ferngesteuerte
Kontrolle Uber deren Transport- und Grenzflacheneigenschaften erlaubte. Morphologische
Verénderungen als Funktion des Pfropf-Grades (,,Grafting-Levels®) wurden mittels
Rasterkraftmikroskopie analysiert. pH- und Licht-induzierte Schaltbarkeit von Benetzbarkeit und
Permeabilitat wurden durch abwechselnd sauren und basischen pH bzw. durch abwechselnde
Einstrahlung mit UV- und mit sichtbarem Licht anhand von statischen Kontaktwinkelmessungen
und mittels Durchflussmessungen demonstriert.

Im Folgenden wurden Thiol-reaktive nanostrukturierte Copolymerbirsten von Polymersubstraten
mittels EUV-IL gepfropft. Die Copolymerbirsten wurden so synthetisiert, dass sie neben
unreaktiven Monomereinheiten Maleimid-Gruppen als Thiol-reaktive Zentren enthielten. Die
Anzahl der reaktiven Zentren an den Polymerbursten wurde hierbei durch das Variieren der
Monomerverhaltnisse gesteuert. Die reaktiven Maleimidmethacrylat (MaMA) Einheiten waren
wahrend der Polymerisation Furan-geschitzt (FuMaMA), um in situ crosslinking zu vermeiden
und wurden nach dem Graftingprozess wieder entschiitzt. So konnten die reaktiven MaMA
Einheiten genutzt werden, um Thiol-terminierte Molekile mittels nukleophiler Michael-Addition
Reaktion zu binden. Diese Reaktion verlauft bei Raumtemperatur, ohne den Bedarf eines Metall-
basierten Katalysators. Dieser Ansatz wurde zur Einfuhrung unterschiedlicher Funktionalititen
genutzt, um Polyelektrolyte, sowie fluoreszierende und Licht-schaltbare

Polymerbdarstenstrukturen zu erhalten.
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Derselbe Ansatz wurde erweitert, um Amin- und Thiol-reaktive Copolymerbirsten zu pfropfen,
welche die chemospezifische orthogonale PPM der gegrafteten Strukturen ermdoglichte. Epoxide
wurden fur die chemoselektive Biokonjugation von Mikroperoxidase-11 (MP-11) Uber eine
Aminogruppe verwendet. An die Maleimide wurden nachfolgend photochrome SP-Thiole mittels
der nucleophilen Michael-Addition Reaktion gebunden. Die enzymatische Aktivitat wurde durch
eine MP-11-katalysierte Oxidation von farblosem 3,3°,5,5’-Tetramethylbenzidin (TMB) Diamin
zu dunkelblauem TMB Diimin nachgewiesen. Es zeigte sich ein gravierender Unterschied im
enzymatischen Umsatz von TMB in Abhéngigkeit der Lichteinstrahlung. Durch abwechselnde
Bestrahlung der Proben mit sichtbarem oder UV-Licht, konnte enzymatische Aktivitat der

photochromen biokonjugierten Copolymerbdirsten auf den Polymersubstraten kontrolliert werden.
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free-radical polymerization
furan-protected maleimide methacrylate
grafting level

glycidyl methacrylate
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General Introduction 1

1. General Introduction

1.1  Polymer Brushes for Surface Modification

The modification of surfaces has a very long history going back some 7000 years, when
wooden objects were covered with lacquer from tree sap as a protective layer in ancient Asian
cultures. Back then it was already known that the performance of a material is determined by its
bulk properties, as well as the structure and composition of its surface. Over the millennia,
surface modifications have moved from simple coatings to highly engineered thin films,
controlling the interfacial properties of a material by the deposition of ultrathin organic films onto
their surface without completely changing the chemical nature of the underlying material (stealth
effect).!

The advantage of coatings is based on the maintenance of the beneficial parent material
bulk properties while the surface properties can be dramatically improved as they allow control
over specific interactions or non-interactions towards the environment. Coatings serve usually as
protection barrier against a hostile environment (e.g. corrosion, chemical or mechanical
degradation) to optimize friction, adhesion, adsorption of molecules or wetting of solvents, used
for industrial coatings, barriers, packaging, lubricants, biointerfaces and for microelectronics.?

Ultrathin coatings have been fabricated via self-assembly or directed-assembly methods
by means of physical interactions or chemical bonds. The fabrication method used strongly
defines the physical properties, such as film thickness and long-term stability of the formed
coatings. Depositions based on physical forces are usually carried out from solution, where the
solvent evaporates during the process. Technologically important and rather simple methods
include spin-coating, dip-coating, doctor-blade coating and roll-to-roll coating. Further, more
sophisticated methods, which allow higher precision in terms of internal structure and thickness,
have been developed, including Langmuir-Blodgett (LB) films, layer by layer (LbL) deposition
as well as adsorption of polymers. These technologies benefit from their simplicity, but lack in
long-term stability due the weak interactions between the film and the surface, leading to
desorption, displacement, dewetting or delamination.®

In contrast to physical interactions, an irreversible attachment through chemical bonds
provides a much better long-term stability. Frequently employed techniques are based on either
chemical modifications, self-assembled monolayers (SAMs) or polymer brushes.® SAMs are

formed via interactions of functional anchoring groups and molecule-molecule interactions
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attaching small molecules in a well-controlled and highly ordered fashion to the surface. The
disadvantage of this approach is the intrinsically limiting nature of the 2D-arrangement, as the
maximal density of functional groups is defined by their cross-sectional area, as well as the
limited accessibility of functional groups due to the high packing density. In contrast to SAMs,
polymer brushes are very flexible chains which are mechanically and chemically stable due to
their covalent attachment at one end to the substrate, and they can act as an extension of the
surface in a third dimension, leading to a high density of functional groups per unit area of
substrate (skyscraper approach).®’

In addition, polymer brushes are very interesting from a physical point of view as they
possess very unique properties due to their confined environment. The degrees of freedom for
end-tethered macromolecules are reduced, allowing the chains to adopt rather unusual
conformations, and, in a good solvent, leading to stretching, even of uncharged polymers, due to
repulsive interactions with other chains. Important interaction parameters include, but are not
limited to, grafting density, surface concentration, osmotic pressure and solvent quality. In
addition, the conformational changes of surface-bound chains cause a change in entropy, energy
and friction. While non-stretched coils show only a moderate increase of the energy stored in the
system according to a slight molecular deformation (entropy elasticity), the energy difference for
stretched chains in the brush conformation is much larger for the same small deformation, leading
to very strong differences for shearing or penetration of surface-bound chains compared to free

macromolecular coils.®

1.2 Polymer-Brush Formation

Pancake Mushroom Brush
d>>R, d<R, d<<R,

emte ‘%‘T%@ % ’

Figure 1.1: Three different possible conformations (a) pancake, (b) mushroom and (c) brush of

surface-attached polymer chains in dependence of the grafting density.
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In general, three conformations of surface-bound polymer chains are described in the
literature, depending on their grafting density on the surface®: pancake for very low, mushroom
for medium and polymer brush for very high grafting densities (Figure 1.1). The pancake-like
regime is achieved in a bad solvent or in the dry state when the grafting density is very low, so
that neighboring chains do not “feel” each other and if the chain segments strongly interact with
the underlying surface. If the interaction between the surface and the macromolecule is rather
weak or even repulsive, in a good solvent chains form random coils with a “stem‘-linker, the so-
called mushroom-like conformation. In a third case, when grafting density is very high, repulsive
segment-segment interactions between neighboring chains force the chains to stretch away from

the surface, forming the so-called polymer brushes.

a) Grafting to b) Grafting from

g
P a0 = 5t
mwm:?%w 9%%%9999&%9 S0 % .

Figure 1.2: Schematic illustration of (a) the low grafting density yielding grafting-to and (b) the

grafting-from approach, yielding high grafting density.

Robustly grafted macromolecular chains can be fabricated either via the grafting-to or via
the grafting-from approach (Figure 1.2). In the grafting-to approach, pre-synthesized, well-
defined and -characterized polymers are chemically attached via functional anchor groups to the
surface, leading to a chemically homogenous film, but typically one with mushroom-like
structures and very low film thicknesses, due to the relatively low grafting density. Higher
grafting densities are kinetically and thermodynamically hindered as additional chains must
diffuse against an ever-increasing concentration gradient on the surface, slowing down the
immobilization dramatically with increasing coil overlap.*® Another strict limitation is the choice
of polymers to be attached to the surface, as unwanted interactions of functional side groups
compete with anchoring groups for the reactive surface, especially for highly functionalized or
charged polymers.*

In the grafting-from approach — which has first been described by Priicker and Riihe'? —

macromolecules are grown in situ from surface-bound initiators via surface-initiated
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polymerization (SIP). Initiators are thereby either generated or chemically bound in an additional
step prior to the polymerization on the surface, allowing — due to the small nature of the initiator
— very high grafting densities and therefore leading to more brush-like structures. Chain growth
can be started thermally either through a chemical or a photochemical process via living or free-

radical polymerization (FRP).

a) Atom transfer radical polymerization (ATRP)

kact
Polymer—X + Mt"-X — Polymer +  Mt"X,/Ligand
kdeact W
kp dead polymer

Monomer

b) Reversible addition fragmentation chain transfer (RAFT) polymerization

kexAB N
Polymer, - + + Polymerg *
_Ps PA\S .
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Polymer, A/ \( \PolymerB

z
¢) Nitroxide-mediated polymerization (NMP)
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2 kdeact
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Scheme 1.1: Generalized propagation steps of controlled radical polymerization methods: (a)
atom transfer radical polymerization (ATRP), (b) reversible addition fragmentation chain
transfer (RAFT) and (c) nitroxide-mediated polymerization (NMP).

Living or controlled radical polymerization (CRP) methods, such as atom-transfer radical
polymerization (ATRP), reversible addition-fragmentation chain transfer (RAFT), and nitroxide-
mediated polymerization (NMP) benefit from a controlled, linear chain growth, leading to very

narrow molecular weight distributions (low polydispersity) under relatively mild reaction
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conditions without any side reactions. Scheme 1.1 shows the reaction mechanisms of CRPs
which are based on an equilibrium between an active state, a short-living propagation radical, and
a so-called dormant state, a long-living chain end which is capped with a labile end-group such as
a halogen (ATRP), a chain transfer agent (RAFT) or a stable, free counter-radical (NMP). The
equilibrium is predominantly in the dormant state, as the radical recombination back-reaction
with the pendant group is much faster than the chain-growth reaction with free monomers,
allowing individual chain-growth for only a very short time. In addition, the stability of this
dormant state allows stopping and restarting the reaction and consequently the fabrication of
more advanced configurations with control over their sequence, such as block-copolymers
(BCPs). The drawbacks of CRPs are the extensive preparation and purification steps, the high
sensitivity towards air and moisture, very long reaction times, and the limited brush length or
weak attachment of the initiator to the surfaces. Furthermore, they are — to some extent — based
on expensive metal catalysts, which dramatically limit their applications in in vivo experiments,
as those catalysts are toxic to biomolecules or cells. These limitations can be overcome by means
of FRP methods, as they do not require any expensive or toxic catalysts and lead to much thicker
brushes within very short reaction times. The trade off in this approach is the less controlled
nature in terms of molecular weight distributions and sequence of the formed brushes.

In general, surface-initiated polymerizations allow the growth of polymer brushes starting
from a wide spectrum of monomers on surfaces of different topologies. Such covalently grafted
structures open a broad field of applications from microelectronics to biomedicine, as such layers
have long-term stability, i.e. as they can be exposed to good solvents without being dissolved,
displaced or removed from the surface. Although brushes have been predominantly synthesized
on gold or silicon substrates, the industrial focus is constantly expanding towards the
functionalization of more functional, flexible and cost effective high-performance polymers, such

as polyolefins (e.g. PE, PP) and fluoropolymers (e.g. ETFE, PTFE).

1.3  Structured Polymer Brushes

Patterning of polymer brushes is of particular interest, as it allows the spatial,
chemospecific modification of surfaces useful for a wide range of applications from microfluidics
to lab-on-a-chip devices for bio-sensing or drug-release processes.* The flexibly and swelling

potential makes covalently attached brush structures ideal bio-interphases, as they can act as soft
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cushions on the surfaces. This feature is of particular significance, since proteins tend to denature
on hard, solid surfaces.

Pattern formation can be achieved by means of patterned deposition of initiators, spatially
deactivation of initiators, through local addressing, confinement of monomer access or via
spatially addressed chemical transformation of precursors. In this fashion, patterned polymer
brushes have been fabricated via additive deposition methodologies such as micro-contact
printing (UCP)'* *°, dip-pen nanolithography (DPN)™, capillary force lithography'’, scanning-
probe lithography'®
(EBL)*® %, photolithography?* *® and EUV-interference lithography (EUV-IL)* %.

EUV-IL has further been used as a direct patterning methodology, as it allows the

, or via resist-based methodologies such as electron-beam lithography

functionalization of flexible polymer foils with polymer brushes of sub-micron resolution.
Depending on the mask design, a number of different periodic structures with resolutions down to
100 nm can be produced using a single exposure. The EUV-light is used to crack chemical bonds
in the outermost area of the polymeric substrate and to form radicals which serve as initiators for
subsequent surface-initiated graft polymerizations. The produced radical density can be varied
from one to the next exposure field and with exposure dose, leading to a well-controlled
formation of radical patterns in the micrometer to nanometer scale. Upon contact with ambient
air, the radicals react to form semi-stable peroxides and hydroperoxides. The process sequence
used to generate the structured brushes is shown schematically in Figure 1.3. Upon heating and
degassing in a monomer solution, the (hydro-)peroxides are cleaved off to revive the initiator
radicals, which start the growth of well-defined polymer brush structures. Typical grafting
densities between 0.5 — 1 chains per nm?, depending on the monomer used, were reported for
polymer brushes grafted from ETFE?.

Photon beam HO Heating in

' \0:1
: Contact o~ monomer S
’ ith ai - Iuti NS
: with air HO/O_: solution S
| —I
= ? <
| HO\O\: NN
’ 8= P
HO
Polymeric substrate Initiator pattern Grafted structures

Figure 1.3: Formation of radiation-induced growth of polymer brushes on polymeric substrates.
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The limitations of this method are the very sophisticated equipment needed (synchrotron),
the need for ultra-high vacuum and the limited size of patterned fields (um to mm range). But
these drawbacks are compensated by the very fast processing of exposures, simultaneous sample
preparation and the very simple single-step polymerization processes once the surfaces have been
activated. The potential use of polymer-brush structures on flexible polymeric materials is of

particular interest for organic electronics and the quest for all-polymeric devices.

1.4 Post-Polymerization Modification of Polymer Brushes

The implementation of a particular functionality onto polymers is strongly dominated by
the availability of functional monomers and whether or not functionalized monomers have to be
synthesized. The fabrication of functional polymer brushes can be achieved using two
fundamentally different approaches: One approach is via the coupling of the functional group to a
suitable monomer, followed by the graft-polymerization reaction and the second approach is
using post-polymerization modification (PPM) for coupling of the functional group to previously
grafted brushes.?®

If the functional group is first conjugated to the monomer, functionalized monomers have
to be synthesized in various difficult synthetic steps, including tedious purification, to obtain a
well-characterized and pure monomer for the graft reaction. Another drawback of this approach
is that the reactivity of the conjugated monomer is drastically influenced by the bulkiness, the
chemical nature and reactivity of the coupled moiety so that the grafting reaction conditions have
to be optimized for each monomer individually.?’

In contrast, PPM benefits from its simplicity, as commercially available monomers can be
used for the graft-polymerization. Further, functional precursor polymers facilitate the
establishment of libraries of functional polymers, without the need to optimize the individual
polymerization conditions for varieties of monomers carrying different functional groups.
Furthermore, no tedious purification steps are necessary, as unreacted material can simply be
washed out from the grafted brushes. However, the main drawback of this method is the limited
control over the coupling efficiency which is controlled by the diffusion of the reactant moieties
through the polymeric network, as well as the yield of the coupling reaction.?®?°
Often, reactions on surfaces proceed with poor efficiency due to slow Kkinetics and

undesired side reactions, caused by the heterogeneity of the system. In contrast, efficient and
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28.30.31 oollectively grouped as “click” reactions,***® have drawn

chemospecific transformations,
tremendous attention in recent decades. Some coupling reactions that are known to react in very

high to quantitative yields are listed in Scheme 1.2.

a) Active ester addition ¢) Huisgen 1,3-dipolar cycloaddition (CuAAC)
O O
Rl‘{ base 0 Cu(l) NN
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2 R,
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Scheme 1.2: Different classes of reactions that can be used for the preparation of functional

polymers by means of post-polymerization modification (PPM).

The most frequently used PPM is probably the conjugation of amines to active esters such
as N-hydroxysuccinimide (NHS) (Scheme 1.2a). The drawbacks of this approach include the
limited solubility of NHS-containing polymers, except in DMSO or DMF, as well as side
reactions such as succinimide ring-opening and the formations of N-substituted glutarimides,
which necessitates the presence of a proton acceptor such as triethylamine (TEA)®.
Alternatively, pentafluorophenyl (PFP) esters offer higher reactivity, better hydrolytic stability
and allow conjugation in a broad range of solvents®.

A biologically important PPM is the reversible Thiol-disulfide exchange (Scheme 1.2b),
which takes place in the modulation of enzymes*, viral entry*?, and protein folding®. This
equilibrium reaction is strongly pH dependent** and reversible via reduction or other thiols
present® in the reaction solution.

In the radical thiol-ene reaction, thiols are added to C=C bonds to form the anti-

Markovnikov product (Scheme 1.2c). This reaction can be mediated either via a radical or a UV-
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light source®. Potential side reactions are intramolecular cyclization*’ of any vinylic groups in
proximity, which leads to a need for low temperatures and high concentrations of thiols.

As a result of their ring-strain, epoxides are highly reactive groups and react with
nucleophiles such as amines and thiols in the presence of a base (Scheme 1.2d). Epoxides have
frequently been used for PPM as they are stable towards radical polymerization conditions*. The
main drawback of the amine-epoxy reaction is the potential crosslinking of primary amines, as
the formed secondary amines can further react with non-reacted neighboring epoxides®. This
side-reaction can be circumvented by the use of thiols in the Thiol-epoxy®° reaction.

The probably most recognized “click” reaction is the copper-catalyzed Huisgen 1,3-
dipolar cycloaddition between azides and alkynes (CUAAC) (Scheme 1.2e) as it reacts with
quantitative yields in aqueous, as well as organic solvents® *2. Matyjaszewski>* demonstrated the
growth of azide-containing poly(3-azidopropyl methacrylate) (PAzPMA) via ATRP, while the
counter approach to form poly(propargyl methacrylate) (PPMA) did not show any controlled
growth due to side reactions. Although the CUAAC reaction offers a powerful tool for well-
controlled PPM, a major drawback is the use of Cu(l) as catalyst, as it forms complexes with the
formed triazole ring® and as it limits the biocompatibility, due to its toxicity to cells®™. As a
consequence of this, “click” reactions that avoid the use of metal catalysts — such as the strain-
promoted alkyne-azide cycloaddition — have experienced a major increase in their utilization.®*®

Another coupling reaction that is often referred to as “click” chemistry is the nucleophilic
thiol-ene reaction (Scheme 1.2f).%*° Due to its usually fast reaction kinetics, this Michael-type
hydrothiolation of a C=C bond is a very robust technique, leading to high or quantitative yields,
with little or no byproduct, under ambient, non-stringent reaction conditions.” "*

Maleimides are versatile functional groups for thiol-ene reactions, as they show fast
kinetics because of their two electron-withdrawing carbonyl groups in a cis-configuration,
combined with bond-angle relaxation and release of strain in the ring upon thiol-addition.”*"
Since the maleimide group contains a polymerizable double bond, maleimide monomers require
efficient protection during polymerization, as well as efficient deprotection after the
polymerization.” "’

The ability to reversibly deactivate/activate maleimides by means of Diels-Alder (DA)
and retro Diels-Alder (rDA) reactions, respectively, is based on their high reactivity as
dienophiles with a variety of dienes (Scheme 1.2g).3* ® The rDA reaction usually takes place at

higher temperature compared to the forward reactions and can be used to form thermo-



General Introduction 10

responsive polymer structures’. Notably, the simple DA/rDA reactions require no additional

80, 81

reagents and generate no byproducts, thus making them attractive for obtaining masked

polymers and re-activating dormant polymers into “clickable” form.

Maleimide-furan adducts have been applied for the generation of reversible covalent

82-84 8.8 thermally responsive dendrons,®” segmented block

89, 90

assemblies, self-healing polymers,
dendrimers,®® and polymers with a tunable crosslinking density.

Such efficient PPM reactions may be used to introduce new types of moieties into the
repeat units of grafted brush structures. Modification of grafted brushes takes place from the top
and may cause diffusion limitations according to very high grafting densities and an increasing
amount of bound moieties. Of particular interest is the copolymerization of different functional
monomers, as they can help to overcome these limitations and allow for orthogonal
functionalization via chemospecific and quantitative modification of different repeat units under

characteristic reaction conditions, to create multifunctional or smart surfaces.

