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Abstract: Here we describe the combined process of surface modification with
electrochemical atom transfer radical polymerization (e-ATRP) initiated from the surface of
a modified gold-electrode in a pure aqueous solution without any additional supporting
electrolyte. This approach allows for a very controlled growth of the polymer chains
leading towards a steady increase in film thickness. Electrochemical quartz crystal
microbalance displayed a highly regular increase in surface confined mass only after the
addition of the pre-copper catalyst which is reduced in situ and transformed into the
catalyst. Even after isolation and washing of the modified electrode surface, reinitiation
was achieved with retention of the controlled electrochemical ATRP reaction. This
reinitiation after isolation proves the livingness of the polymerization. This approach has
interesting potential for smart thin film materials and offers also the possibility of
post-modification via additional electrochemical induced reactions.

Keywords: atom transfer radical polymerization; electro-chemistry; surface polymerization;
thin films; surface chemistry




Polymers 2013, 5 1230

1. Introduction

Atom transfer radical polymerization (ATRP) is one of the most widely used reaction to create well
defined polymers, linear as well as more complex architectures which has been used also for
functionalization of various surfaces composed of different materials (e.g., Au, Ag, SiO, etc.) [1-7].
The controlled/living character of the polymerization allows for the creation of well-defined films even
providing block-copolymer compositions with a controlled thickness for a widespread of applications
e.g., in antimicrobial [8,9] and protective coatings preventing adsorption of plasma proteins and
platelets [10,11], protein affinity layers [12,13] and responsive films [14,15]. In these applications,
precise control over the polymerization properties is imperative since delicate changes can result in
repulsion layers or affinity layers [16]. The application of ATRP in aqueous systems tremendously
increased the importance of it for functionalization of biocompatible systems [17—19] or bio-surfaces [20]
but also for biomedical applications [21,22]. It allowed for the modification of proteins in order to
tailor new hybrid materials [23-25]. Recently a new impulse has been given to ATRP by controlling
the reaction using electrochemistry, so-called e-ATRP which had was previously also attempted in
combination with reversible addition-fragmentation chain transfer (RAFT) polymerization [26].
By adjusting the electrochemical potential, this method reduces Cu(Il) to Cu(l) in-situ and thereby
controlling the amount of Cu(I) in the system, and hence control over the polymerization reaction even
in combination with the presence of oxygen which was previously only possible with activators
regenerated by electron transfer atom transfer radical polymerization (ARGET-ATRP) [27,28]. This
technique was quickly developed to function effectively also in aqueous buffered solutions, increasing
the biocompatibility of e-ATRP [29]. The newly developed approach would benefit greatly when
combined with surface modification. While normally this would be initiation of a modified surface
from solution, direct modification of electrode surfaces is much more convenient. This is common for
the formation of conjugated polymers directly from the surface of the electrode via oxidative
electrochemical processes but an absolute novelty via e-ATRP [30-33].

Here, we describe the combined process of surface modification with electrochemical ATRP
initiated from the surface of a modified gold-electrode in a pure aqueous solution without any
supporting electrolyte (Scheme 1). The surface of the electrode is modified with an ATRP-initiator
(bis[2-(2'-bromoisobutyryloxy)ethyl]disulfide) and placed in an aqueous solution containing
Cu(Il)Bro/Mes TREN (#ris(2-dimethyl-aminoethyl)amine) (1.0 mM, 1:1) and oligo(ethylene glycol)methyl
ether methacrylate (OEGMA475) (2.5% w/w, 52.6 mM) or 2-hydroxethyl methacrylate (2.5% w/w,
192.3 mM). The system initially lacks the presence of activator [Cu(I)] and has a high amount of
deactivator [Cu(Il)]. The working gold electrode, covered with ATRP initiator, is able to reduce Cu(II)
to Cu(I) and hence initiate the polymerization reaction. The formation of activator-species occurs in
the vicinity of the initiator-layer which enhances the likelihood of activation. Upon activation, the
polymerization proceeds until deactivation by the high amount of deactivator in the system. This
reversible and electrochemically controlled process allows the formation of polymer layers with
controllable dry thicknesses of up to 47 nm within two hours. The conditions presented are the most
challenging for the system since complete (100%) surface coverage by initiator conventionally induces
limited degree of polymerization and omitting additional electrolyte as well as any co-solvents would
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influence electro-chemical activity and solubility, respectively [34]. These operating conditions reflect
the strength of the electro-chemical ATRP approach for surface modification.

Scheme 1. Schematic representation of the proposed system. A monolayer of atom transfer
radical polymerization (ATRP)-initiator on a flat gold substrate which is used as the
working electrode in the electrochemical setup. Cu(Il) is reduced to Cu(I) which initiates
the reaction on the electrode surface. The activation and deactivation is a reversible process
and maintains the control over the polymerization-reaction.
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2. Experimental Section
2.1. Materials

Oligo(ethylene glycol) methyl ether methacrylate (OEGMA47s, average M,: 475 g/mol) and
2-hydroxyethyl methacrylate (HEMA) were purchased from Sigma Aldrich (Munich, Germany)
and passed over