1.5 Responsive Polymer Brushes

Responsive surfaces are of great interest due to their stimulus-induced switching of
properties on demand. Switching originates from responsiveness to a certain trigger such as
temperature®, pH*, redox potential®®, mechanical stress®, ionic strength®, solvents®, an
external electric field”” or light®. The adjustment of temperature and pH conditions are very
simple, environmentally benign, low-energy methods® which makes them probably the most
commonly used stimuli in material science.

Thermo-responsive polymers exhibit a phase transition when taken through their lower
critical solution temperature (LCST), causing a change from a swollen, hydrophilic amorphous-
like state to a collapsed, hydrophobic configuration, resulting in a change in solubility and
hydration of the polymer chains. The most prominent example of such temperature-sensitive
polymers is poly(N-isopropyl acrylamide) (PNIPAAM), which undergoes a phase transition at
32 °C, i.e. close to human body temperature.®® *°* Applications for thermo-responsive polymer

brushes are mainly in field of bio-interfaces and range from tissue and cell growth surfaces'®*%,

105, 106 107

through separation processes and microfluidic devices'”’, to drug delivery®.
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Typical pH-responsive polymers are weak polyelectrolytes, i.e. polymerized weak acids
such as poly(acrylic acid) (PAA)®, poly(methacrylic acid) (PMAA)*® or bases such as poly(N,N-
dimethylaminoethylmethacrylate) (PDMAEMA)® or poly(4-vinylpyridine) (P4VP)". They
undergo conformational transitions depending on the pH conditions. The response of poly-acids
towards pH occurs via deprotonation above their particular pKa values, which induces a swelling
of the charged polymer and accordingly after protonation below their pKa values induces a
collapse of the non-charged polymer.*? pH-responsive materials have predominantly been used
for the surface modification of membranes for chemical separation processes such as for oil/water
mixtures'*®, for proteins** and metal ions**®, as well as in biotechnological applications such as
biosensors™®, drug-delivery systems**’ or non-fouling surfaces®,

Reports on light-responsiveness on surfaces are not as frequent as for responsiveness
towards temperature or pH, probably due to the lack of commercially available photo-responsive
monomers. Nevertheless, among the stimuli that could be applied, the use of light is most
attractive™®, since light is a remote trigger, which means that closed systems can be actuated and
no chemical contamination is introduced. Photons can be specifically directed to a surface and
delivered with high spatial and temporal precision over long distances. It enables remote-
controlled influence on material properties such as wettability, swelling properties and
interactions with ions and biomolecules. To impart the property of photo-responsiveness to such
surfaces, photochromic organic moieties have to be either incorporated in or attached to the
surface. These moieties then undergo a light-induced, most often reversible conformational
change, which also causes a change in physical properties such as dipole moment, dielectric
constant, refractive index, oxidation-reduction potential or color.

The principal switches explored to date have included gated photochromism

121 123
) ),

. pericyclic reactions (fulgides'®?, fulgimides
125

(diarylethenes'®®,  dithienylethenes
cis/trans-isomerization (stilbenes'®*, azobenzenes'®®) and heterolytic cleavage/ring-opening
reactions (spiropyrans™™, spirooxazines?®, chromenes'?") (Scheme 1.3).

Among these photochromic groups, spiropyrans (SPs) are known to show the largest
response in dipole moment*?® due to zwitterion formation. Therefore, incorporated into grafted
polymer brushes, they show the largest switch in wettability, as well as in swelling behavior, in
the presence of an appropriate, polar solvent. SPs consist of a heterocycle and a chromene
moiety, which are orthogonally linked through a spiro-carbon atom. The photochromism of SPs

has been studied intensively since the first publication by Hirshberg™®® in the 1950s and is based
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on the reversible transformation*®'%

of the ring-closed colorless SP and the zwitterionic, deeply
colored merocyanine (MC) (Scheme 1.3d). The heterolytic cleavage of the sp* carbon-oxygen
bond in the pyran ring is caused by UV-light and can be reversed back to the thermodynamically

stable form upon heating or irradiation with visible light.

a) Gated Photochromism: Diarylethenes ¢) Cis/Trans-Isomerization: Azobenzenes

R,

-
. N=N
UV-light UV-light
\ / N=N
visible light visible light
S S S S

b) Pericyclic Reactions: Fulgides d) Heterolytic Cleavage Reactions: Spiropyran
(o] [e) NO,
AN UV-light — UV-light
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Scheme 1.3: Photochromic molecular switches (a) gated photochromism, (b) pericyclic
reactions, (c) cis/trans-isomerization and (d) heterolytic cleavage reactions upon reversible

exposure to visible and UV-light.

Studies of photochromic monolayer systems have shown changes in surface free energy
upon photoisomerization. This effect was used to control the movement of liquid droplets with
light'®, for example. In a comprehensive review on nanoparticles functionalized with molecular
switches, the importance of a flexible attachment of the switching molecules for their
functionality was emphasized. Flexibility was achieved by introducing spacers or attaching the

photoactive species to polymer brushes**. Photochromic brushes have been grafted from oxide

135

surfaces by surface-initiated ring-opening metathesis polymerization (SI-ROMP)™* and atom

transfer radical polymerization (ATRP) on silica surfaces and colloids*¥® .

Photochromic surfaces open a wide field of applications, such as photonic devices®,

photosensitive glasses and lenses*®, optical memories and switches**®**?, microfluidic

144145 controllable drug delivery®*° diffusion and ion

150-152

devices'*®, switchable biomaterials
transport through channels or membranes , as well as variable wettability or self-cleaning

surfaces'™,
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1.6  Smart Bio-conjugated Surfaces

Responsive bio-conjugated materials have gained increasing attention in recent years as
they open a broad field of applications in lab-on-a-chip systems for the detection of physical
variables (temperature, pH and light), as biosensors (analytes, biomolecules and cells), delivery
systems (drugs, proteins, enzyme and genes), in medical diagnostics and imaging, as well as for
regenerative medicine (therapy, tissue engineering and injectable implants) and in biotechnology
(bioseparators and biofuel cells).>**

Various methods have been applied for the immobilization of biomolecules including
physical adsorption on solid supports, entrapment in hydrogels, channels or capsules and covalent
attachment to modified surfaces.'®®*"* Bio-conjugation of enzymes is very attractive as enzymes
show high substrate specificity and can operate as recognition elements for individual targets
under biologically relevant conditions. However, to retain a high level of enzymatic activity,
immobilization should employ mild chemical modifications, allow large quantities to be
irreversibly immobilized, and provide a relatively large surface area for enzyme-substrate
interactions.'"

Adsorption on flat rigid surfaces is limited in terms of providing a mechanically stable
system and can lead to deformation and therefore deactivation of enzymes, while chemical bond
formation via flexible linkers has not shown any significant decrease in activity, compared to the
free biomolecules.*™ * Thus, solid supports have to be covered with soft layers of, for example,
self-assembled monolayers (SAMSs) or polymer brushes as spacers.”®” *>*’" As pointed out in
Chapter 1.1, compared to SAMs, polymer brushes are more mechanically and chemically stable
and lead to a higher density of functional groups and as a consequence allow more biomolecules
to be immobilized per unit area.” Hence, varying the brush thickness of enzyme-conjugated

systems allows the number of catalytic centers’®

to be tuned, and the output of signals i.e. for
UV/vis or fluorescence spectroscopy to be controlled.

Enzymes and proteins have been bound to polymer brushes on flat gold or silicon surfaces
via a number of functional groups including epoxides, carboxylic acids, hydroxyls, aldehydes,
maleimides, thiols and amines.” *> *"® Epoxy groups are well suited for bioconjugation as they
react irreversibly and site-specifically via ring-opening reactions with nucleophilic amine or thiol

groups, which are abundant in biomolecules. #0183
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Combining bio-conjugated systems with stimulus responsiveness is very desirable, as it
allows for a better control over localization, release of payload and rapid imaging of pathological
events by modulating of the properties of the environment in the near vicinity. First pH-
responsive protein brushes'®, DNA brushes®, as well as polymer-enzyme conjugates to control

186-191

electrochemical properties of electrodes and thermo-responsive polymeric systems to

193 and cells® " have been described.

control the release of fouling'®?, hemoglobin

Despite the benefits of light as an external trigger (Chapter 1.5), reports on light-
controlled bioactivity are surprisingly very rare. Random incorporation of typically photochromic
azobenzenes into enzymes was used for photo-controlled bio-catalysis by reversible deformation
of active centers caused by the cis/trans transformation of the molecular photo-switches upon

198-201

light exposure and for optobioelectronics by means of photochromic spiropyran (SP)-

containing SAMs on Au electrodes that allow or restrict electron transfer between the electrodes

144,202, 203 " ppoto-responsiveness has been used to tailor cell adhesion®* and

and enzymes
indirectly to trigger protein capture in thermo-responsive polymer brushes via light-to-heat-
transfer’®. Poloni et al.”® reported photo-controlled deactivation of lipase immobilized on an
azobenzene-containing SAM-modified quartz surface. The drawback of these approaches is the
direct connection of the photo-switches to the enzymes, which, in most cases, causes an
irreversible deformation and therefore deactivation of the enzyme.

The aim of this project was to combine the listed advantageous methods by grafting of
homo- and copolymer brushes from polymeric substrates, carrying functional groups — such as
epoxides, activated acids or maleimides — which allow PPM with e.g. photochromic SP. We were
taking advantage of different activation methods to graft large areas via argon plasma and micro-
and nanopatterned brushes by means of EUV-IL. Chemospecific PPM of particular repeat units
allowed the introduction of certain functionalities to the brushes without the need of tedious
synthesis and purification steps and optimization of single grafting procedures. Copolymerization
of different functional monomers gave access for orthogonal PPM of grafted macromolecules,
allowing the creation of multifunctional photochromic bio-conjugated copolymer brushes on

polymeric substrates and the fabrication of smart surfaces.
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2.  Methods and Experimental Procedures

2.1 Materials

Substrates: Extruded, 100-um-thick ETFE foils (Nowoflon, ET-6235 Nowofol GmbH,
Siegsdorf, Germany) and PTFE foils (Angst + Pfister AG, Zurich, Switzerland) were placed
between two 4” silicon wafers and hot pressed for 5 to 20 minutes at 220 °C with an applied
pressure of 4 MPa, in order to obtain flat surfaces. Similarly, 120-um-thick PP foils (Kolma 59
464, Kolma AG, Wabern, Switzerland) were hot pressed for 20 minutes at 140 °C with an
applied pressure of 4 MPa. 30-um-thick microporous polypropylene (PP) membranes (Treo-
Pore®-PDA 30, Treofan Germany GmbH & Co. KG, Raunheim, Germany) with a porosity of
> 60 % were used as received. All samples were rinsed with ethanol prior to use.

Chemicals: Chemicals were purchased from Sigma-Aldrich (Buchs, Switzerland), VWR
(Zurich, Switzerland) or FLUKA (Buchs, Switzerland) and were used as received. Water for
rinsing or as a solvent was of Millipore® quality (Quantum® Ex / Q-Gard® 2, Merck Millipore,
Zug, Switzerland). The spiropyran amine has been synthesized via a procedure similar to that

described in the literature®®”**®

with minor changes to enhance the overall yield (Chapter 3.5.1).

Monomers: The monomers glycidyl methacrylate (GMA), methyl methacrylate (MMA),
ethylene glycol methyl ether methacrylate (EGMA) and poly(ethylene glycol) methyl ether
methacrylate (PEGMA, molecular weight 300 Da), were passed through an alumina column
before use. Methacrylic acid (MAA) was purified via distillation. The furan-protected monomer
(FuMaMA), was received from the group of Professor Sanyal (Bogazigi University, Turkey),
synthesized according to a procedure described in the literature.?*

TMB solution: The 3,3”,5,5’-tetramethylbenzidine (TMB) analyte solution was a mixture
of two solutions: Solution A, in which TMB (0.4 mM) was dissolved in an acetone/methanol
(1/9) mixture, and solution B, which was an aqueous solution of citric acid monohydrate (0.1 M),
potassium hydroxide (KOH, 0.1 M) and hydrogen peroxide (H,O,, 2 mM). The mixture of
150 uL of solution A in 3 mL solution B was freshly prepared, stirred vigorously for 1 min prior

to each experiment.
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2.2 Experimental Procedures

2.2.1 Extreme-Ultraviolet Interference Lithography

ETFE, PTFE and PP samples were exposed to extreme ultraviolet (EUV) light at the EUV
interference lithography (EUV-IL) beamline at the Swiss Light Source (SLS). EUV-IL combines
high resolution capabilities with high throughput, according to step-and-repeat exposures and
very high flux available at the synchrotron source. In contrast to “writing” with e-beam
exposures, EUV-IL can be used to pattern entire areas in a single exposure without moving the
sample. Exposures were performed in vacuum (<5 x 10°® mbar). The beamline uses undulator
light (42 poles, 212 mm period) with a central wavelength of 13.5 nm (92.5 eV photon energy)
and ~ 3 % spectral bandwidth. Coherence is hereby achieved spatially due to the small size and
divergence of the electron beam in the storage ring and temporally due to the spectral bandwidth
(AMA) of the undulator. The incident EUV power on the sample was 0.5 - 42 mW cm™, and the
delivered dose was controlled using a fast beam shutter.

Patterned structures are usually created by irradiation through partially transparent silicon
nitride (SizN4) membranes with linear chromium gratings of different periods on a single chip.
Coherent beams diffract along the gratings and interfere at a certain distance along the beam
direction. These interfering beams are used to create periodic patterns such as lines, dots, rings,
crosses or more complex geometries — depending on the number of interfering beams. EUV-IL
patterns are usually created into positive-tone resist, such as poly(methyl methacrylate) (PMMA)
or negative-tone resist materials, such as hydrogen silsesquioxane (HSQ), where the irradiation
leads to either chain scission or crosslinking, respectively. In our case, 2, 4 and 6 interfering
beams were used to create patterns of radicals in the topmost layer of polymeric surfaces
(attenuation length in ETFE ~ 72 nm), which were used as initiators for subsequent surface-
initiated graft polymerizations. Alternatively, masks with a window of 3 mm x 3 mm were used
to produce large-area exposures to analyze macroscopic properties. The bond-breaking process is
expected to be very efficient, as the photon energy is by more than an order of magnitude higher
than typical bond energies in polyolefins and fluorinated polymers. The resolution of the
nanostructures is limited by the length and polydispersity of the formed polymer chains via free-
radical polymerization and not by the exposure process. In order to improve the pattern

resolution, controlled radical polymerization methods, i.e. reversible addition fragmentation chain
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transfer (RAFT) has been employed to achieve line arrays with a periodicity down to 100 nm?**.

The irradiated samples were stored in a deep freezer at -80 °C.

2.2.2 Low-Pressure Argon Plasma Activation

Flat-pressed ETFE, PTFE or PP samples were cut into 1.2 cm x 1.2 cm pieces. After
thorough rinsing with isopropanol and acetone, the pieces were dried in a stream of nitrogen and
attached to glass microscope slides with KAPTON® poly(imide) adhesive foil (Nitto P-221
AMB, Permapack AG, Rorschach, Switzerland). This foil was also used to cover part of the
sample, in order to shield it from the plasma. The samples were then activated with vacuum
argon plasma (Femto, Diener Electronics, Jettingen, Germany) operated with 40 KHz/30 W for
between 30 seconds and 10 minutes. Plasma-treated samples were allowed to stand in air for
10 minutes and were then rinsed with isopropanol and blown dry with nitrogen prior to grafting.

2.2.3 Grafting and Modification

PGMA: Activated samples were reacted in a solution of glycidyl methacrylate (20 %-vol)
and poly(ethylene glycol) (20 %-vol) in dioxane for 1 h at 60 °C. The grafted samples were
rinsed with dioxane and immersed in each isopropanol and DCM and treated in an ultrasonic bath
for 15 min. PGMA-SP: Post-polymerization modification was carried out in a solution of 42.3 mg
spiropyran amine (0.1 mmol) and 11.2 mg 1,4-diazabicyclo[2.2.2]octane (DABCO, 0.1 mmol) in
3 mL dioxane for 18 h at 60 °C.

PMAA: Activated samples were reacted in a solution of methacrylic acid (20 %-vol) in
3mL 0.1 M HCI for 2 h at 70 °C. The grafted samples were rinsed in H,O and immersed each in
H,O and acetone in an ultrasonic bath for 15 min. PTFAMA: In the first post-polymerization step
the PMAA brush samples reacted in a solution of 98 uL triethylamine (0.7 mmol) and 122 pL
perfluorophenyl trifluoroacetate (0.7 mmol) in 3 mL THF for 18 h at RT. PMA-SP: In the second
modification step the trifluoroacetic methacrylic anhydride brush samples reacted in a solution of
42.3 mg spiropyran amine (0.1 mmol) in 3 mL THF for 18 h at RT.

P((EG)MA-co-FuMaMA): Activated samples were placed in a monomer solution
(3 mmol) of the furan-protected maleimide methacrylate and ethylene glycol monomethyl ether
methacrylate in 3 mL dioxane containing 20 %-vol poly(ethylene glycol), degassed with nitrogen
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and heated for 2 h to 70 °C. Copolymerization with methyl methacrylate, or with poly(ethylene
glycol) monomethyl ether methacrylate was carried out analogously. The mole fraction of the
different monomers in the solution was varied, but the total monomer concentration was kept
constant. P((EG)«MA-co-MaMA): The deprotection of the maleimide moieties was carried out by
heating the substrates under vacuum for 1 h at 110 °C. P((EG)MA-co-MaMA-SR): The Michael
additions of the different thiols (0.1 mmol) were carried out in N,N-dimethylformamide (DMF,
3 mL) at ambient temperatures overnight.

P(GMA-co-FuMaMA): Grafting of copolymer brushes was carried out on activated
samples placed in a monomer solution (3 mmol) of the furan-protected maleimide methacrylate
and glycidyl methacrylate in 3 mL dioxane containing 20 %-vol poly(ethylene glycol). Solutions
were degassed with nitrogen and heated for 1 h to 70 °C. The mole fraction of the monomers in
the solution was varied, but the total monomer concentration was kept constant. P(GMA-co-
MaMA): The deprotection of the maleimide moieties was carried out by heating the substrates
under vacuum for 30 minutes at 110 °C. P(GMA-MP-11-co-MaMA): Covalent attachment of
microperoxidase-11 (MP-11) was carried out on activated P(GMA-co-MaMA) samples in a
solution of MP-11 (0.1 mmol) and DABCO (0.1 mmol) in 3 mL N,N-dimethylformamide (DMF)
at 60 °C for 1 h. P(GMA-MP-11-co-MaMA-SP): The Michael additions of the spiropyran thiol
(SP-SH) was carried out in a subsequent step, in a solution of SP-SH (0.1 mmol) in 3 mL DMF at
ambient temperatures for 1 h.

2.3 Analytical Techniques

2.3.1 Attenuated Total Reflectance — Infrared (ATR—IR) Spectroscopy

Spectra were recorded on a Hyperion 3000 IR microscope (Bruker, Fallanden,
Switzerland) using an ATR-IR objective with an anvil-shaped germanium crystal with about
8000 um? contact area (Bruker, Fallanden, Switzerland). The ATR crystal contacted the surface
with a preset and constant pressure. A Globar source and a KBr beamsplitter were used. Light
was collected using dedicated optics and sent to a liquid-nitrogen-cooled mercury cadmium
telluride (MCT) 250 pm x 250 um detector (Infrared Associates, Stuart, FL, USA). The detector
is sensitive between 500 and 10,000 cm™. Reference spectra were recorded just prior to the actual

measurement. Measurements have been carried out on micro-structured (@ = 100 um) areas of
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high radical density. OPUS spectroscopy software (version 6.5, Bruker, Féllanden, Switzerland)

was used for data processing.

2.3.2 Ultraviolet-visible (UV/vis) Spectroscopy

UV/vis transmission spectra were acquired in a range from 200-800 nm in a single-
channel mode for solid polymeric substrates and in a two-channel mode for solutions under
continuous stirring on a UV/VIS/NIR spectrometer (Lambdal9, PerkinElmer, Schwerzenbach,
Switzerland) equipped with a deuterium lamp and a halogen light source.

Chapter 6: Measurements in solution (1.5 mL) were carried out with TMB analyte
solution as both, reference and detection solution. The mixture was freshly prepared prior to each
experiment. To avoid a naturally blue color appearing after some time also in enzyme-free
solutions, reaction times were limited to one hour each. Measurements were carried out in the
presence of grafted ETFE samples with a size of 18 mm?, which were either exposed to visible or

UV-light prior to the experiment or in situ.

2.3.3 Nuclear Magnetic Resonance (NMR) Spectrometry

'H-NMR spectra were recorded on a Bruker 300 MHz spectrometer using deuterated
chloroform (CDCls) or dimethyl sulfoxide (d°-DMSO) as a solvent and tetramethylsilane (TMS)

as the reference.

2.3.4 Atomic Force Microscopy (AFM)

Chapter 3: Measurements were performed in TappingMode™ in air on a Dimension Illa
instrument (Veeco, Mannheim, Germany). Silicon nitride (Si3N,) cantilevers with a tip radius of
20 nm, a spring constant of 40 N m™ and a resonance frequency of 325 kHz (NSC15/AlBS,
Mikromasch, San Jose, CA, USA) were used for obtaining images in both height and amplitude
mode. Images were processed with second-order flattening procedures (Nanoscope software,

Veeco, Mannheim, Germany).
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Chapter 4: AFM scans in height mode were acquired via TappingMode™ in air on a
Dimension Icon instrument (Bruker, Karlsruhe, Germany) using proprietary SisN4 cantilevers
with a tip radius of 7 nm, a spring constant of 26 N m™ and a resonance frequency of 300 kHz.

Chapter 5: AFM scans in height and peak force mode were acquired ScanAssistMode™
in air on a Dimension Icon instrument (Bruker, Karlsruhe, Germany). ScanAsistAir™ SisN,
cantilevers with a tip radius of 12 nm, a spring constant of 0.4 N m™ and a resonance frequency
of 70 kHz (Bruker, Karlsruhe, Germany). First-order flattening procedures (NanoScope Analysis

1.5 software, Bruker, Karlsruhe, Germany) were applied to all measured data.

2.3.5 Water-Contact-Angle (CA) Determination

Chapter 3+5: Water drops of 3 pL volume were placed on the sample with an automated
G23 E MKk2 syringe system (Kruiss GmbH, Hamburg, Germany) and images were recorded with a
G2 & DO3426 contact-angle-measuring system (Kriiss GmbH, Hamburg, Germany). Contact-
angle (CA) evaluation was performed with DSA 2 software (version 2.5, Kriiss GmbH, Hamburg,
Germany). The error in contact-angle determination is estimated to be = 2 °.

Chapter 4+6: A DataPhysics OCA 25 contact-angle-measuring system (DataPhysics
GmbH, Filderstadt, Germany) was used for determination of static contact angles of 3 puL water

droplets.

2.3.6 Fluorescence Microscopy and Image Evaluation

Fluorescence images were recorded with an Olympus 1X81 fluorescence microscope
(Olympus Deutschland GmbH, Hamburg, Germany) equipped with an OBS MegaView camera
(Olympus Deutschland GmbH, Hamburg, Germany). The temperature within the fluorescence
microscope was kept constant at 37 °C. Only images recorded during the same session with
identical settings were compared. Fluorescence evaluation was performed with cell® software

(version 2.2, Olympus Deutschland GmbH, Hamburg, Germany).
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2.3.7 Flux Measurements

Membrane samples were placed between two PE frits (20 um, Carl Roth GmbH+Co. KG,
Karlsruhe, Germany) in a 6 mL SPE column (PP, Carl Roth GmbH+Co. KG, Karlsruhe,
Germany). The column end was connected to a vacuum pump (SC920, KNF Lab, KNF
Neuberger GmbH, Freiburg, Germany) to produce a minor under-pressure of Ap = 250 mbar.
Samples were placed in the relevant aqueous solutions for 1 hour prior to measurements. For pH-
responsive measurements, the flux was determined by the time for 5 mL of water, HCI (0.1 M) or
NaOH (0.1 M) to pass through the membrane. For light-responsive measurements, samples were

exposed for 30 seconds to UV-light prior to use.
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3.  Light-Responsive Polymer Surfaces via Post-Polymerization

Modification of Grafted Polymer-Brush Structures®

3.1 Abstract

Light-induced reversible switching of surface properties in well-defined areas enables the
creation of remote-controlled smart surfaces. In this work, we took advantage of the unique high
resolution structuring capabilities of extreme ultraviolet (EUV) interference lithography to
produce nanostructured photoresponsive polymer brushes. Patterns of poly(glycidyl
methacrylate) (PGMA) and poly(methacrylic acid) (PMAA) were grafted from two different
100-pum-thick fluoropolymer substrates using a radiation-initiated grafting-from approach based
on free-radical polymerization. Photochromic properties were introduced via novel one- or two-
step post-polymerization modifications with spiropyran (SP) derivatives, which allowed us to
control the number of photochromic groups on the polymer brushes. Depending on the degree of
functionalization and the local chemical environment, the SP moieties can open upon UV-light
exposure to form zwitterionic, deeply colored and fluorescent merocyanines (MCs) and close
back to the colorless SP configuration via thermal or visible light-induced relaxation. Switching
kinetics were studied using time-resolved fluorescence microscopy and compared with Kinetic
measurements of the SP moiety in solution. The results indicated the importance of the local
chemical environment provided by both, the polymer brush and added solvents, on the intensity
of the switching and showed the predominant influence of polar solvents, which stabilize the MC
form, on the ring-closing kinetics. To allow further characterization of the polymer brush
arrangements on a macroscopic scale, similar, but unstructured brush systems were grafted from
fluoropolymers after large-area activation using EUV radiation or argon plasma. In particular, all
the steps of the post-polymerization modification were characterized in detail using attenuated
total reflection infrared (ATR-IR) spectroscopy. Furthermore, a light-induced reversible switch in
static contact angle of up to 15° for PGMA-SP brushes and up to 30° for PMA-SP brushes, upon

alternating UV- and visible light irradiation was demonstrated.

! This chapter is an adaptation of our paper published in Langmuir: M. Diibner, N.D. Spencer, C. Padeste, Langmuir
2014, 30, 14971-14981. DOI: 10.1021/1a503388j. The experimental part has been integrated in Chapter 2. The
supplementary information has been added as an appendix at the end of this chapter.


http://pubs.acs.org/doi/pdf/10.1021/la503388j
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3.2 Introduction

High-performance polymers, such as poly(tetrafluoroethylene) (PTFE) and poly-
(ethylene-alt-tetrafluoroethylene) (ETFE) have advantageous bulk properties, useful in a
multitude of applications such as electrical insulation of cables and wiring®*, filters and linings

for chemical industry®*? 213,214

, convection barriers for solar cells , as well as non-sticking and self-
cleaning surfaces®’®. Their high stability and chemical inertness also dominate their surface
properties, often leading to limitations in specific applications where chemical functionalization
would be advantageous.

Light-responsiveness can be imparted to such surfaces by means of attachment of robust,
flexible photochromic polymer brushes (Chapter 1.1). To avoid tedious synthetic procedures and
purification steps, post-polymerization modification (PPM) offers a simple and elegant
alternative approach (Chapter 1.4), allowing the grafting of relatively cheap commercially

available monomers. Theato et al.?*®

used PPM to create spiropyran (SP)-containing polymer
brushes that were grafted via reversible addition-fragmentation chain transfer (RAFT)
polymerization from silica surfaces. Despite the benefits of controlled radical polymerization
(CRP) drawbacks are their extensive preparation and purification steps, long reaction times, and,
to some extent, the limited brush length or weak attachment of the initiator to the surfaces
(Chapter 1.2).

Polymer micro- and nanografting by free-radical polymerization (FRP)?* % 2/

is a
technology based on extreme ultraviolet (EUV) interference exposures available at the XIL-
beamline of the Swiss Light Source (SLS), to grow well-defined patterns of polymer brushes on
polymeric substrates such as polyolefins (e.g. PE, PP) and fluoropolymers (e.g. ETFE, PTFE).
The control of this process is achieved via an interference lithography setup that allows the
creation of well-defined patterns of radicals on the micrometer-to-nanometer scale. These serve
as initiators for the polymerization process. Unlike CRP, no additional adsorbed initiators need to
be pre-attached to the surface. Reaction times range from 1 to 2 hours, yielding periodic brush
structures whose dry thickness exceeds that produced by CRP methods by more than one order of
magnitude.

We demonstrate a universal, metal-free approach to the fabrication of covalently attached

photochromic polymer brushes on polymer surfaces. New PPM strategies are shown, including a
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modification of grafted poly(glycidyl methacrylate) (PGMA) and poly(trifluoroacetic methacrylic
anhydride) (PTFAMA), derived from grafted poly(methacrylic acid) (PMAA).

3.3 Results and Discussion

3.3.1 Grafting of Micro- and Nanostructures

The EUV lithography setup for the creation of nano-patterned polymer brushes is shown
in Figure 3.1. The photon energy of the undulator light is 92.5 eV (A = 13.5 nm), which is well
suited for cracking chemical bonds and therefore creating radicals on polymer surfaces. Patterns
on the surface of ETFE and PTFE foils are generated by interference of beams diffracted at
grating structures. Using these radicals as initiators, micro- and nanostructured polymer brushes
are covalently grafted from substrate polymer surfaces. Exposures through a typical mask with
diffraction gratings lead to line arrays with a period from 1 um down to 100 nm for two
interfering beams and to dot arrays with a period from 1.4 um down to 140 nm, respectively. The
size of the patterned fields for small-period patterns is in the range of 200 pm?.

Our aim was to increase the contrast of these nano-patterned brushes applying a newly
established interference mask that combines six diffracted beams in one hexagonal interference
218

pattern

given in Figure 3.2. With the applied FRP technique, hexagonally patterned PGMA and PMAA

. AFM images of nano-patterned brush areas defined by 6-interfering EUV-beams are

brush structures were obtained. Six dots with a width of 700 nm are placed around a cavity of
150 nm in diameter. A cross-section of the AFM image indicates a very homogenous distribution
of the brush structures over the entire patterned array. The profile of the grafted interference
structures will help us in the future to analyze the photoresponsive behavior of the brushes by
looking at the swelling behavior of the dots, as well as the dot-to-cavity ratio in the dry state and
particularly in solvents of different polarity.

For grafted PGMA and PMAA, the dry brush thickness was found to increase roughly
with the square root of dose (Figure A 3.1). The FRP conditions used allow us to create polymer
structures that exceed 1.7 um in height for GMA and 800 nm for MAA brushes. The drastic
differences in height for the two monomers can be explained by the polymerization Kinetics,
which lead to a 2-3 times faster grafting process for PGMA. The thickness of the polymer

brushes in the nanostructured areas (Figure 3.2) can be up to an order of magnitude smaller than
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in the areas of high radical density — a consequence of the much lower dose in regions patterned
by interfering diffracted beams.

membrane mask . polymer foil

area of high
radical density

incoming — pericdic pattern
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(SLS) >
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beam stop diffraction by 6-interfering EUV-beams.

grating

Figure 3.1: EUV 6-beam interference lithography setup for creation of nanopatterned polymer
brushes, as performed at SLS. The beamline uses undulator light of 92.5 eV photon energy

(A = 13.5 nm), which is well suited to creating radicals on polymers.
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Figure 3.2: AFM images (a, b) and cross-section (c) of a PGMA nanostructure. The structure
was defined by 6-interfering EUV-beams. Structure dimensions: width =700 nm,
height = 150 nm.

3.3.2 Post-Polymerization Modification

Our strategy was to synthesize a spiropyran (SP) moiety with a primary amine linker and
to covalently bind it to previously grafted PGMA or PMAA bushes in a one or two-step post-
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polymerization modification (PPM), resulting in different spacer lengths between the polymer
backbone and the SP units.

a) One-Step Post-Polymerization Modification

‘\/O HN, OH
Spiropyran (SP) z %0
N SMA |—T—\ﬁ7 amine NH, NH
Ll & T S
. PEG, Dioxane ‘X/O DABCO, Dioxane HNWN .,,,'
S
activated

Polymer Surface PGMA Brushes on

Polymer Surface PGMA-SP Brushes

on Polymer Surface NO,

b) Two-Step Post-Polymerization Modification

OF F
\/[ Fic < HN .
HO o °© F Z "
¢ F M N 0" No HN" o
. MAA 2
- _ - 5 Fgc’&o S B
" " a HN N
. 0.1 MHCI 1o o THF, NEt 0o m  THF T
1
Fic” Y0 n
e

A ' o 9
activated PMAA Brushes on PTFAMA Brushes on PMA-SP Brushes on

Polymer Surface Polymer Surface Polymer Surface Polymer Surface NO,

Scheme 3.1: (a) Strategy for synthesis of light-responsive polymer brushes via post-
polymerization modification (PPM) of PGMA brush structures. Chemical linking of the
spiropyran (SP) moiety to the polymer brushes is achieved through coupling of the primary
amine linker to the epoxide. (b) Strategy for synthesis of light-responsive polymer brushes via
two-step PPM of PMAA brush structures. Chemical linking of the SP moiety to the polymer

brushes is achieved through coupling of the primary amine linker to the fluorinated anhydride.

Further, the different modification strategies result into two different brush types,
carrying moieties of different reactivity. On the one hand, very reactive epoxides and on the
other hand, rather unreactive anhydrides which allowed us to tune the number of photochromic
moieties on the polymer brushes. In the one-step post-polymerization process, the primary amine
performs a nucleophilic attack on the epoxide groups of the PGMA, leading to a ring-opening
and formation of a secondary alcohol (Scheme 3.1a).

In the two-step PPM, the carboxylic acid groups of the grafted PMAA brushes are first
transformed to fluorinated anhydrides (PTFAMA). In the second step, a nucleophilic substitution
is carried out on the anhydride groups, binding the SP amine moieties and cleaving off trifluoro
acetic acid (Scheme 3.1b).
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In order to monitor the functionalization of the polymer brush, a surface-sensitive
technique is required. When measuring IR in transmittance, the thickness of the substrate
material (100 pum) naturally leads to a dominance of C-H and C-F bands of ETFE and PTFE over
the polymer brush bands. The polymer foils completely absorb the IR radiation over a large
wavenumber range. In contrast, the use of an IR-Microscope equipped with an objective for
attenuated total reflectance (ATR) renders the measurement surface sensitive and greatly
diminishes the contribution of the substrate. Furthermore, it allows the measurement of defined
areas, in this case of 100 pum in diameter.

Sample spectra of substrate (PTFE, black), grafted PGMA brushes (red) and further
functionalized SP-containing PGMA-SP brushes (blue) acquired with the ATR microscope are
shown in Figure 3.3a. For spectra on ETFE and list of peaks with assignments for both substrates
see Appendix (Figure A 3.2 and Table A 3.1). The two peaks at 1212 cm™ and 1135 cm™ in all
three curves stem from C-F vibrations of PTFE. Upon grafting of PGMA, additional bands
appear at 1485 cm™, 1450 cm™, 1390 cm™, 1218 cm™ and 1088 cm™, which can be ascribed to
C-O and C-C vibrations of the ether-like epoxide groups and a very significant additional band at
1730 cm™ clearly indicating an ester C=0 bond.

After PPM of the PGMA brushes, broad bands appear around 3375 cm™ and 3245 cm™.
These bands could be interpreted as O-H and N-H stretches, as well as H-O'H bonds of the
secondary alcohol formed and the covalently attached amine of the linker. Additional strong
peaks at 1658 cm™ and 1587 cm™ support the assumption of a covalently attached SP moiety, as
these could be interpreted as N-H bending of the amine and amide moieties. An appearance of the
peak at 1059 cm™ and the shoulder around 1218 cm™ and in particular the disappearance of the
band at 1088 cm™ indicate the opening of the ether-like epoxide group and a covalent attachment
of the SP moiety. From the ATR-IR spectra on ETFE and PTFE the efficiency of the PPM is
estimated to be around 90-95 %. The shift and broadening of the C=0 band at 1727 cm™ can be
explained by an overlap of the band for the ester groups of the backbone and the newly bound
amide groups of the SP amine. Further, peaks at 1516 cm™ and 1338 cm™, characteristic for nitro
groups, as well as peaks at 1470 cm™, 874 cm™ and 796 cm™, can be ascribed to C=C and C-H
vibrations of the aromatic skeleton. The same vibrations can be assigned on ETFE (Figure A 3.2).

For the alternative synthetic approach, sample spectra of substrate (PTFE, black), grafted
PMAA brushes (red), modified PTFAMA (purple) and further functionalized SP-containing
PMA-SP brushes (blue) are given in Figure 3.3b. Again, the two peaks at 1212 cm™ and
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1135 cm™ in all three curves are assigned to C-F vibrations of the substrate. Upon grafting of
PMAA additional bands appear at 3159 cm™, 2596 cm™ and 962 cm™, which can be ascribed to
O-H vibrations of the carboxyl groups and a very significant additional band at 1699 cm™, as well
as the broad band at 1631 cm™, clearly indicating a carboxylic C=0 bond.
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Figure 3.3: ATR-IR spectra of thick (a) PGMA and spiropyran (SP)-carrying PGMA-SP and

(b) PMAA, PTFAMA and SP-carrying PMA-SP brush structures grafted from PTFE with the

relevant bands marked with arrows.



Light-Responsive Polymer Surfaces via PPM of Grafted Polymer-Brush Structures 30

After the first PPM step, all characteristic peaks for the COOH groups disappear,
indicating a quantitative transformation of the carboxylic to the fluorinated anhydride groups. An
appearance of the double band at 1801 cm™ and 1759 cm™, characteristic of C=0 anhydrides,
strongly supports this assumption — in contrast to literature claiming the formation of the
pentafluorinated phenylic ester upon similar reaction conditions®® (Figure A 3.4). Further, peaks
at 1082 cm™ and at 1016 cm™ can be ascribed to C-O and C-F vibrations, respectively.

The second PPM step of the PTFAMA brushes on the other hand seems not to be
quantitative. The band intensities of the precursor moieties are clearly reduced, but still
detectable. The efficiency of the second PPM process is estimated to be around 50 %.
Nevertheless, as for the PGMA brush approach, strong bands due to the SP-modified PMA-SP
brushes appear at 3363 cm™, 1651 cm™ and 1610 cm™, indicating N-H vibrations for amides. In
contrast to the first approach, there is no additional broad band appearing around 1587 cm™ for
N-H bending and the band around 3360 cm™ for N-H stretching is much weaker, both clearly
indicating an absence of amines and a covalent attachment of the spiropyran moiety as an amide
moiety to the backbone.

Additional strong peaks at 1714 cm™, 1523 cm™ and 1336 cm™ can be ascribed to the
amide C=0 and N-O stretches of the SP moiety. Further, peaks at 1487-1462 cm™, 1218 cm™,
1055 cm™, as well as peaks at 954 cm™, 839 cm™ and 739 cm™ can be ascribed to C=C, C-H and
C-O vibrations of the aromatic skeleton. The same vibrations can be assigned on ETFE
(Figure A 3.3).

3.3.3 Color Switching on Macrostructures

To determine the color-switching behavior, large-area brush structures have been
generated. For this purpose, the fluorocarbon foils have been irradiated with EUV-light (92.5 eV)
at the SLS with no interference mask. Using the same intensities as for interference exposures to
yield exposure doses 0.5 mJ cm™ to 21.5 mJ cm™, areas of 1.7 mm x 1.7 mm of increasing brush
thickness have been created (Figure 3.4).

SP-containing PGMA-SP structures show a bright yellow color, which intensifies with
greater brush thickness. Upon UV-light irradiation, there is no color change visible. In contrast,
the SP-containing PMA-SP brushes appear almost transparent under visible light, and show a

strong color switch to deeply purple-colored polymer brush structures upon UV-light irradiation.
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The color intensity is again enhanced at increasing brush thickness caused by the higher EUV
dose. The absence of color change in the PGMA-SP structures could be interpreted as a
consequence of the chemical environment provided by the PGMA brush structure. Here only a
minority of subsurface SP moieties seem to open upon UV-light irradiation. Hence, the rather
strong yellow color in the closed SP state might overlap a weak purple signal. A possible
explanation for this effect is the high density of SP moieties that are limiting the
photoresponsiveness and therefore the color change. The attachment as an amide to the anhydride
brushes on the other hand provides an environment of more flexible, partly fluorinated anhydride
backbone, as well as a lower density of SP moieties and could therefore favor the ring-opening

process of the SP upon UV-light irradiation, explaining the strong switch in color.

a) uv b) uv
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Figure 3.4: Reversible color switching of micro-structured brushes upon visible and UV-light
irradiation. While spiropyran (SP)-functionalized PGMA-SP brushes on PTFE (a) appear
yellow and do not appear to switch in color, PMA-SP brush structures on PTFE (b) switch
from transparent to deeply purple-colored brush surfaces. This process is reversible for more

than 5 cycles.

3.3.4 Switching of Wettability on Large-Area Surfaces

Surface wettability is indicative of the surface free energy, and can be determined via
static contact-angle (CA) measurements of water droplets on the sample surface. A modification
of the surface chemistry of substrates is usually accompanied by a change in static CA following
the Young Equation. Large-area surfaces have been generated for analyzing macroscopic
properties of photoresponsive polymer brushes. In an argon-plasma chamber, cm?-scale patterns
of radicals were created to graft PGMA and PMAA brushes from 100-pum-thick ETFE and PTFE
foils. The surface free energy of the hydrophobic fluorocarbon polymers was drastically
enhanced following the PGMA grafting process, leading to a more hydrophilic surface
(Table 3.1). After PPM, the SP-containing PGMA-SP brushes showed a reversible switch of up
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to 15° in static water CA from 82° (PGMA-SP) to 67° (PGMA-MC) upon alternating visible and

UV-light irradiation (Figure 3.5) which is within the range of SP-containing surfaces™" 2%,

static CA [°]* static CA [°]*

on PTFE on ETFE
Substrate 110 + 2 104 + 2
a) One-Step Post-Polymerization Modification:
PGMA 58 + 2 57 + 3
PGMA-SP 82 + 3 81 + 3
PGMA-MC 67 = 3 67 + 4
b) Two-Step Post-Polymerization Modification:
PMAA 41 = 2 42 = 3
PTFAMA 95 + 3 95 + 2
PMA-SP 97 = 2 % + 3
PMA-MC 67 = 3 68 + 3

*average of five measurements

Table 3.1: Static water contact-angle measurements 100-pum-thick PTFE and ETFE foils,
without polymer brushes, and (a) with grafted PGMA and spiropyran (SP)-carrying PGMA-SP
brushes under visible light (PGMA-SP) and UV light (PGMA-MC) and (b) with grafted
PMAA, PTFAMA and SP-carrying PMA-SP brushes under visible light (PMA-SP) and UV
light (PMA-MC).

After grafting PMAA on both substrates, the surface modification is again evident from a
strong enhancement of the surface free energy (Table 3.1). The PPM of the PMAA to the
fluorinated anhydride carrying PTFAMA brushes can be detected via a strong reduction in
surface free energy, leading to a static CA change from 41° to 95°. The higher water CA was due
to the fluorinated methyl groups of the acetic acid anhydride. Upon the second functionalization
step, the SP-containing PMA-SP brushes showed a reversible switch of up to 30° in static CA
measurements from 97° to 67° upon alternating visible and UV-light irradiation (Figure 3.5).
This switch is in the range of the most intense reversible switches described in the literature®®.
Switching of both types of surfaces was reversible for at least 10 cycles.

The switching in CA for SP-containing brushes is strongly dependent on the chemical

environment provided by the brush. On the PGMA-SP brushes the hydrophobic SP moieties are
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dominant upon visible and UV-light irradiation, due to their high density. The wettability of the
PMA-SP brushes on the other hand, is mostly determined by the more hydrophobic fluorinated
methyl groups in visible light, as the SP are less abundant; upon UV irradiation however, the
formed hydrophilic MC is dominant, leading to the same CA for PMA-MC as for PGMA-MC.
Although the different brush types show different switching in color, both lead to the same CA
upon UV-light irradiation. Since the wettability is only dependent on the outermost moieties this
supports the theory of having SP moieties that are capable of opening and closing freely on the
outermost surface on both brush types. The substrate on the other hand seems not to play a role in
terms of the surface free energy for each modification step, as the values are equal within the
error range for ETFE and PTFE. This shows that the PPM approaches work universally on
different fluorocarbon polymer substrates and could also, in principle, be transferred to other

polymers, such as polyolefins.
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Figure 3.5: Static contact-angle measurement of water droplets (3 pL): Reversible switching
between visible and UV-light irradiation leads typically to a switch in contact angle from 82°
to 67° for PGMA-SP (red) and from 97° to 67° PMA-SP (black) brush surfaces. This process is

reversible for more than 5 cycles.
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3.3.5 Fluorescence Kinetic Studies of Nanostructures

For comparison the fluorescence kinetics of the SP amine was first determined in solution
(for details see Appendix). Without excitation, the closed, thermodynamically stable SP form
shows no absorption band in the visible region. Irradiated with UV light (Aex = 350 nm) the SP
amine changes its conformation to the planar MC form and shows strong absorption band at 540
to 580 nm, depending on the solvent used (Figure A 3.5). The planar conformation of the MC
opens the possibility for the electrons to delocalize over the entire molecule and absorb light in
the visible range. This absorption is used to excite fluorescence in the red area at about 628 nm.
The fluorescence increases with increasing UV exposure. The emission half-life (Ty,) has been
determined for each solvent after an initial exposure to UV light for 330 seconds (Table 3.2). In
general, Ty, for the thermodynamically less stable MC form increases with polarity. The extreme
elongation of Ty, in ethanol can be ascribed to hydrogen bonding of the solvent with the
phenolate group of the open MC form.

The fluorescence-emission kinetics of patterns of SP-containing PGMA-SP and PMA-SP
brushes were analyzed in the dry state and in solvents of different polarities using fluorescence
microscopy (Figure 3.6 and Figure A 3.8). Again, upon an initial excitation by UV-light
(Aex =360 nm, 305s) the open MC is formed, which can then be excited via subsequent
continuous irradiation using a second excitation wavelength (Agx = 555 nm). This excitation leads
to an emission of red fluorescence (Agym = 630 Nm) on the generated arrays of micro- and nano-
patterned polymer brushes. As a consequence of the much higher brush thickness in the dry state
— and therefore the higher number of binding sites — the areas of high radical density show
stronger fluorescence emission. However, the periodic interference patterns also show a clear —
albeit much weaker — emission.

The intensity of the emission that appears is roughly the same in the beginning in the
different solvents for both brush environments, showing a slightly enhanced emission in THF and
DCM and a reduced emission in EtOH and water. To determine the fluorescence kinetics in the
different environments, the individual Ty, was evaluated from the relative brightness of the
fluorescent parts of the images (Table 3.2; Figure A 3.9 and Figure A 3.10). In the dry state, Ty,
is 2.3 s for PGMA-SP brushes, while in a non-polar solvent such as toluene it fades much more
rapidly, after approximately 1.7 s. With increasing polarity, Ty, seems to recover, until in polar

solvents, such as THF, DCM and ethanol, the emission reaches a lifetime twice as long as in the
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dry state. Similar fluorescence kinetics depending on the chemical environment provided by the

solvent could be observed for PMA-SP brush structures (Table 3.2).
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Figure 3.6: Fluorescence Kinetic studies of spiropyran (SP)-containing PGMA-SP brush

structures after an initial excitation with UV-light (A = 360 nm, 30 s). The red fluorescence was
observed under excitation with visible light (Agx = 555 nm) in the dry state (a), toluene (b),
THF (c), DCM (d), ethanol (e) and in water (f).

In general, suitable solvents enhance the fluorescence emission by solvating the polymer
brushes, giving them the ability to swell and shrink. Non-polar solvents destabilize the open
merocyanine form and therefore shorten Ty, while polar solvents stabilize the open MC form
and extend their emission life-time. The results in water do not follow this principle, as SP-
containing brushes are expected not to be soluble in water. The generally much shorter Ty, for
PMA-SP brushes can be considered to be a consequence of the higher flexibility provided by the
brushes, allowing the SP moieties to move freely and therefore open and close much faster. The
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fluorescence kinetics is therefore dependent on both the brush chemistry, as well as on the
solvent surrounding it.

Fluorescence kinetics in solution, as described before, show the same dependencies as the
brushes but on a much slower time scale, due to different relaxation pathways as well as the
different temperatures. Note that the measurements in solution were carried out under thermal
relaxation in the dark at T =20 °C, while the brush structures were relaxed via visible light
irradiation at T = 37 °C.

Fluorescence Emission Half-life Ty, (sec) in
Dry Toluene THF DCM EtOH H,0

In Solution

SP amine - 120 + 30 105 + 30 570
On Polymer-Brush Structures

PGMA-SP 23 + 03 17 + 02 44 + 03 52 + 08 48 + 08 24 0.5
PMA-SP 12 + 02 14 + 02 22 + 03 23 + 03 29 + 03 17 = 02

90 5520 210 -

I+
I+

+
+
+
+
I+

Table 3.2: Fluorescence emission half-life (Ty,) of thermal degradation in the dark of SP amine
in different solvents (c = 1.0 x 10°® M), as well as T, under visible light for SP-containing
PGMA and PMA brushes after initial irradiation with UV-light.

Due to the lower dry thickness, as well as the lower coupling yield, the number of SP
moieties on PMA-SP brushes is expected to be less than 1/5 that of the PGMA-SP brushes. The
fact that the initial fluorescence emission on the PMA-SP brushes is similar under all conditions
to that of PGMA-SP shows that there is also a clear dependence on the chemical environment
provided by the two different brushes. On PMA-SP almost all spiropyrans moieties seem to have
the ability to open to the merocyanine form, while on the PGMA-SP only a small fraction is
capable of this.

Considering the switching behavior in color, as well as in wettability, the coupling via the
secondary amine onto PGMA brushes seems to separate the surface modification into two phases
—a bulk and a surface phase. The PGMA-SP brushes may create a greater rigidity, which hinders
the opening of SPs in the bulk phase. Only the outermost SPs are then capable of responding
towards the UV-light activation and therefore causing a much weaker fluorescence emission. The

rigidity might originate from SP stacking or crosslinking of secondary amine groups with
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unreacted epoxides. The PMA-SP brushes on the other hand seem to provide a much higher
flexibility, due to their lower coupling yield which allows the majority of the SP to open,
therefore producing much stronger fluorescence emission, given the dry thickness and coupling
yield. This would be in agreement with prior results in color switching and CA measurements,
which demonstrated a rather weak switching behavior for PGMA-SP and a strong switching
behavior for PMA-SP brush structures.

3.4 Conclusions

We have used free-radical polymerization (FRP) and two different post-polymerization
modification strategies via simple coupling reactions to generate photochromic polymer brushes
on fluoropolymer surfaces. The photochromic brushes carry covalently attached spiropyran (SP)
as pendant groups. Initiator radicals have been created by extreme ultra-violet (EUV) light at the
Swiss Light Source (SLS), which allow us to reproducibly grow polymer brushes from
interference patterns on a micrometer to nanometer scale, up to a few hundred nm in height.

The demonstrated ATR-IR spectra clearly show the grafting of PGMA and PTFAMA
derived from PMAA brush structures and their post-polymerization modification (PPM) with the
spiropyran (SP) amine. The patterned SP-containing polymer brushes were successfully shown to
be smart surfaces that switch in color, in their fluorescence behavior, and in wettability, using
light as external stimulus.

Fluorescence emission and half-life (Ty/,) of the photochromic brushes were analyzed in
the dry state and in solvents of different polarity. Solvents enhance the initial emission compared
to the dry state and determine Ty,,. Non-polar solvents lower Ty, while polar solvents enhance
the emission life-time. The polymer-brush chemistry and coupling yield also define the emission
Kinetics, as the more rigid, highly functionalized PGMA-SP brushes extend, while more flexible
and less functionalized PMA-SP brushes reduce Ti,. These fluorescence kinetics studies show a
clear relation to the SP amine in solution and demonstrate the importance of the brush chemistry,
as well as the solvent environment for the spiropyran-merocyanine isomerization.

Further, the UV-light-induced spiropyran-merocyanine isomerization causes a switch in
wettability, demonstrated via a contact-angle change over a range of 15° for PGMA and 30° for
PMA functionalized brush structures which is within the range of SP-containing surfaces.

Nevertheless, a strong color switch from transparent to deep purple is only detectable for SP-
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modified PMA-SP and not for PGMA-SP brushes. PGMA-SP brushes appear bright yellow and
do not switch in color upon alternating visible and UV-light irradiation.

With the future application potential of smart surfaces in mind, a detailed understanding
of the parameters that determine the photoresponsiveness of these engineered brush structures is
valuable for the development of further, more complex responsive systems. The advantage of the
unique possibilities at the XIL-beamline to control the grafting process in terms of spatial
resolution and grafting density defined by the exposure process allows us to characterize the

produced structures and their photoresponse on the nanometer scale.
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3.5 Appendix

3.5.1 Experimental Procedures

y~ Hooc : NO,
N T
N
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COOH Piperidine
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Scheme A 3.1: Synthetic route to spiropyran (SP) moieties with different linkers, which can be

covalently bound to previously grafted polymer-brush structures.

1-(2-carboxyethyl)-2,3,3-trimethyl-3H-indol-1-ium iodide (PO1): 2,3,3-
trimethylindolenine (5.01 mL/ 30.59 mmol) and 3-iodopropanic acid (6.35 g/ 30.17 mmol) were
diluted in 10 mL MEK and stirred under argon for 5 hours under reflux. The precipitate was
suspended in 50 mL H,O and washed three times with 50 mL DCM. The organic layers were
combined and washed three times with 25 mL water. The aqueous layers were combined, filtered
and the solvent removed at high vacuum, receiving POl as pale yellow solid in a 97 % yield
(10.52 g/ 29.29 mmol). *H-NMR (300 MHz, CDCls): 1.55 (s, 6 H, 2 CHs), 2.89 (s, 3 H, CHs),
3.00 (t, 2H, *Jyn=6.88Hz, CH,COO), 4.67 (t, 2H, %Jyu=6.76 Hz, NCH,CH,COO),
7.64-7.58 (m, 2 H, CHarom), 7.84-7.89 (M, 1 H, CHarom), 7.97-8.03 (m, 1 H, CHarom).

3-(3',3-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl) propionic acid (P02): POl
(4.83 g/ 13.31 mmol), 2-hydroxy-5-nitrosalicylaldenyde (2.28 g/ 13.34 mmol) and piperidine
(1.60 mL/ 16.04 mmol) were diluted in 20 mL MEK and stirred under argon for 3 hours under
reflux. The reaction mixture was cooled to RT overnight, yielding the raw product as a yellow
precipitate, which was filtered, washed with MEK (10 mL) and cold MeOH (10 mL) and dried
under high vacuum to yield P02 as a bright yellow-green solid in a 88 % yield (4.44 g/
11.67 mmol). *H-NMR (300 MHz, DMSO-d6): 1.08 (s, 3 H, CHs), 1.19 (s, 3 H, CHy), 2.41-2.64
(m, 2 H, CH,COOH), 3.41-356 (m, 2H, NCH,CH,), 6.00 (d, 1H, 3J4n=10.39 Hz,
CqHC=CHPh), 6.67 (dd, 1H, *Jyu=8.26 Hz, °Jyn=0.78 Hz, CHaom), 6.81 (dt, 1H,
$Jhn = 7.45 Hz, *Jyn = 0.75 Hz, CHaom), 6.87 (d, 1 H, *Jun = 9.04 Hz, CHaom), 7.11-7.16 (m,
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2 H, CHaom), 7.22 (d, 1H, 3Jun =10.36 Hz, CqHC=CHPh), 8.01 (dd, 1 H, %J, =8.98 Hz,
4341 = 2.85 Hz, CHarom), 8.22 (d, 1 H, Iy = 2.79 Hz, CHarom), 12.23 (s, 1 H, COOH).

Perfluorophenyl-3-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)-propanoate
(P03): P02 (2.68 g/ 6.97 mmol) was diluted in a solution of triethylamine (2.45 mL/ 17.50 mmol)
in 35mL abs. THF. A solution of PFP trifluoroacetate (3.07 mL/ 17.50 mmol) in 15 mL
abs. THF was added dropwise to the reaction mixture. The solution was stirred for 8 hours under
argon at RT. DCM (50 mL) was added to the reaction mixture and washed three times
with 50 mL H,O. The organic layer was dried over MgSO,4 and the solvent removed at high
vacuum. The crude product was recrystallized from 15 mL of a cyclohexane/toluene mixture
(3:1, vIv) producing P03 as a beige solid in a 97 % yield (3.68 g/ 6.73 mmol). *H-NMR (300
MHz, DMSO0-d6): 1.10 (s, 3 H, CH3), 1.21 (s, 3 H, CH3), 2.99-3.27 (m, 2 H, CH,COOQOH), 3.47-
3.70 (m, 2 H, NCH,CH,), 6.00 (d, 1 H, *Jy =10.39 Hz, CqHC=CHPh), 6.78-6.91 (m, 3 H,
CHarom), 7.15-7.19 (M, 2 H, CHarom), 7.24 (d, 1 H, 3344 = 10.52 Hz, C;HC=CHPh), 8.01 (dd, 1 H,
$Jhn = 9.05 Hz, 4 = 2.39 Hz, CHarom), 8.22 (d, 1 H, “Jyn = 2.52 Hz, CHarom).

N-(2-aminoethyl)-3-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)propan-
amide (P04): P03 (1.75 ¢/ 3.17 mmol) was diluted in 20 mL abs. THF. A solution of
ethylenediamine (2.15 mL/ 31.85 mmol) in 10 mL abs. THF was added dropwise to the reaction
mixture and the solution stirred for 4 h under argon at RT. DCM (50 mL) was added to the
reaction mixture and washed five times with 50 mL H,O. The organic layer was dried over
MgSOQO, and the solvent removed at high vacuum yielding P04 as a yellow solid in a 98 % yield
(1.31 g/ 3.10 mmol). *H-NMR (300 MHz, DMSO-d6): 1.06 (s, 3 H, CHs), 1.18 (s, 3 H, CHa),
1.36 (s, 2 H, NHy), 2.23-2.42 (m, 2 H, CH,COOQOH), 2.94-2.99 (m, 2 H, NH,CH), 3.29-3.51 (m,
2 H, NCH,CH,), 5.96 (d, 1 H, ®Jyy =10.39 Hz, CqHC=CHPh), 6.65 (d, 1 H, *Jy4 = 7.90 Hz
CHarom), 6.79 (t, 1 H, *Jun = 7.39 Hz, CHarom), 6.85 (d, 1 H, *Jun = 8.98 Hz, CHarom), 7.08-7.14
(M, 2 H, CHaom), 7.18 (d, 1 H, *Jy = 10.49 Hz, C{HC=CHPh), 7.90 (s, br., CONHCH,), 7.99
(dd, 1 H, 3444 = 8.95 Hz, “Jnn = 2.79 Hz, CHarom), 8.23 (d, 1 H, “Jnn = 2.73 Hz, CHarom).-
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3.5.2 Atomic Force Microscopy (AFM)
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Figure A 3.1: Brush thickness of PGMA and PMAA structures grafted from ETFE surfaces, as
a function of the EUV-light (92.5 eV) irradiation dose. Step heights have been derived from
AFM images in non-patterned areas of high radical density.
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3.5.3 Attenuated Total Reflectance — Infrared (ATR—IR) Spectroscopy
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Figure A 3.2: ATR-IR spectra of thick PGMA and spiropyran-carrying PGMA-SP brush
structures grafted from ETFE with the relevant bands marked with arrows.
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Figure A 3.3: ATR-IR spectra of thick PMAA, PTFAMA and spiropyran-carrying PMA-SP

brush structures grafted from ETFE with the relevant bands marked with arrows.
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Wavenumber [cm™®]  Wavenumber [cm™]

on PTFE on ETFE
PGMA V(C-H)g 3011 -2924 3011 -2924
S(C-H)y 1483, 1387, 1346 1483, 1387, 1346
V(C=0)ester 1730 1726
V(C-0)acyi 1218 1234
V(Caikoxy~H)ether 1088 1147
PGMA-SP  u(N-H)g 3375 3372
V(N-H)p, amide 1658 1651
O(N-H)p, amine 1587 1589
V(C-H)g 2965 — 2860 2965 — 2860
V(C-H)arom,, metasubst. 868, 746 872, 748
v(O-H)g 3245 3249
V(C=0)ester+amide 1727 1722
V(N-0)asym 1516 1516
V(N-O)gym 1338 1336
V(C=C)st, arom. 1470 1464
v(C-N) 1265 1269
v(Cpy-0) 1218 1236
V(Calkoxy-O)atconol 1059 1057

Table A 3.1: List of signals appearing in ATR-IR spectra of thick PGMA and SP-carrying
PGMA-SP brush structures grafted from ETFE and PTFE.
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Wavenumber [cm™]

Wavenumber [cm™]

on PTFE on ETFE
PMAA V(O-H)coon H 3159 3201
V(O-H)coon 2596 2605
V(O-H)coon 962 965
v(C=0)cooH 1699 1699
V(C=0)co0’ 1631 1637
S(C-H)y 1483, 1444, 1390 1479, 1438, 1390
V(C-0)geyi 1194 1190
PTFAMA  v(C=0)anhydride 1801, 1759 1803, 1759
V(Caikoxy-O) 1082 1090
v(C-F) 1016 1026
PMA-SP  v(N-H)g 3363 3359
V(C=0)anhyeride 1801, 1759 1803, 1759
V(C=0)amide 1714 1705
O(N-H)p, amide 1651 1662
V(C-H)g 2970 — 2860 2970 — 2860
V(C-H)arom., metasubst. 954, 839, 739 889, 841, 750
V(N-O)asym 1523 1543
V(N-O)gym 1336 1323
V(C=C)s, arom. 1487 — 1462 1490 - 1460
v(Cpp-0) 1218 1213
V(Calkoxy-O) 1055 1050
v(C-F) 1016 1026

Table A 3.2: List of signals appearing in ATR-IR spectra of thick PMAA, PTFAMA and SP-

carrying PMA-SP brush structures grafted from ETFE and PTFE.
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Figure A 3.4: ATR-IR spectra of thick PPFPA in comparison to PTFAMA brush structures
grafted from ETFE with the relevant bands marked with arrows. The shift for the C=0
vibration for the ester compared to the formed anhydride brushes, as well as the absence of a
dominant peak at 1521 cm™ for C=C vibrations of the aromatic ester, proves that not the PFP

ester, but the trifluoro anhydride has been formed.

3.5.4 Photochromic Properties of Spiropyrans in Solution

To understand the photoresponsive behavior of spiropyran (SP)-containing brushes, we
needed to fully understand the photochromic behavior of SPs in solution first. Therefore, the
photochromic behavior of SP moiety P04 was analyzed in solvents of different polarity
(Figure A 3.5). Before irradiation with UV-light, the solutions appear colorless or weakly
colored, depending on the solvent used. With irradiation of UV-light (Agx =350 nm) weak
fluorescence emission appears in the dark and all solutions show a strong color change. After
irradiation with visible light, all solutions decolorize again completely. This process is reversible
for more than 20 cycles and depends on the polarity of the solvent.

The absorption behavior of spiropyran moiety P04 (c = 1.0 x 10°M) was analyzed in
detail in toluene, DCM, THF and ethanol (Figure A 3.6). Without excitation, the closed
thermodynamically stable SP form shows no absorption band in the visible region. Once

irradiated with UV light (Aex = 350 nm) P04 in toluene changes its conformation to the planar



Light-Responsive Polymer Surfaces via PPM of Grafted Polymer-Brush Structures 46

merocyanine form and with irradiation time shows an increasingly strong absorption band at
578 nm and a shoulder around 545 nm. The appearance of the shoulder can be ascribed to the
formation of dimers or aggregates of the nitro-substituted SPs in non-polar solvents. With
increased polarity, neither a shoulder nor a second absorption band appear in THF
(Amax = 569 nm) or ethanol (Amax =536 nm), as polar solvents stabilize the merocyanine (MC)
open form. From Kinetic analysis of thermal relaxation of the individual absorption maxima of
P04, the absorption half-life (T1/2, abs) has been determined for each solvent. In general, Ty aps Of
the thermodynamically less stable MC form increases with polarity. The 9-fold increase of
T2, as 1IN ethanol can be ascribed to hydrogen bonding of ethanol with the phenolate group of the
open MC form. The fluorescence behavior of P04 (c = 1.0 x 10° M) was analyzed in detail in
toluene, DCM, THF and EtOH (Figure A 3.7). Upon excitation by UV-light (Agx = 350 nm), only
a very weak fluorescence signal can be detected. The planar conformation of the MC opens the
possibility for the electrons to delocalize over the entire molecule and absorb light of another
wavelength. If the solutions are excited with a second excitation wavelength, according to their
absorption spectrum, the fluorescence emission is strongly enhanced. In toluene a strong
emission band appears in the red area at 628 nm with excitation at the absorption maximum
(Aex =570 nm), increasing with irradiation time. From kinetic analysis of thermal relaxation of
the individual emission maxima of P04 the emission half-life (T1, em) has been determined for
each solvent (Table 3.2). In general, Ti; em Of the thermodynamically less stable MC form
increases with polarity. The 50-fold elongation of Ty, gm in ethanol can be ascribed to hydrogen

bonding of ethanol with the phenolate group of the open MC form.

Figure A 3.5: A solution of SP-Amine in toluene (c = 1.0 x 10°® M) before UV-light exposure
(a), under UV-light (b) and after UV-light irradiation (c). After 5 min irradiation with visible

light the solution decolorizes completely. This process is reversible for more than 20 cycles.
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Figure A 3.6: Absorption spectra of a solution of SP-Amine P04 (c = 1.0 x 10 M) in toluene
(a, b), and kinetics at absorption maximum in toluene, DCM, THF and EtOH (c) under

UV-light irradiation (Agx = 350 nm) and thermal relaxation in steps of 30 sec.
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Figure A 3.7: Fluorescence spectra of a solution of SP-Amine P04 (c = 1.0 x 10°® M) in toluene
(a, b) and kinetics at emission maximum in toluene, DCM, THF, EtOH (e) under UV-light
irradiation and thermal relaxation in steps of 30 sec.
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3.5.5 Fluorescence Kinetics on Polymer Surfaces
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Figure A 3.8: Fluorescence Kinetic studies of spiropyran (SP)-containing PMA-SP brush
structures after an initial excitation with UV-light (A = 360 nm, 30 s). The red fluorescence was
observed under excitation with visible light (Agx = 555 nm) in the dry state (a), toluene (b),
THF (c), DCM (d), ethanol (e) and in water (f).
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Figure A 3.9: Determination of emission half-life (Ty,) of SP-containing PGMA-SP brush
structures after an initial excitation with UV-light (A = 360 nm, 30 s). The intensity of the red
fluorescence signal was determined under excitation with visible light (Agx = 555 nm) in the

dry state (a), toluene (b), THF (c), DCM (d), ethanol (e) and in water (f).
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Figure A 3.10: Determination of emission half-life (T,,) of SP-containing PMA-SP brush
structures after an initial excitation with UV-light (A = 360 nm, 30 s). The intensity of the red
fluorescence signal was determined under excitation with visible light (Agx = 555 nm) in the
dry state (a), toluene (b), THF (c), DCM (d), ethanol (e) and in water (f).
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4.  From pH- to Light-Response: Post-Polymerization Modification of

Polymer Brushes Grafted onto Polymeric Membranes®

4.1 Abstract

We demonstrate a new approach to fabricating a microporous pH- and light-responsive
membrane that enables remote control over its transport and interfacial material properties. pH-
responsiveness was imparted to a commercial 30-pm-thick polypropylene membrane via grafting
of poly(methacrylic acid) (PMAA) brushes from the substrate using an argon plasma-induced
free-radical graft polymerization. Morphological changes as a function of grafting level were
analyzed by means of atomic force microscopy. Conversion into a light-responsive membrane
was performed via a two-step, post-polymerization modification to covalently attach
photochromic spiropyran moieties to grafted PMAA polymer brushes. Characterization of the
functionalization of the polymer brushes was carried out with attenuated total reflectance infrared
and UV/vis spectroscopy. pH- and light-induced reversible switches in wettability and
permeability upon changing from acidic to basic pH or alternating UV- and visible light
irradiation, respectively, were demonstrated using static water contact angle and flux
measurements. Additionally, light-responsive membranes show a switch in color which was

characterized via UV/vis spectroscopy.

4.2 Introduction

Smart membranes that are sensitive to their environment have received tremendous
attention in recent years as they enable the rapid, remote-controlled switching of their transport
and interfacial properties *°* 16 220226 They are designed materials that have properties such as
swelling behavior, permeability or interactions with ions and biomolecules that can be changed
reversibly in a controlled way by means of external stimulation. Switching originates from
responsiveness to a certain trigger such as pH*?, temperature?’, metal ions*®, electric field®*® or

light™2. Membranes that are sensitive towards pH have been fabricated using a variety of

2 This chapter is the basis for a manuscript to be submitted to ACS Applied Materials & Interfaces. The experimental
part has been integrated in Chapter 2. The supplementary information has been added as an appendix at the end of
this chapter.
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processes including formation of polymer networks, chemical modification of the bulk material

or via grafting of polymer brushes on their surfaces.

Polypropylene (PP) membranes are low-cost materials that show advanced bulk
properties in terms of their mechanical strength, dimensional stability and chemical inertness®*°.
However, this is associated with a high degree of hydrophobicity, low reactivity and poor
biocompatibility. Modification of such commercial substrates to improve their surface properties
is therefore very attractive®”. Conventional simple methods include coating and grafting
processes. The easily implemented dip- or spin-coating techniques have the disadvantages of pore
blockage and weak adhesion forces to the parent polymer®!. Grafting of polymer brushes
covalently either via “grafting-to” or “grafting from” is a very powerful, efficient and simple
method to covalently attach new functionalities, allowing a fast response to environmental stimuli
due to flexible mobile chain ends, while retaining the desirable bulk properties of the parent
material (Chapter 1). Different techniques have been established as a pre-treatment to activate
polymeric membranes to bind e.g. RAFT chain-transfer agents for graft polymerization, namely
via plasma?®, ozone (03)**®, UV-light?*®** or for direct polymerization via y-irradiation®®. Plasma
activation is a fast, dry and environmentally friendly way, which has been heavily exploited in

industry for activation and cleaning of surfaces in order to form homogenous coatings®*® %%

Typically, pH-responsive polymers are weak polyelectrolytes (Chapter 1.5), which
undergo conformational transitions depending on the pH conditions. The response of poly-acids
towards pH occurs via deprotonation above their particular pKa values, which induces a swelling
of the charged polymer and — when grafted to a membrane — to a decrease in pore size.
Alternatively, protonation below their pKa values induces a collapse of the non-charged polymer
and an increase in pore size'? pH-responsive membranes have been used for chemical
separation processes such as for oil/water mixtures'*, for proteins''* and metal ions**®, as well as

7

in biotechnological applications like biosensors''®, drug delivery systems'” or non-fouling

surfaces™'®,

222

Reports of light-responsive polymeric membranes are surprisingly rare““. As a stimulus,

light is very attractive, since it can be applied as an external trigger''®, allowing the remote-
controlled actuation of closed systems without risk of chemical contamination (Chapter 1.5). The
most commonly used and best investigated photochromic moieties in polymeric materials are

126

azobenzenes®*® and spiropyrans'®" as reversible organic switches. Light-responsive
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membranes have found applications in photonic devices™®, photosensitive lenses®* and have

151, 152 147-149

been used for permeability , protein adhesion™*® and drug delivery

In this article, we demonstrate a facile approach to grafting functional polymer brushes on
microporous polymeric substrates. PMAA polymer brushes were grafted from a 30-um-thick PP
membrane to endow it with pH-responsiveness. Further, an established PPM process 2* of the
grafted polymer brushes with photochromic spiropyrans (SPs) was used to create light-responsive
polymer brushes (PMA-SP). Changes in wettability and in permeability were analysed by means
of static water contact angle (CA) and water flux measurements, respectively, upon change in pH
and visible and UV-light irradiation. In addition, a switch in color and transmission for

photochromic PMA-SP brushes was detected.

4.3 Results and Discussion

4.3.1 Grafting of pH-Responsive PMAA Polymer Brushes on Polymeric Substrates

In this work, we used an argon plasma source to activate a 30-um-thick microporous
polypropylene (PP) membrane and, for comparison, a flat 120-um-thick PP film. Figure 4.1a
illustrates the activation step, as well as the subsequent grafting of pH-responsive
poly(methacrylic acid) (PMAA) polymer brushes from the polymeric substrates via free-radical
polymerization (FRP).

In Figure 4.1, the grafting level (GL) — that is mass uptake of PP membrane samples after
grafting of PMAA polymer brushes — is shown in dependence of the activation time with argon
plasma. The GL achieved under the same reaction conditions was found to increase linearly with
increasing activation time, as a consequence of an increasing radical concentration. It reached a
maximum after four minutes and decreased again with longer activation time. This indicates that
a very high radical density enhances side reactions in the grafting process, such as recombination
of surface-bound or chain-end radicals in immediate vicinity, leading to termination of the
polymerization process. Similar behavior was observed by Quing et al. *® when grafting PMAA

polymer brushes on PES substrates.
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Figure 4.1: Strategy for grafting of PMAA polymer brushes after one-side argon plasma
activation from polypropylene (PP) substrates and (b) mass uptake of PP membranes after

grafting of PMAA polymer brushes as a function of activation time.

AFM height images of a non-grafted membrane sample, as well as samples grafted under
identical conditions with 30 seconds, 1 minute and 2 minute activation time are shown in Figure
4.2. With the applied FRP technique, polymer grafting led to a drastic change in morphology.
With increasing GL the fibers of the pristine microporous PP membrane changed from a very
delicate microporous network to an increasingly closed and brittle system. Furthermore, samples
of higher GL showed optical inhomogeneity and turned opaque-crystalline.

The static water-contact angles (CAs) of grafted PMAA on both PP membrane and flat-
pressed PP film samples in dependence of activation time with argon plasma have been
determined (Figure A 4.1). After grafting with hydrophilic PMAA, the CA was drastically
reduced from 117° to 36° for membrane and from 103° to 57° for film samples, independent of

their activation time with argon plasma. The difference in CA between the membrane and film
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samples is caused by their different morphology and therefore higher surface roughness of the

membrane samples (Cassie-Baxter wetting).

Height Sensor 5.0 um Height Sensor 5.0 um

Height Sensor 5.0 um Height Sensor 5.0 um

Figure 4.2: AFM images of (a) a pristine, non-grafted PP membrane and PMAA polymer
brushes grafted from a PP membrane after (b) 30 seconds, (¢) 1 minute and (d) 2 minutes

activation time with argon plasma.

4.3.2 Switching Properties of pH-Responsive PMAA Polymer Brushes

The response of PMAA polymer brushes in terms of wettability towards different pH was
analyzed by static water contact angle (CA) measurements. Figure 4.3a shows that the CA could
be reversibly switched between 59° and < 10° for PP membranes and 68° and 21° for PP films,
for alternating acidic and basic conditions. These changes in wettability are caused by a change in
surface free energy due to reversible protonation from the more hydrophobic state (PMAA) under
acidic conditions (pH 1) and deprotonation of the carboxylic acids to the very hydrophilic
polyelectrolyte state (PMA") under basic conditions (pH 13). Under neutral conditions (pH 7), the
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CA in both cases took up a position in between both states (36° for membranes and 58° for film

samples), which could be interpreted as a configuration where the brushes are partly deprotonated

to a partly charged copolymer P(MAA-co-MA") (Figure 4.3b).

The pH-responsiveness in terms of permeability of PMAA-modified PP membranes has

been determined by measurement of the flux under neutral, acidic and basic conditions and as a

function of the grafting level (GL) caused by different activation times with argon plasma (Table

4.1, Figure 4.4).
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Figure 4.3: Reversible pH-induced switching (a) in static water-contact angles (CA) of PMMA

brush-modified PP membrane and film surfaces measured with 3 uL water droplets between

(b) the fully protonated hydrophobic state (PMAA) under acidic conditions, a partly charged

copolymer

state (P(MAA-co-MA")) under

neutral pH and the fully deprotonated

polyelectrolyte configuration (PMA") under basic conditions.

The water flux of a PMAA-grafted PP membrane with 30 seconds plasma activation

(256 Lm?h™) was lower compared to that of the pristine PP membrane (306 L m?h™),

indicating a reduced pore size caused by the grafting of PMAA brushes. Under acidic conditions,
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the flux is enhanced by roughly 30 % to 331 L m?h™, i.e. to a value higher than that of the
pristine membrane. This effect is interpreted as deswelling of the fully protonated PMAA
brushes, leading to an enhanced pore size, combined with the higher wettability of PMAA
compared to PP (CApp = 117 ° vs. CApumaa = 36 °). Under basic conditions, the flux was strongly
reduced by 63 % to 94 L m™? h%, caused by the full deprotonation of the carboxylic acid moieties,
causing a strong swelling of the polymer brushes (Figure 4.4). This switching under alternating

pH conditions was reversible for more than 10 cycles.

Activation time [min]

Flux [L m? h?] 0 0.5 1 2 5
HCI 308 331 183 117 100
Relative to H,O [%] +29 +23 +22 +24
H,0 306 256 149 96 81

NaOH 308 94 68 47 55
relative to H,O [%)] -63 -54 -51 -32
pH Switch [%] 252 168 148 81

Table 4.1: Flux of PMMA brush-modified PP membranes in dependence of the grafting level

(GL) caused by the activation time with argon plasma under different pH conditions.

With increasing GL, the water flux under neutral conditions reduced significantly, i.e. by
more than two thirds from 256 L m?h™ for 30 seconds activation time to 81 L m?h™ for
5 minutes activation time. Similar trends for swelling and deswelling of the polymer brushes
under basic and acidic conditions were observed in the flux for all GLs. The relative flux at low
pH was roughly 20 % higher than under aqueous conditions, independent of the GL. This implies
a similar deswelling of the polymer brushes, irrespective of their chain length. In contrast, the
relative flux under basic conditions is more dependent on the GL. It reduced from 63 % for 30
seconds to 32 % for 5 minutes activation time, since the membrane pores became increasingly
blocked. The highest magnitude of flux switching due to pH was seen at the lowest GL (252 %
for 30 seconds activation), and the lowest magnitude at highest GL (81% for 5 minutes

activation).
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Figure 4.4: Reversible switching of the flux through PMMA brush-modified PP membranes
under different pH conditions, in dependence of the grafting level (GL)—in turn a function of
the activation time with argon plasma. The most intense switching is observed at a lowest
grafting level.

4.3.3 Post-Polymerization of PMAA Polymer Brushes to Create Light-Responsive Substrates

To impart light responsiveness to the PP substrates, a previously established two-step
post-polymerization modification (PPM) has been applied to covalently attach photochromic
spiropyran (SP) moieties via an amine linker to activated PMAA polymer brushes (Scheme 4.1).

NH,
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" HN N
HO™ X0 THF, NEt3 \n/\/ d
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o
PMAA Brushes on PP PTFAMA Brushes on PP PMA-SP Brushes on PP

Scheme 4.1: Strategy for synthesis of light-responsive polymer brushes via post-
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(o] F n
SP amine i O HN” Yo

polymerization modification of PMAA polymer structures on polypropylene (PP) substrates.
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In brief, the carboxylic acid groups of the PMAA brushes are converted in quantitative
yields into fluorinated anhydrides (PTFAMA). The activated acids allow covalent attachment of

the SP amines via an amide formation to modify the polymer brushes up to 40 %. Detailed

characterization of the grafted PMAA polymer brushes and their PPM on both PP membranes

and films using attenuated total reflectance infrared (ATR-IR) microscopy and CA measurements

is given in the supporting information (Figure A 4.2, Table A 4.1 and Table A 4.2).

4.3.4 Switching Properties of Light-Responsive Polymeric Substrates
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Figure 4.5: (a) Optical images of consecutive light-induced color switches on a photochromic

PP membrane according to the transformation of isomeric structures of ring-closed spiropyran

(SP) to the zwitterionic open form of merocyanine (MC). In areas covered by different masks,

weakly-pink colored PMA-SP brushes do not switch in color, while in areas exposed to UV-
light the membrane appears deep-purple colored due to PMA-MC brushes. (b) Transmission

spectra of thick PMA-SP brushes on a PP film, upon exposure to visible (PMA-SP) and

UV-light (PMA-MC) showing the reversible switch in absorption around 570 nm.
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After the PPM the PP membrane samples appeared weakly pink in color and showed a

strong color switch to deep-purple when exposed to UV-light inducing the SP-MP transition

(Figure 4.5a). The color change was also detected in transmission spectrometry as an absorbance

band around 570 nm (Figure 4.5b).
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Figure 4.6: Reversible switching in static water-contact angle (CA) on a with PMA-SP-brush-

modified PP membrane and film, upon alternating exposure to visible and UV-light, measured

with 3 puL water droplets.

Upon alternating exposure to visible and UV-light, the static water CA of SP-modified
surfaces could be reversibly switched between 88° (PMMA-SP) and 66° (PMMA-MC) on PP

films and between 103° and 93° on PP membranes (Figure 4.6). The surface free energy

increases with increasing dipole moment, causing a higher wettability and a lower CA. The

switches in CA on both surfaces are within the range for SP-modified surfaces®® #**. Again, the

difference in CA between the membrane and film samples is presumably an effect of their

differing morphologies.

In Figure 4.7, the switching of permeability upon light exposure of photochromic PP

membranes is demonstrated using flux measurements under alternating visible and UV-light

irradiation. The flux increased by roughly 40 % from 306 L m2h™ to 424 L m?h? after an

exposure of 30 seconds with UV-light and relaxed back within 30 minutes under ambient visible
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light. In contrast to the pH-dependent switch in flux, the permeability of UV sensitive the
membranes appears not to be dominated by the swelling behavior of the brushes, but by the
wettability switch induced by the SP-MC transition. The usually short activation time of only
30 seconds with UV-light causes an immediate difference in wetting but not in swelling. The
swelling of the zwitterionic brushes would need more time to decoil and to overcome the
configurational changes. The pristine and SP-modified PP membranes are very hydrophobic,
while the zwitterionic MC isomers formed under UV-light irradiation favor the passage of water
through the membrane. Similarly increased permeability caused by UV-light irradiation has been

described by Chung et al.™ for grafted SP-containing methacrylates on PTFE.

4607 —m—PMA-SP
440 PP pristine
n
420 [ ] n [ |
<400
-
&
€ 380
=
X 360
= ]
340 1
320 1
] [ 'y o [ |
300 ™
280 +———

L 1 1
Vis UV  Vis UV Vis UV Vis UV Vis
Irradiation

Figure 4.7: Reversible switching in water flux through a pristine and a SP-modified PP

membrane under a pressure of 750 mbar upon alternating exposure to visible and UV-light.

4.4  Conclusions

A new method for the fabrication of responsive polymeric membranes has been
demonstrated that uses argon-plasma activation and free-radical polymerization to graft pH-
responsive PMAA polymer brushes from microporous polypropylene. It was clearly evident from
ATR-IR spectra that PMAA polymer brushes had been grafted and functionalized via an

established two-step post-polymerization modification strategy to generate photochromic
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spiropyran-containing PMA-SP polymer brushes. Both PMAA and PMA-SP modified
membranes were successfully shown to be smart materials that could switch in wettability and
permeability in response to either pH or light as external stimulus. Switching was demonstrated
using static water-contact angle and water flux measurements. In addition, photochromic PMA-
SP brushes show a reversible switch in color upon alternating visible and UV-light irradiation.
The flux properties of pH-switched PMAA-modified membranes were dominated by the swelling
of the brushes and little influenced by the hydrophilicity of the surface. In contrast, hydrophilicity
changes dominated the photon-induced switching of SP-modified membranes.

The advantage of the presented approach lies in its simplicity and versatility. The
application of responsive systems to influence the hydrophilicity or pore size via swelling of the
material is of great interest for the controlled separation or transport of dissolved species. With
this in mind, a detailed understanding of the parameters that determine the reversible responses is
very valuable for a wide range of researchers in surface chemistry, materials science and

membrane engineering.
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4.5  Appendix

4,5.1 Static Water-Contact-Angle (CA) Measurements
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Figure A 4.1: Static water-contact angle (CA) of grafted PMAA polymer brushes on
polypropylene (PP) membranes and films in dependence of activation time of the samples with

argon plasma.

static CA [°]* static CA [°]*
on PP Membranes on PP Films

Substrate 117 + 2 103 =+ 2
PMAA 36 = 3 56 £ 4
PTFAMA 82 = 3 922 £+ 2
PMA-SP 103 = 2 88 + 3
PMA-MC 93 + 2 66 £ 3

*average of five measurements

Table A 4.1: Static water contact angle (CA) of substrate, grafted PMAA, PTFAMA and light-
responsive PMA-SP (visible) and PMA-MC (UV-light) brushes on PP membranes and films.



From pH- to Light-Response: PPM of Polymer Brushes Grafted onto Polymeric Membranes

64

4.5.2 Attenuated Total Reflectance — Infrared (ATR-IR) Spectroscopy
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Figure A 4.2: ATR-IR spectra of thick PMAA, PTFAMA and spiropyran-carrying PMA-SP

brush structures grafted from (a) a PP membrane and (b) a PP film, with the relevant bands

marked with arrows.
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Wavenumber [cm™]  Wavenumber [cm™]

PP Membrane PP Film
PMAA v(O-H)coon H 3420 3442
v(O-H)coon 3222 3188
V(O-H)coon 970 972
v(C=0)coon 1701 1703
v(C=0)coo’ 1629 1639
8(C-H)p 1266 1269
V(C-0)acyi 1171 1169
PTFAMA  v(C=0)annyarice 1803, 1757 1803, 1759
V(Calkoxy=O) 1132 1134
v(C-F) 1012 1022
PMA-SP v(N-H)y 3388 3353
V(C=0)anhydride 1803, 1757 1803, 1759
V(C=0)amige 1715 1707
V(N-H)p, amide 1649 1651
V(C-H)arom., metasubst. 972, 744 955, 742
V(N-0)asym 1545 1541
V(N-O)gym 1331 1331
V(C=C)st, arom. 1485 1481
V(Cpy-0) 1331 1331
V(Caikoxy-O) 1165 1165
v(C-F) 1018 1022

Table A 4.2: List of signals appearing in ATR-IR spectra of thick PMAA, PTFAMA and
spiropyran (SP)-carrying PMA-SP brush structures grafted from a PP membrane and a PP film.
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4.5.3 Ultraviolet-visible (UV/vis) Light Spectroscopy
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Figure A 4.3: Transmission spectra of thick PMA-SP brushes on a PP film, upon exposure to

visible (PMA-SP) and UV-light (PMA-MC) showing the reversible switch in absorption
around 570 nm.
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5. Fabrication of Thiol-ene  ‘Clickable®  Copolymer-Brush
Nanostructures on Polymeric Substrates via Extreme Ultraviolet

Interference Lithography®

5.1 Abstract

We demonstrate a new approach to grafting thiol-reactive nanopatterned copolymer-brush
structures on polymeric substrates by means of extreme ultraviolet (EUV) interference
lithography. The copolymer brushes were designed to contain maleimide functional groups as
thiol-reactive centers. Fluoropolymer films were exposed to EUV radiation at the X-ray
interference lithography beamline (XIL-II) at the Swiss Light Source, in order to create radical
patterns on their surfaces. The radicals served as initiators for the copolymerization of thiol-ene
‘clickable’ brushes, composed of a furan-protected maleimide monomer (FuMaMA) and different
methacrylates, namely methyl methacrylate (MMA), ethylene glycol methyl ether methacrylate
(EGMA) or poly(ethylene glycol) methyl ether methacrylate (PEGMA). Copolymerization with
ethylene glycol-containing monomers provides anti-biofouling properties to these surfaces. The
number of reactive centers on the grafted brush structures can be tailored by varying the
monomer ratios in the feed. Grafted copolymers were characterized by using attenuated total
reflectance infrared (ATR-IR) spectroscopy. The reactive maleimide methacrylate (MaMA) units
were utilized to conjugate thiol-containing moieties using the nucleophilic Michael-addition
reaction, which proceeds at room temperature without the need for any metal-based catalyst.
Using this approach, a variety of functionalities was introduced to yield polyelectrolytes, as well
as fluorescent and light-responsive polymer-brush structures. Functionalization of the brush
structures was demonstrated via ATR-IR and UV/vis spectroscopy, fluorescence microscopy, and
was also indicated by a color switch. Furthermore, grafted surfaces were generated via plasma
activation, showing a strongly increased wettability for polyelectrolytes and a reversible switch in
static water contact angle (CA) of up to 18° for P(EGMA-co-MaMA-SP) brushes, upon exposure

to alternating visible and UV-light irradiation.

® This chapter is an adaptation of our paper published in ACS Appl. Mater. Interfaces in 2015: M. Diibner, T.N.
Gevrek, A. Sanyal, N.D. Spencer, C. Padeste, ACS Appl. Mater. Interfaces 2015, 7, 11337-11345. DOI:
10.1021/acsami.5b01804. The experimental part has been integrated in Chapter 2. The supplementary information
has been added as an appendix at the end of this chapter.


http://pubs.acs.org/doi/abs/10.1021/acsami.5b01804
http://pubs.acs.org/doi/abs/10.1021/acsami.5b01804
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5.2 Introduction

Patterned functional polymeric surfaces with reactive groups that can be modified under
mild conditions without employing any metal catalyst open a broad field of applications and are
of particular interest for the bioconjugation of polymeric materials.*®* Such patterns need to be
fabricated with properties and characteristics that enable them to interact with their environment
in a desired manner. Polymer brushes are ideal candidates for such applications, since polymers
can be readily synthesized to be multifunctional by the incorporation of several monomers with
different properties and functions.

Highly efficient reactions for post-polymerization modification (PPM) have been
discussed in (Chapter 1.4). Among the so-called “click” reactions, the nucleophilic Thiol-Ene
reaction is a very robust technique, which benefits from its fast reaction kinetics, usually leading
to very high vyields, with little or no byproduct, under ambient, non-stringent reaction
conditions.”® ™

Thiol-reactive polymeric materials that contain maleimide groups for conjugation have
been developed recently.®® > 9 24224 Naleimides are versatile functional groups for thiol-ene

70-74

reactions, as they show fast Kinetics and provide the ability to be reversibly

deactivated/activated by means of Diels-Alder (DA) and retro Diels-Alder (rDA) reactions.”>"’
The thiol-maleimide reaction, which is fast, facile, and selective, has been exploited intensively
for coupling functional moieties to biomolecules.?***" Although many examples of self-
assembled monolayers of maleimide conjugates on various metallic and glass surfaces have been
described,**® reports of polymer surfaces functionalized with maleimides are rare.?*
Maleimide-containing polymer brushes were fabricated on silicon oxide surfaces using
copper-mediated atom transfer radical polymerization (ATRP).>° This approach entails
immobilization of specific radical initiators on the silicon-based substrate, followed by metal-
mediated polymerization. Needless to say, development of a universal method for fabrication of
thiol-reactive brushes on polymeric substrates will expand their versatility. In particular, to date,
there are no reports of fabrication of thiol-reactive copolymer brushes on polymeric substrates.
The rapid increase in the utilization of polymeric substrates due to their cost-effectiveness for
high-throughput usage in a disposable manner necessitates the development of protocols that will
allow rapid production of patterned reactive platforms on polymeric substrates, e.g. for biological

assays.
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Precise definition of domain sizes and architectures in soft-material systems provides a
basis for controlling interactions of the environment with a surface. A technology for radiation-
induced grafting of micro- and nanostructured polymers by free-radical polymerization (FRP) has
been established in the past years.?* 2> 217 240

In this approach, nanostructured patterns of polymer brushes were grafted from activated
polymeric surfaces such as polyolefins and fluoropolymers. The activation was carried out via
interference exposure with extreme ultraviolet (EUV) light. Precise control over the creation of
radical patterns, down to the nanometer scale, allows grafting of nanostructured brushes in a
subsequent polymerization process. The process is very simple compared to controlled radical
polymerization (CRP) methods, where initiators need to be immobilized at the surface.
Furthermore the FRP-approach yields periodic brush structures, even at short reaction times, with
more than an order of magnitude higher thickness compared to brushes produced by CRP.**

Here, we demonstrate grafting of patterned copolymer-brush structures on a polymeric
substrate, namely poly(ethylene-alt-tetrafluoroethylene) (ETFE), which could easily be
functionalized at room temperature via metal-free thiol-ene reaction. In particular, copolymers
containing furan-protected maleimide side chains as reactive groups and different pendant side
chains were synthesized. In particular poly(methyl methacrylate), ethylene glycol methyl ether
methacrylate and poly(ethylene glycol) methyl ether methacrylate were used as the comonomers
yielding the copolymers P(MMA-co-FuMaMA), P(EGMA-co-FuMaMA) and P(EGMA-co-
FuMaMA), where the latter two provided anti-biofouling properties to the brushes. Thereafter,
activation of masked maleimide groups via the rDA reaction, as well as a facile fabrication of
reactive surfaces via thiol-ene reactions was carried out. Successful modification of the patterned
brushes was displayed via modification with different thiols generating polyelectrolytes, as well

as fluorescent and light-responsive polymer-brushes on a polymeric substrate.

5.3 Results and Discussion
5.3.1 Fabrication of Patterned Copolymer Brushes via Interference Lithography
Patterned functional polymeric surfaces with chemoselective groups open up a broad field

of applications in various areas, such as diagnostic microarray fabrication. In this work, we used

an established process, which has been developed in our institute, to produce nanostructured,
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functional polymer brushes showing high reproducibility in terms of achievable height-dose

dependence and resolution.?* 2% 217 240
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Figure 5.1: (a) Scheme of EUV interference lithography, as performed at SLS. Patterns of
radicals were created by interference of photon beams (92.5eV) diffracted at grating
structures. (b)  Cross-section of non-patterned and periodic patterned polymer-brush
nanostructures grafted from areas of high radical density and periodic pattern of radicals,
respectively. (c) Synthetic strategy for copolymer brushes via grafting of P((EG)yMA-co-
FuMaMA) and the subsequent retro Diels-Alder (rDA) reaction used to activate the maleimide

groups.

In Figure 5.1a, a scheme of the EUV lithographic exposure step providing the basis for

grafting nanostructured polymer brushes is shown. Undulator light with a wavelength of 13.5 nm

(92.5 eV) was used to crack chemical bonds and, as a consequence, to create radicals at polymer

surfaces. The interference setup used creates periodic radical patterns on the surface of ETFE

foils via diffraction at grating structures in the mask. The formed radical were used as initiators in

a subsequent polymerization reaction, to graft micro- and nanostructured polymer brushes

covalently from substrate polymer surfaces (Figure 5.1b). The masks used here allowed the
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production of line and dot arrays or hexagonal patterns with 100 nm to 1.5 um resolution on areas
as large as 200 um? based on two, four or six beam interference, respectively.

The aim of this work was the fabrication of functionalizable maleimide-containing
polymer brushes on geometrically well-defined areas and with a defined thickness. For the
copolymerization, we have chosen methacrylates with 0, 1 or, on average, 4.5 ethylene glycol
units as side groups mixed in different ratios with the protected maleimide monomer
(Figure 5.1c). This gave us control over the concentration of reactive centers in the grafted brush

structures and provides additional anti-biofouling properties to these patterned surfaces.
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Figure 5.2: AFM images of P(EGMA-co-FuMaMA) copolymer nanostructures grafted from
ETFE. (a) Structure with hexagonal symmetry defined by six interfering beams and (b) line
profile along the line indicated in (a). High resolution structures were achieved using
interference of (c) four beams, resulting dots with 280 nm period, and (d) two beams, resulting

in 200 nm period lines.

Atomic force microscopy (AFM) images of areas covered with brush nanostructures

grafted using free radical polymerization (FRP) are shown in Figure 5.2. Patterns were defined by
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two, four or six interfering EUV-beams using the established lithography setup and grafted at an
EGMA:FuMaMA-ratio of 2:1. Two interfering EUV-beams led to nanopatterned line structures,
four interfering EUV-beams led to dot structures, and six interfering EUV-beam led to hexagonal
structures of P(MMA-co-FuMaMA), P(EGMA-co-FuMaMA) and P(PEGMA-co-FuMaMA).
Homogeneous copolymer hexagonal nano-patterned structures with a strong contrast could be
grafted, as indicated also in the cross-section profile (Figure 5.2b). In this case cavities of
100-200 nm in diameter were formed by dots six hexagonally arranged of 650 nm in width.

Representative of all maleimide-containing copolymer combinations, P(EGMA-co-
FuMaMA) copolymer brush structures are shown in Figure 5.2a. Furthermore, dot and line
nanopatterns with a period down to 280 nm (Figure 5.2c) and down to 200 nm (Figure 5.2b),
respectively could be achieved. P(MMA-co-FuMaMA), as well as P(PEGMA-co-FuMaMA)
copolymer nanostructures led to similar dimensions, differing only in their dose dependence and
reaction times according to their grafting behavior described before.

To gain a better understanding of the grafting kinetics, homopolymers grafted with each
ethylene glycol derivate monomer were analyzed individually. Evaluation of the dry thickness of
grafted micropatterns of poly(methyl methacrylate) P(MMA), ethylene glycol methyl ether
methacrylate P(EGMA) and poly(ethylene glycol) methyl ether methacrylate P(PEGMA),
showed a roughly square-root dependence on dose, consistent with the brush-like configuration
for all three polymers (Figure A 5.1). Using FRP conditions, microstructures were accessible that
exceeded 1 pm in thickness for MMA, 650 nm for EGMA and 200 nm for PEGMA brushes.
These different findings for the different monomers may be explained by the polymerization
kinetics, which were influenced by the number of ethylene glycol units on the monomer and
therefore its size. This led to a 2 to 5 times faster grafting process for P(MMA), i.e. the monomer
without ethylene glycol compared to P(EGMA) with one or P(PEGMA) with 4.5 ethylene glycol
groups, respectively. Another aspect that may influence the grafting kinetics is the occurrence of
side reactions such as hydrogen-abstraction reactions. (Oligo) ethylene glycol-based monomers
bear abstractable hydrogens, which can reduce the reaction rates and yields drastically by the
formation of radicals of low reactivity in the glycol side chains, leading to termination

reactions®:.
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5.3.2 Copolymerization of Different Methacrylates with Maleimide-Containing Monomer

The furan-protected maleimide-containing monomer (FuMaMA) was copolymerized with
MMA, EGMA or PEGMA (Figure 5.1c). Polymerization temperature needed to be kept moderate
(typically below 90°C) in this case in order prevent rDA reactions and to avoid in situ

crosslinking which would result in gelation.*
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Figure 5.3: (a) ATR-IR spectra of P(EGMA), P(EGMA-co-FuMaMA) and P(FuMaMA) brush
microstructures grafted from ETFE. (b) Mole fraction of FuMaMA in MMA, EGMA and
PEGMA copolymer-brush structures grafted from ETFE in dependence of the mole fraction of
FuMaMA in the comonomer solution. Determination was performed via the relative ratios of

the carbonyl vibrations of the ester and imide groups in ATR-IR spectra.

We quantified the monomer compositions on the copolymer-brush structures via the
intensity ratios of the carbonyl vibrations at 1726 and 1705 cm™ for the ester and imide groups
appearing in the ATR-IR spectra of the individual copolymers (Figure 5.3a, Figure A 5.2 and
Figure A 5.3). Their relative intensities of P(MMA), P(EGMA), P(PEGMA) and P(FuMaMA)
homopolymers were used to define the mole fractions of FuMaMA for having no FuMaMA on
the ethylene glycol or full FuMaMA homopolymer brushes, respectively. The relative intensities
for copolymers were fitted in terms of the carbonylic vibrations for esters from the backbone of
the FuMaMA fraction. With increasing content of FuMaMA in the brush, the C=0 vibration for
esters was reduced, while that for imides was enhanced. The experimentally obtained monomer
compositions of the copolymer-brush structures showed that the incorporation of the masked
monomer was not equal to its mole fraction in solution. This discrepancy can be assigned to the

steric hindrance of the pendant bicyclic group in the monomer. Thus, again, size appeared to
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determine the stoichiometry, as two different monomer types always compete for the free radicals
on the surface or in the growing chains. As a result of this, the mole fraction of FuMaMA was
much lower on the P(MMA-co-FuMaMA) and much higher on the P(PEGMA-co-FuMaMA)
brush structures than its mole fraction in the monomer solution (Figure 5.3b). Interestingly, when
grafted in a copolymer with EGMA, the stoichiometry was almost identical to that in the

monomer solution.

5.3.3 Deprotection of the Maleimides

The deprotection of the maleimide groups was achieved using a heat treatment under
vacuum to remove the furan moiety via the retro Diels-Alder (rDA) reaction (Figure 5.1¢). This
reaction step is expected to be nearly quantitative.° It could be detected as a minor shift in the
ATR-IR spectra of the imide C=0 vibration of the conjugated amide rDA product (Figure A 5.4)
and the appearance of strong bands at 830 and 696 cm™ for cis-conjugated sp?> C-H vibrations,

respectively (Figure A 5.5).

5.3.4 Thiol-ene Functionalization of Copolymer Brushes

Our strategy was to create functionalized polymer-brush structures via covalent binding of
different thiols to surface grafted maleimide-containing brushes via the thiol-ene reaction
(Scheme 5.1). Effective functionalization was demonstrated by the coupling of a thiol-containing
coumarin, resulting in fluorescent brushes (Figure 5.4), as well as coupling of sulfonated thiols
resulting in polyelectrolytes (Figure 5.5).

Figure 5.4 shows the fluorescence images for patterned surfaces after rDA and Michael
addition with blue fluorescent coumarin-thiol dye. The effective thioether formation was
demonstrated via the strong blue fluorescence detected only on the patterns of grafted brushes,
indicating a covalent attachment of the dye and the absence of physisorption on the unmodified
ETFE surface. The control experiment using protected FuMaMA brush structures resulted in

negligible fluorescence intensity in the structured areas (Figure 5.4b).
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Scheme 5.1: Examples for thiol-ene post-polymerization modification of grafted P(EGMA-co-
FuMaMA) on ETFE: (a) coumarin-containing fluorescent brushes, (b) sulfonate-containing

polyelectrolytes and (c) spiropyran-containing light-responsive brushes.

In order to analyze macroscopic properties, such as the wetting behavior of
mercaptoethane sulfonate (MES)-containing polyelectrolyte surfaces, ETFE foils were activated
in argon plasma to create cm?-scale areas of radicals suitable to initiate graft polymerization of
P(EGMA-co-FuMaMA) . After modification of the maleimide-containing brushes with MES, a
substantial increase in surface wettability was evident since the water contact angle decreased
from 73 ° to 31 °, as expected from the transformation of the neutral polymer into a negatively
charged polyelectrolyte brush. On the protected brush, no reaction with MES was observed
(Figure 5.5). The Michael-addition of the thiols to the unprotected maleimide could also be
detected via ATR-IR microscopy. The appearance of strong characteristic bands for the C=0,
C=C and C-H vibrations of the aromatic coumarin (Figure A 5.6), as well as SO3" vibrations for
the sulfonate (Figure A 5.7) after the thiol-ene reaction showed covalent attachment to the brush

structures. Furthermore, the disappearance of the characteristic peaks at 830 and 696 cm™ for cis-
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conjugated sp?® C-H vibrations demonstrated very high to quantitative vyields for the
hydrothiolation reactions. A detailed analysis of the IR bands is listed in Table A5.1. In
summary, the nucleophilic thiol-ene reaction offers a highly efficient and specific methodology

for modification of polymeric surfaces coated with maleimide-containing polymer brushes.

Figure 5.4: Fluorescence emission (Agym =390 nm) of (a) coumarin-containing P(EGMA-co-
MaMA-Coumarin) and (b) negative control of non coumarin-containing P(EGMA-co-
FuMaMA/Coumarin) brush structures grafted from ETFE under an excitation with UV-light
(Mex = 360 nm).

A

Figure 5.5: Static water contact-angle (CA) measurements on large-area brush structures of (a)

sulfonate on P(EGMA-co-MaMA-Sulfonate) polyelectrolytes and (b) negative control of
sulfonate on P(EGMA-co-FuMaMA/Sulfonate) brushes grafted from plasma activated
100-um-thick ETFE foil.

To demonstrate that the copolymer brushes on a polymeric substrate can be used as a
platform to fabricate a stimuli-responsive system, light-responsive spiropyran (SP)-containing
polymer brush structures for smart surface applications have been created via conjugation of a
newly synthesized thiol-containing SP to the reactive maleimide groups along the polymeric

backbone (Scheme 5.1). For this purpose, ETFE foils have been irradiated on a large area with
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EUV-light (92.5 eV) in an exposure without an interference mask, to achieve sufficiently thick
areas to detect a visible color change (Figure 5.6).

The almost transparent SP-containing P(EGMA-co-MaMA-SP) brushes switched to a
deeply purple color when exposed to UV-light (Figure 5.6a). The color switch could also be
detected in the appearance of a strong absorbance band in the transmission spectra around
570 nm, which is in the typical range for spiropyrans (Figure 5.6b).>*° The heterocyclic
spiropyrans carry a chromene moiety, which is orthogonally linked through a spiro-carbon atom.
UV-light causes the reversible heterolytic cleavage of the sp* carbon-oxygen bond, forming the

planar zwitterionic open form of the deeply colored merocyanine."***%
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Figure 5.6: (a) Reversible color switching and (b) transmission spectra of thick micro-
structured P(EGMA-co-MaMA-SP) brushes on ETFE upon exposure to visible and UV-light
showing the reversible switch in absorption around 570 nm. The switch in color and
transmission was originating from the transition of colorless spiropyran (SP) to zwitterionic

merocyanine (MC).

Furthermore, sample spectra of P(EGMA-co-MaMA) and spiropyran-functionalized
P(EGMA-co-MaMA-SP) brush structures acquired with ATR-IR and the listed appearing peaks
with assignments can be found in the supplementary information (Figure A 5.8 and Table A 5.1).
After the post-polymerization modification (PPM), strong characteristic bands for N-H and NO,-
stretching, as well as C-H, C=C and C-O vibrations from the aromatic skeleton of the SP could
be detected. The complete disappearance of the peaks for cis-conjugated sp? C-H vibrations,
which are characteristic for maleimides, indicated a highly efficient PPM (> 95 % yield).

In the next step, argon-plasma activation was used to graft large areas of P(EGMA-co-

FuMaMA) brushes from ETFE foils for analyzing the switching of wettability of photoresponsive
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polymer brushes. The grafting process led to an enhanced surface free energy and therefore to a
more hydrophilic surface as indicated by a water-contact-angle reduction from 104° to 60°
(Table A 5.2).
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Figure 5.7: UV- and visible light- induced switching of the static contact angles of P(EGMA-
co-MaMA-SP) brush surfaces measured with 3 pL water droplets.

The deprotection via the rDA to the maleimide-containing P(EGMA-co-MaMA\) resulted
in an increase of the CA to 73°, explicable by the more hydrophobic nature of the conjugated
maleimide. After the binding of the spiropyran moieties yielding P(EGMA-co-MaMA-SP)
brushes, a static contact angle of 84° was reached. The static contact angle of these modified
surfaces could now reversibly be switched between 84° (P(EGMA-co-MaMA-SP)) and 66°
(P(EGMA-co-MaMA-MC)) by alternating irradiation with UV and visible light. (Figure 5.7) The
reversible change of up 18° was close to values observed for non-polymeric spiropyran-
containing surfaces® **2'° Switching was reversible for at least 10 cycles.

The abovementioned functionalization was carried out to demonstrate how polymeric
substrates could be modified in nano-structured as well as in large-area form by using maleimide-
containing copolymer brushes. The benign, metal-free polymerization and post-polymerization

modification steps allowed preservation of properties of the appended functional molecules
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without the threat of any metal-ion contamination. The effective functionalization in a facile

manner demonstrates the versatility of this approach.

5.4 Conclusions

A method for functionalization of polymeric substrates with thiol-reactive copolymer
brushes via extreme ultra-violet (EUV) radiation and their subsequent functionalization using
nucleophilic thiol-ene conjugation was demonstrated. In particular, free-radical polymerization of
masked maleimide monomers from initiator patterns created with EUV interference was used to
grow brush structures, which could be deprotected and modified via thiol-ene coupling, to yield
fluorescent, polyelectrolytic and light-responsive polymer brushes on fluoropolymer surfaces. A
successful copolymerization was carried out with short (MMA), medium (EGMA) and long
(PEGMA) comonomers. Grafting of furan-protected maleimide-containing copolymer brush
structures of P(MMA), P(EGMA) and P(PEGMA) was clearly evident from ATR-IR spectra.

Attachment of thiols via thiol-ene reactions to the deprotected maleimide side chains was
chemoselective and specific. Additionally, patterned, spiropyran-containing polymer brushes
were demonstrated to behave as smart surfaces reacting to light as an external stimulus by
switching of contact angle, fluorescence and color. The UV-light-induced wettability switch of
18° caused by spiropyran-merocyanine isomerization was in the characteristic range for
spiropyran-modified surfaces.

The three presented examples of functionalization of maleimide-containing copolymer
brushes on polymeric substrates demonstrate the versatility of this approach. Further expansion
of the concept towards multi-functional and multi-responsive systems may for instance be
achieved by copolymerization of two reactive monomers that will allow to orthogonal
modification with different functional moieties.

Different activation methods have been used to control the creation of radicals on the
surface, taking advantage of plasma activation for large-area activation and of the EUV
interference lithography setup at the Swiss Light Source to access micro- and nanopatterns.
Exposure and grafting parameters allowed us to control the grafting density and thickness of the
brush structures. Furthermore, copolymerization regulated the density of the attached functional
centers on the structures to help controlling other additional properties to the brushes such as

hydrophobicity or hydrophilicity by varying the number of ethylene glycol moieties in the side
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chains of the comonomer. Especially hydrophilic PEG-containing functional brushes will be
interesting in future projects as they provide anti-biofouling properties along with the potential

for selective bioconjugation.
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5.5 Appendix

5.5.1 Organic Synthesis
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Scheme A 5.1: Synthetic route to spiropyran (SP) with thiol linker, which can be covalently

bound to previously grafted maleimide-containing polymer-brush structures.

Spiropyran thiol (SP-SH): The precursor molecule SP PFP-ester (perfluorophenyl 3-(3',3'-
dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)propanoate) was prepared as reported before.
For the SP-SH, SP-PFP (1.50 g, 2.72 mmol) and cysteamine (0.32 g, 4.08 mmol) were diluted in
25 mL abs. THF. The reaction mixture was stirred for 2 h under argon at RT. DCM (50 mL) was
added to the reaction mixture and washed five times with 50 mL H,O. The organic layer was
dried over MgSQ, and the solvent removed at high vacuum receiving spiropyran thiol as yellow
solid in a 94 % vyield (1.12 g, 2.55 mmol). *H-NMR (300 MHz, DMSO-ds, &, ppm): 1.08 (s, 3 H,
CHs), 1.19 (s, 3H, CHs), 1.53 (s, 1 H, SH), 2.25-2.47 (m, 2 H, NCH,CH,), 3.13 (q, 2 H,
3Jun = 6.50 Hz, SHCHy), 3.19-3.38 (m, 2 H, SHCH,CH,), 3.31-3.53 (m, 2 H, NCH,CH,), 5.99
(d, 1 H, ®Jypn =10.21 Hz, CHC=CHPh), 6.67 (d, 1 H, *Jny = 7.51 Hz, CHaom), 6.80 (t, 1 H,
3Jhn = 7.21 Hz, CHarom), 6.86 (d, 1 H, *Jyn = 9.01 Hz, CHarom), 7.11 (M, 2 H, CHarom), 7.20 (d,
1H, 3Jyu=10.51Hz, CqHC=CHPh), 7.97 (s, 1H, NH), 8.00 (dd, 1H, *Jun=9.01Hz,
*Jhp = 2.70 Hz, CHarom), 8.22 (d, 1 H, *Jy 1 = 2.70 Hz, CHarom).; *C-NMR (300 MHz, DMSO-ds,
o, ppm): 171.0, 159.7, 146.8, 141.0, 136.1, 128.5, 128.0, 126.1, 123.2, 122.4, 122.1, 119.6, 119.4,
115.9, 107.1, 107.0, 52.9, 42.6, 35.3, 28.4, 26.1, 23.9, 19.9;
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5.5.2 Atomic Force Microscopy (AFM)
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Figure A 5.1: Thickness of dry P(MMA), P(EGMA) and P(PEGMA) brush microstructures
grafted from ETFE surfaces, as a function of the EUV-light (92.5 eV) irradiation dose. Step

heights have been derived from AFM images in non-patterned areas of high radical density.
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5.5.3 Attenuated Total Reflectance — Infrared (ATR—IR) Spectroscopy
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Figure A5.2: ATR-IR spectra of thick dry P(MMA-co-FuMaMA) brush microstructures

grafted from ETFE.
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Figure A5.3: ATR-IR spectra of thick dry P(PEGMA-co-FuMaMA) brush microstructures

grafted from ETFE.
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Figure A5.6: ATR-IR spectra of thick dry P(EGMA-co-MaMA) (1:9) structures grafted from
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Figure A 5.8: ATR-IR spectra of thick dry P(EGMA-co-MaMA) (1:9) structures grafted from
ETFE and the thiol-ene product P(EGMA-co-MaMA-SP) (1:9).

P(EGMA-co-MaMA-SP)

3384 cm”

L~

P(EGMA-co-MaMA)

.——%

1577 cm

1338 cm’

1610 cm

| ‘152Elcm‘

.
1664 cm” 1481 cm

/

‘ 176 cm”

1080 cm”’

I ' 1
3500 3000

I M I ! I 4
1800 1600 1400

Wavenumber [cm™]

1 ' T M I N
1200 1000 800 600



Fabrication of Thiol-ene ‘Clickable’ Copolymer-Brush Nanostructures via EUV-IL

87

Wavenumber [cm™]

P(EGMA-co-MaMA) v(sp? C-H) 830, 696
P(EGMA-co-MaMA-Coumarin)  v(C-H)g. 3100 - 2800
V(C-H)arom 955, 872, 750
V(C=0)arom. ester 1735
V(C=0)ester 1726
V(C=0)amide 1705
V(C=C)st. arom. 1622, 1602
8(C-H) 1389, 1369, 1346
V(C-O)arom. 1167
P(EGMA-co-MaMA-Sulfonate)  v(OH)g, 3485
V(SO3Na)st asym. +sym. 1361, 1179
P(EGMA-co-MaMA-SP) V(N-H)g 3384
V(C=0)ester 1726
V(C=0)amide 1705
V(N-H)p, amide 1664
v(C-H)st 2330 - 2850
V(C-H)arom., metasubst,. 951, 838, 750
O(N-O)st. asym. + sym. 1520, 1338
V(C=C)st, arom. 1481
v(Cpp-0) 1176
V(Caikoxy-O) 1090

Table A5.1: List of signals appearing in ATR-IR spectra of thick P(EGMA-co-MaMA),
coumarin-carrying P(EGMA-co-MaMA-Coumarin), sulfonate-carrying P(EGMA-co-MaMA-
Sulfonate) and spiropyran-carrying P(EGMA-co-MaMA-SP) brush structures grafted from
ETFE.
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5.5.4 Static Water-Contact-Angle (CA) Measurements

static CA [°]* on ETFE

Substrate 104 £ 2
P(EGMA-co-FuMaMA) 60 = 2
P(EGMA-co-MaMA) 73 £ 3
P(EGMA-co-MaMA-SP) 84 + 3
P(EGMA-co-MaMA-MC) 66 + 3

*average of five measurements

Table A5.2: Static water contact-angle (CA) measurements of 100 um thick ETFE foils,
without polymer structures, and with grafted dry P(EGMA-co-FuMaMA), P(EGMA-co-
MaMA) and spiropyran-carrying P(EGMA-co-MaMA-SP) structures under visible light
(MaMA-SP) and UV-light (MaMA-MC).



Light-Switching of Enzymatic Activity on Orthogonally Functionalized Polymer Brushes 89

6. Light-Switching of Enzymatic Activity on Orthogonally

Functionalized Polymer Brushes”

6.1 Abstract

We demonstrate light-controlled enzymatic activity on orthogonally functionalized
polymer brushes. A new approach has been used to graft amine- and thiol-reactive copolymer-
brush structures on polymeric substrates. The copolymer brushes were designed to incorporate
epoxide and maleimide functional groups as amine- and thiol-reactive centers, respectively.
ETFE films were exposed to extreme ultraviolet (EUV) light, in order to create radical patterns
on their surfaces. The radicals served as initiators for the copolymerization of orthogonally
functionalizable brushes, composed of glycidyl methacrylate (GMA) and furan-protected
maleimide (FuMaMA) monomers in different ratios. The epoxides were utilized for
chemoselective bio-conjugation of microperoxidase-11 (MP-11) via an amine linker and
activated maleimides to conjugate photochromic spiropyran (SP) thiols using the nucleophilic
Michael-addition reaction. The grafted copolymer synthesis and their post-polymerization
modifications were demonstrated via ATR-IR and UV/vis spectroscopy, as well as with static
water-contact-angle measurements. Enzymatic activity was illustrated via a MP-11-catalyzed
oxidation of colorless 3,3°,5,5’-tetramethylbenzidine (TMB) diamine to deep-blue colored TMB
diimine. A light-induced switch in the enzymatic turn-over of TMB was detected and quantified
by means of UV/vis spectroscopy. A dramatic change according to exposure to either visible or
UV-light allowed us to control the enzymatic activity of fabricated photochromic bio-conjugated
P(GMA-MP-11-co-MaMA-SP) copolymer brushes grafted from polymeric substrates.

6.2 Introduction

Smart, bio-conjugated surfaces are of great interest, as they allow stimulus-induced

switching of bio-functionality on demand, based on their responsiveness to a certain trigger, such

* This chapter is the basis for a manuscript to be submitted to Nature Materials. The experimental part has been
integrated in Chapter 2. The supplementary information has been added as an appendix at the end of this chapter.
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254 255

as temperature®?, pH?3, magnetic fields®®*, enzymatic activity?®® or light**°. Reports of stimuli-
responsive bio-conjugated systems have been summarized in Chapter 1.6. Most often, control
over bioactivity has been achieved by means of changes in pH or temperature. Reports of light as
the remote-control element, on the other hand, have been surprisingly rare. Light as an external
stimulus has the advantages of spatial and temporal control without suffering from diffusion
effects, as it can be directed and delivered to distant locations and applied instantaneously under
specific conditions with high accuracy (Chapter 1.5). Light can reversibly be switched on and off
and allows tuning of the response via its wavelength and intensity.>*®

The first example of actual control over enzymatic activity on surfaces with light was

described by Poloni et al.?®

, who used UV-light to deactivate lipase, which was immobilized on
an azobenzene-containing SAM-modified quartz surface. However, the lack of flexibility of the
SAM and the direct connection of the chromophore to the enzyme limited the reversibility of the
process due to deformation of the active center of the lipase and, as a consequence, irreversible
deactivation of the enzyme.

Here we report the grafting on polymeric substrates of copolymer-brush structures that
provide both amine- and thiol-reactive units suitable for chemoselective orthogonal PPM.
Patterns of radicals serving as initiators were created by exposure of ETFE films to extreme
ultraviolet light using the X-ray interference lithography beamline at the Swiss Light Source.
EUV-light was chosen as an activation method as it generates very high radical densities and
consequently very homogenously grafted polymer-brush structures. Furthermore, high-resolution
patterns may be generated using interference exposures with EUV light. However, in principle
other radical-formation methods, such as argon and helium plasma-activation, or exposure to
less-powerful UV-light sources could be applied in this process.

Free-radical polymerization (FRP) was used to graft orthogonally functionalizable
copolymers containing epoxide (glycidyl methacrylate, GMA) and furan-protected maleimide
(FuMaMA) groups as side chains. The removal of the furan protecting group after polymerization
via a retro Diels-Alder (rDA) reaction yields chemoselective thiol-reactive maleimide groups.

Multifunctional smart surfaces were fabricated in an orthogonal two-step PPM using,
first, the amine-epoxide reaction for bio-conjugation of microperoxidase-11 (MP-11)
chemoselectively to GMA and, second, the nucleophilic thiol-ene reaction to covalently attach
photochromic spiropyran (SP) moieties to activated maleimides. Microperoxidase-11 (MP-11) is
a fragment of ferric heme enzyme cytochrome ¢ (CytC) with the heme group covalently bound
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via two thioether bonds to the amino acid residues 11-21. It catalyzes the oxidation of a variety of
substrates by hydrogen peroxide.”’ Though the peroxidase activity of a heme peptide is lower

than that of intact peroxidase®®

, MP-11 is much smaller in size (1.9 kDa), allowing us to bind a
much higher density of catalytic active centers onto grafted brushes.

A reversible light-induced switch in enzymatic activity of P(GMA-MP-11-co-MaMA-SP)
copolymer brushes was demonstrated via MP-11-catalyzed oxidation of colorless 3,3°5,5’-

tetramethylbenzidine (TMB) diamine to deep-blue-colored TMB diimine.

6.3 Results and Discussion

6.3.1 Fabrication of Orthogonally Functionalizable Copolymer Brushes

Extreme ultraviolet (EUV) lithography was used for activating polymeric surfaces.
Chemical bonds in the parent material were cracked using undulator light with a wavelength of
13.5 nm (92.5 eV), causing radical formation near the polymer surfaces, which allowed grafting
of orthogonally functionalizable copolymer brushes in a subsequent free-radical polymerization
(FRP) process. This process has been established in our institute in recent years?* 2> 217 240. 241

To fabricate orthogonally functionalizable polymer brushes, it was necessary to
copolymerize two functional monomers, which allowed chemoselective post-polymerization
modification (PPM) of the brush structures. As monomers, we chose glycidyl methacrylate
(GMA) in different ratios with a furan-protected maleimide monomer (FuMaMA) (Figure 6.1a).
In order to prevent retro Diels-Alder (rDA) reactions of the furan-protected maleimides and to
avoid in situ crosslinking (gelation)®** during the polymerization process, the temperature needed
to be maintained below 90 °C. The grafting level was analyzed by varying the monomer ratios of
GMA to FuMaMA in the grafting solution. The dry thickness of grafted brush patterns of
homopolymers P(GMA) and P(FuMaMA), as well as for P(GMA-co-FuMaMA) copolymers
showed a square-root dependence on dose, as assessed by means of atomic force microscopy
(AFM) (Figure 6.1b). The dry thickness of P(GMA) exceeded 2 um and reduced with increasing
concentration of FuMaMA in the monomer feed, resulting in only 100 nm thickness for
P(FuMaMA) homopolymer brushes. This grafting behavior was dominated by the grafting
kinetics of the two different monomers and is in good agreement with our previous findings for

ethylene-containing copolymer brush structures®*,
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Figure 6.1: (a) Synthetic strategy for orthogonally functionalizable copolymer brushes via
grafting of P(GMA-co-FuMaMA), with a subsequent retro Diels-Alder (rDA) reaction used to
activate the maleimide groups. (b) Thickness of dry P(GMA), P(GMA-co-FuMaMA) and
P(FuMaMA) brush microstructures grafted from ETFE surfaces, as a function of the EUV-light
(92.5 eV) irradiation dose.

For gquantification of the monomer compositions on the copolymer-brush structures, the
intensity ratios of the carbonyl vibrations for the ester and imide groups, appearing in the IR
spectra at 1728 and 1704 cm™, respectively, were analyzed using the relative intensities of
P(GMA) and P(FuMaMA) homopolymers as reference values (Figure 6.2a). The experimentally
obtained stoichiometry of the copolymer-brush structures showed that the incorporation of the
masked monomer was almost equal to its mole fraction in solution (Figure 6.2b).

The deprotection of the maleimide groups was achieved using a heat treatment under
vacuum to remove the furan moiety via the retro Diels-Alder (rDA) reaction (Figure 6.1a). This

reaction step is expected to be nearly quantitative®®. The activation led to a minor shift of the
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imide C=0 vibration of the conjugated amide rDA product in the IR spectra characteristic for
FuMaMA/MaMA transformations®* (Figure A 6.1), as well as to a change in wettability as the
static water contact angle (CA) changed from 68° to 83° (Table 6.1). In order to ascertain that
this treatment was not causing a ring-opening reaction of the epoxides of GMA, P(GMA)
homopolymers were analyzed before and after the same treatment (Figure A 6.2). The IR spectra
of P(GMA) showed no significant difference in a reduction of C-O-C vibrations or additional
vibrational bands for newly formed OH groups, indicating the stability of these repeat units for

the employed rDA conditions.
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Figure 6.2: (a) ATR-IR spectra of P(GMA-co-FuMaMA) brush microstructures grafted from
ETFE and (b) the mole fraction of FuMaMA in GMA copolymer-brush structures grafted from
ETFE in dependence of the mole fraction of FuMaMA in the comonomer solution. The data
were obtained from the relative areas of the carbonyl peaks of the ester and imide groups in the
ATR-IR spectra.

6.3.2 Orthogonal Functionalization

Our strategy was to create multi-functionalized polymer-brush structures via
chemoselective covalent conjugation of microperoxidase-11 (MP-11) and spiropyran (SP) to
grafted P(GMA-co-MaMA) copolymer brushes (Scheme 6.1a). The lysine residue in the peptide
chain of MP-11 was used as flexible linker (Scheme 6.1b) for chemoselective binding to epoxides
of GMA in an initial PPM step — note that that the amine-epoxide reaction was carried out in
presence of de-protected maleimides. The very high efficiency of this PPM step was
demonstrated via the disappearance of the C-O-C vibration from the ether-like epoxides and the
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appearance of strong vibrations for OH, as well as for NH and C=0 for amides in the IR
spectrum corresponding to the ring-opened epoxides and surface-bound MP-11 (Figure A 6.3,
Table A 6.1). High chemoselectivity for the amine-epoxide vs the amine-maleimide reaction was
achieved by short reaction times, moderate reaction temperatures and low concentration of the

amine, reducing side reactions of MP-11 with the activated MaMA (Figure A 6.4).
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Scheme 6.1: (a) Synthetic strategy for chemoselective post-polymerization modification of
orthogonally functionalizable copolymer brushes to covalently attach microperoxidase-11
(MP-11) via epoxide-amine and photochromic spiropyran (SP) via thiol-ene reactions to
P(GMA-co-MaMA) brush structures. (b) Chemical structure of MP-11 with the flexible amine

linker, allowing conjugation to epoxides.

The low reactivity of maleimides towards MP-11 lysine residues was confirmed in a
control experiment. A grafted P(EGMA-co-MaMA) copolymer, carrying unreactive ethylene
glycol side chains instead of epoxide moieties, was treated under the same reaction conditions.
The absence of significant changes in color or in the IR spectra indicated no covalent attachment
to the maleimide groups under these reaction conditions. The ethylene glycol-containing

copolymer brushes were chosen, as they exhibit a chemical similarity and identical brush dry
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thickness to the epoxide-containing brushes, providing a comparable environment for MP-11 to

diffuse through the polymeric system.

static water CA [°]*

Substrate 104 + 2
P(GMA-co-FuMaMA) 68 + 2
P(GMA-co-MaMA) 83 + 3
P(GMA-MP-11-co-MaMA) 72 + 4
P(GMA-MP-11-co-MaMA-SP) 86 + 2

*average of five measurements

Table 6.1: Static water contact angle (CA) of the pristine substrate, grafted P(GMA-co-
FuMaMA), activated P(GMA-co-MaMA), enzyme-carrying P(GMA-MP-11-co-MaMA), and
light-responsive P(GMA-MP-11-co-MaMA-SP) brushes on 100-pum-thick ETFE films.

In a second chemoselective PPM step, SP-thiol was bound to the unreacted maleimides on
MP-11-containing P(GMA-MP-11-co-MaMA) brushes using the thiol-ene reaction under
ambient conditions. Under these reaction conditions, thiols usually do not react with epoxides, as
demonstrated in the IR spectra of P(GMA)/SP (Figure A 6.5), which show no significant change
after the SP-thiol treatment. This indicates that no covalent attachment of SP-SH to epoxides has
occurred, and therefore implies chemoselective attachment of SP-SH to maleimide and not to
unreacted epoxide groups in P(GMA-MP-11-co-MaMA) copolymers under these reaction
conditions. The effectiveness of the nucleophilic thiol-ene reaction was shown in a previous
publication®*. An earlier approach, in which we tried to bind SP-thiols first to P(GMA-co-
MaMA) and MP-11 in a subsequent PPM step did not provide multifunctionality on the
copolymer brushes, as SP moieties seemed be cleaved off by the MP-11 in solution.

Additionally, in order to verify the efficient orthogonal PPM of the grafted polymer
brushes, macroscopic properties — such as the wetting behavior — were analyzed using static
water-contact-angle (CA) measurements. Table 6.1 shows the corresponding CA changes upon
grafting of P(GMA-co-FuMaMA\) brushes, as well as for activation and for each PPM step of the
polymer-brush structures. The changes are well in line with grafting the copolymer to a very
hydrophobic substrate (-36°), detachment of the polar furanyl unit (+15°), binding of hydrophilic
MP-11 (-11°) and of only slightly polar SP (+14°). In summary, the amine-epoxide and
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nucleophilic thiol-ene reactions offer an elegant and simple orthogonal modification platform for
copolymer brushes, contributing to a highly efficient and chemospecific methodology for the

modification of polymeric surfaces.

6.3.3 Enzymatic activity

The enzymatic activity of surface-bound MP-11 was analyzed by a test reaction using a
3,3°,5,5’-tetramethylbenzidine (TMB) analyte solution (Chapter 2.1). MP-11 catalyzes the
oxidation of TMB from its colorless diamine to the deep-blue-colored diimine configuration in a

buffered hydrogen peroxide (H,O;) solution (Figure 6.3a).
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Figure 6.3: (a) MP-11-catalyzed TMB reaction from the colorless diamine to the deep-blue

colored diimine configuration causing (b) a color change of a 3 pL droplet of TMB analyte
solution on P(GMA-MP-11-co-MaMA-SP) polymer brushes grafted from ETFE.

A 3 pL droplet of TMB analyte solution was placed on P(GMA-MP-11-co-MaMA-SP)
polymer brushes grafted from ETFE. The initially colorless solution showed an immediately
appearing blue color close to the grafted surface, while the rest of the droplet remained colorless
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(Figure 6.3b). With increasing reaction time the blue color started to diffuse into the droplet until

the entire droplet appeared dark blue after 5 minutes.

6.3.4 Light-Responsiveness

The light-responsiveness of P(GMA-MP-11-co-MaMA-SP) polymer brushes was

demonstrated via UV/vis-spectroscopy (Figure 6.4) and contact-angle measurements (Figure 6.5).
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Figure 6.4: (a) Reversible UV- and visible light-induced switching between uncharged
colorless spiropyran (SP) and zwitterionic deep-purple colored merocyanine (MC) causing (b)
a reversible switch in transmission spectra of thick P(GMA-MP-11-co-MaMA-SP) brushes on
an ETFE film.

The double-functionalized substrate showed an absorption band at 410 nm, characteristic
of the aromatic porphyrin ring of MP-11. After an initial irradiation with UV-light (366 nm) for
30 seconds, an additional band appeared around 570 nm, characteristic of the deep-purple-colored

merocyanine (MC) formed from the colorless spiropyran (SP). The system relaxed back under
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visible light exposure. The switch in dipole moment was demonstrated via reversible, light-
induced switching of the static water CA from 86° for P(GMA-MP-11-co-MaMA-SP) under
visible light to 66° for P(GMA-MP-11-co-MaMA-MC) under UV-light irradiation (Figure 6.5).
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Figure 6.5: Switching of the static contact angle of 3 pL water droplet on P(GMA-MP-11-co-
MaMA-SP) brush surfaces upon alternating visible and UV-light irradiation.

6.3.5 Light-Controlled Enzymatic Activity

For determination of the influence of the polarity change of photochromic MP-11-
containing P(GMA-MP-11-co-MaMA-SP) polymer brushes, a surface-modified ETFE sample
(18 mm?) — previously exposed to either visible or UV-light — was dipped into a TMB reaction
solution and the absorbance spectra of the solution were measured using UV/vis-spectroscopy in
the dark at room temperature.

In the presence of MP-11-containing (P(GMA-MP-11-co-MaMA-SP)), i.e. following
visible-light exposure, two strong absorption bands appeared around 655 and 370 nm, indicating
the formation of planar TMB diimine (Figure 6.6a). The intensity at 655 nm increased slowly
over time, reaching a maximum of 0.09 a.u. after 27 minutes, after which it remained constant for
> 1 hour (Figure 6.7a). In contrast, an initial 30 seconds exposure of the grafted sample to UV-
light to form the P(GMA-MP-11-co-MaMA-MC) changed the Kkinetics of the TMB
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transformation drastically. Both absorbance bands increased ~ 80x more rapidly than in the prior

case, i.e. an absorbance value of 0.09 a.u. at 655 nm was reached after only 20 seconds (~ 80-fold

faster) (Figure 6.7a).
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Figure 6.6: Sequences of absorbance spectra acquired at 90 second time intervals of TMB
analyte solution in the presence of (a) P(GMA-MP-11-co-MaMA-SP) and (b) P(GMA-MP-11-
co-MaMA-MC), obtained by an initial 30 seconds activation time with UV-light. The

absorption bands are characteristic for the diimine oxidation product of TMB.
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Additionally, the intensity of the absorbance band increased substantially to 0.48 a.u. after
only 30 minutes, even stronger to 0.56 a.u. after 1 hour reaction time (Figure 6.6b). A negative
control, consisting of a photochromic but not MP-11-containing P(GMA-co-MaMA-SP) grafted
sample did not show any significant change in the transmission spectra over time, demonstrating
the need for MP-11 to initiate the TMB transformation.

It appears likely that the dramatic, light-induced increase in the TMB transformation rate
is caused by the increased wettability of the merocyanine (MC)-containing brushes — as
demonstrated with CA measurements (Figure 6.5) — which allowed the aqueous solution to better
penetrate into the polymeric system and the TMB diamine to diffuse to the catalytically active
centers of the MP-11 attached to the grafted polymer brushes. The overall enhanced TMB
oxidation rate is interpreted as a consequence of the swelling of the zwitterionic MC-containing
P(GMA-MP-11-co-MaMA-MC) brushes. While wetting effects are detected immediately,
swelling of polymer brushes usually occurs on a timescale of minutes to hours. Upon UV-light
exposure, the catalytic-active centers of MP-11 have much better accessibility within the grafted
copolymer brushes than after visible light exposure.

In addition, a switch in absorbance kinetics after in situ activation with UV-light was
demonstrated (Figure 6.7b, Figure A 6.6). Analogously to the previous measurements,
absorbance was determined in the presence of P(GMA-MP-11-co-MaMA-SP)). The enzymatic
activity (absorbance = 0.05 a.u.) leveled off after 15 minutes, but could be significantly amplified
by means of UV-light exposure for 30 seconds, leading to an increase in absorbance to 0.13 a.u..
After a one hour washing in buffer under ambient light to reconstitute the SP moieties, the
procedure was repeated in a second cycle of 30 minutes overall reaction time starting from a new
TMB solution. The second cycle showed very similar reaction kinetics with slightly reduced

intensity.
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Figure 6.7: Absorbance at 655 nm of TMB analyte solution. (a) Measurements in the presence
of P(GMA-MP-11-co-MaMA-SP) (orange) and P(GMA-MP-11-co-MaMA-MC) (purple)
obtained by 30 seconds activation with UV-light. (b) The reaction was started in the presence
of P(GMA-MP-11-co-MaMA-SP). After 15 minutes the sample was activated after for 30
seconds in situ with UV-light. This cycle was repeated after a washing step in between. The
exposure changed the kinetics drastically and was reversible after a relaxation after 1 hour

under visible light. In both cases P(GMA-co-MaMA-SP) (grey) was used as a negative control.
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6.4 Conclusions

A new method for the orthogonal functionalization of polymeric substrates with amine-
and thiol-reactive copolymer brushes and their subsequent post-polymerization modification
(PPM) using amine-epoxide and thiol-ene conjugation was demonstrated. In particular,
free-radical polymerization of glycidyl methacrylate and a furan-protected maleimide monomer
from initiator patterns was used to grow copolymer brush structures. Simple deprotection of the
maleimides allowed us to create dual-reactive copolymer brushes, which were used to conjugate
microperoxidase-11 (MP-11) and photochromic spiropyran (SP) to the glycidyl- and maleimide
residues, respectively. The orthogonal PPM was proven to be chemoselective and specific using
ATR-IR and UV/vis spectroscopy, supported by contact angle measurements.

MP-11-modified surfaces were demonstrated to be enzymatically active by triggering the
oxidation of colorless TMB diamine to its deep-blue-colored diimine form. Additionally, SP-
containing polymer brushes were demonstrated to behave as responsive surfaces by the reversible
light-induced switching of water contact angle and color. The combination of both functionalities
in one brush allowed us to control the enzymatic activity of photochromic bio-conjugated
polymer brushes using light as an external stimulus, leading to a dramatic, but reversible, change
in enzymatic activity on grafted polymer brushes.

These results represent a significant step forward in responsive bio-conjugated polymeric
surfaces, as they combine chemospecific highly efficient PPM in an orthogonal fashion with the
ability to implement multifunctionality on a single brush. These well-controlled brush structures
potentially open up a wide variety of applications for responsive bio-conjugated polymer brushes
in, for example, all-polymeric diagnostic microarrays and lab-on-a-chip devices.
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6.5 Appendix

6.5.1 Attenuated Total Reflectance — Infrared (ATR—-IR) Spectroscopy
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Figure A 6.1: ATR-IR spectra of thick dry P(GMA-co-FuMaMA) (2:1) structures grafted from
ETFE and the rDA product P(GMA-co-MaMA) (2:1).
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Figure A 6.2: ATR-IR spectra of thick P(GMA) grafted from ETFE before and after treatment
for 30 min under vacuum at 110 °C, confirming the stability of the epoxides under rDA

conditions.
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Figure A 6.3: ATR-IR spectra of thick P(GMA-co-MaMA), as prepared and after sequential

binding of MP-11 and SP.
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Table A 6.1: List of peaks in ATR-IR spectra of thick P(GMA-co-MaMA) brushes grafted

from ETFE, as prepared and after sequential binding of MP-11 and SP.
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Figure A 6.4: (a) Optical images of a MP-11-functionalized P(GMA-MP-11-co-MaMA) and a
negative control P(EGMA-co-MaMA) / MP-11. The negative control does not show any brown
color in the grafted areas, which is characteristic for bound MP-11. (b) ATR-IR spectra of thick
P(EGMA-co-MaMA) homopolymer brushes grafted from ETFE as a negative control before

and after treatment with MP-11 for 1 h at 60 °C.
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Figure A 6.5: ATR-IR spectra of thick P(GMA) grafted from ETFE before and after coupling

attempt with spiropyran thiol (SP-SH) under thiol-ene reaction conditions.
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6.5.2 Ultraviolet-visible (UV/vis) Spectroscopy
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Figure A 6.6: Absorbance spectra of TMB analyte solution over time in the presence of
P(GMA-MP-11-co-MaMA-SP) for 15 minutes. After the TMB oxidation leveled, the sample
was activated in situ for 30 seconds with UV-light to form P(GMA-MP-11-co-MaMA-MC).
The negative control (P(GMA-co-MaMA-SP) without MP-11 attached showed no enzymatic

activity.



Light-Switching of Enzymatic Activity on Orthogonally Functionalized Polymer Brushes 108




Conclusions and Outlook 109

7.  Conclusions and Outlook

The aim of this thesis was the fabrication of light-responsive polymeric surfaces by means
of grafting of polymer brushes. Free-radical polymerization (FRP) and different post-
polymerization modification (PPM) strategies were used for the generation of photochromic and
multifunctional polymer brushes on polymeric substrates. The light-responsive brushes carried
covalently attached spiropyran (SP) as pendant groups.

Different activation methods have been used to control the creation of initiator radicals on
the surface, taking advantage either of plasma activation for large-area activation or of the unique
possibilities at the XIL-beamline at the Swiss Light Source using extreme ultra-violet
interference lithography (EUV-IL) which allowed us to reproducibly grow polymer brushes from
interference patterns on a micrometer to nanometer scale. Exposure and grafting parameters
allowed us to control the grafting density and thickness of the brush structures. The patterned SP-
containing polymer brushes were successfully shown to behave as smart surfaces that switch in
color, in their fluorescence behavior, and in wettability, using light as external stimulus. The
fluorescence half-life (Ty,) of the photochromic brushes was determined and demonstrated the
importance of the brush chemistry, as well as the solvent environment for the
spiropyran-merocyanine isomerization. Non-polar solvents lower Ty, while polar solvents
enhance the emission life-time. The gained detailed understanding of the parameters that
determine the photoresponsiveness of these engineered brush structures was valuable for the
development of further, more complex responsive systems.

In addition, responsive polymeric membranes have been fabricated from microporous
polypropylene (PP) by means of argon-plasma activation and free-radical polymerization to graft
pH-responsive polymer brushes. The grafted membranes were then modified with the established
PPM to implement light-responsiveness. Modified membranes were showed smart properties in
that they switched in wettability and permeability in response to either pH or light as external
stimulus. The flux properties of pH-switched PMAA-modified membranes were dominated by
the swelling of the brushes and much less influenced by the hydrophilicity of the surface. In
contrast, hydrophilicity changes dominated the photon-induced switching of SP-modified PP
membranes. The simplicity and versatility of the described approach for the fabrication of

responsive systems to influence the hydrophilicity or pore size via swelling of the material is of
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great interest for the controlled separation or transport of dissolved species and could easily be
expanded to other functionalities.

In the following, polymeric substrates were modified with thiol-reactive copolymer
brushes and subsequent functionalization using nucleophilic thiol-ene conjugation.
Chemoselective and specific PPM of grafted brush structures yielded polyelectrolyte brushes, and
fluorescent and light-responsive polymer brushes on fluoropolymer surfaces. A successful
copolymerization was carried out with different ethylene glycol containing methacrylates
comonomers with a furan-protected maleimide methacrylate (FuMaMA). The copolymerization
regulated the density of the attached functional centers on the structures to help controlling other
additional properties to the brushes such as hydrophobicity or hydrophilicity by varying the
number of ethylene glycol moieties in the side chains of the comonomer. Especially hydrophilic
PEG-containing functional brushes will be interesting in future projects as they provide anti-
biofouling properties along with the potential for selective bioconjugation. Attachment of thiols
via thiol-ene reactions to the deprotected maleimide side chains was chemoselective and specific,
yielding different patterned, functional polymer brushes. These were demonstrated to behave as
smart surfaces reacting to light as an external stimulus by switching of contact angle,
fluorescence and color. The presented examples for functionalization of such thiol-reactive
copolymer brushes on polymeric substrates demonstrate the versatility of this approach.

This approach was continued to graft amine- and thiol-reactive copolymer-brushes
allowing chemospecific orthogonal PPM of the grafted structures. The amine-epoxide reaction
was utilized for chemoselective bio-conjugation of microperoxidase-11 (MP-11) and the
nucleophilic Michael-addition reaction for coupling of photochromic SP thiols to activated
maleimides. Enzymatic activity of photochromic bio-conjugated polymer brushes was illustrated
via a MP-11-catalyzed oxidation of colorless 3,3°,5,5’-tetramethylbenzidine (TMB) diamine to
deep-blue colored TMB diimine. A dramatic switch in the enzymatic turn-over of TMB
according to exposure to either visible or UV-light allowed controlling the enzymatic activity of
grafted polymeric substrates. The combination of chemospecific highly efficient PPM in an
orthogonal fashion with the ability to implement multifunctionality on a single brush represent a
significant step forward in responsive bio-conjugated polymeric surfaces.

Such highly-engineered brush structures potentially open up a wide variety of applications
for responsive bio-conjugated polymer brushes in, for example, all-polymeric diagnostic

microarrays and lab-on-a-chip devices. Utilizing such microfluidic systems would be another step
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forward in terms of analyzing continuously the enzymatic turn-over of catalyzed reactions of i.e.
photochromic bio-conjugated grafted surfaces.

An optical output signal with a wavelength similar to the absorption maximum of TMB
would allow quantification of the enzymatic activity of copolymer brush-bound MP-11 not just in
a static but also in a dynamic fashion. In academia, microfluidic chip devices are usually formed
into poly(dimethyl siloxane) (PDMS) as PDMS is a cheap, flexible and transparent polymer,
making it the ideal candidate for optofluidic biosensor systems. Due to its transparency to visible
and UV-light, in situ excitation of covalently attached SP moieties would give access to light-
induced remote-controlled switching in bio-catalyzed reactions in the microfluidic device.
Needless to say, that such microfluidic device allow fast cleaning of test reactors by simply
washing out non-bound oxidation products from the grafted copolymer brushes with buffer
solutions. In this manner, several cycles of enzymatic activity and in particular the life-time of
surface-bound MP-11 can be quantified upon alternating visible and UV-light irradiation.

Unfortunately, polymer brushes cannot be radiation-grafted from PDMS because of
radical recombination within this particular polymer after activation with either plasma or EUV
light. This drawback could be overcome by bonding of grafted flexible and transparent ETFE
foils with formed microfluidic PDMS chip devices creating a closed channel system.

This is only one example of how to implement polymer brushed into microfluidic
channels. Alternatively, other activation methods could be used such as electron-beam
lithography (EBL), allowing to continuously write spatially controlled large-area initiator
patterns. Further, extending the library of grafted monomers would be of particular interest for
multi-responsive polymer systems by copolymerization of poly(methacrylic acid) (PMAA) for
pH-responsiveness, poly(N-isopropyl acrylamide) (PNIPAAM) for thermo-responsiveness or
poly(2-(acetoacetoxy)ethyl methacrylate) (PACEMA), which can form complexes with transition
metals such as iron. These may be used as metal source for the formation iron oxide particles
within the brushes to achieve magnetic-responsiveness.

To further enhance the switch in remote-controlled bioactivities of grafted polymer
brushes the introduction of block-copolymer (BCP) should be considered. Therefore, controlled
radical polymerization techniques (CRP) would need to be applied such as nitroxide-mediated
polymerization (NMP), reversible addition fragmentation chain transfer (RAFT) polymerization
or metal-free ring-strain promoted atom transfer radical polymerization (ATRP). Applying these
methodologies of course would come with the tradeoff of complicating the fabrication process.
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Nevertheless, BCP would allow for example to bury certain functionalities such as enzymatic
centers in brush systems lowering the initial catalytic activity close to zero, while full activity

would be achieved through a response towards i.e. UV-light irradiation.
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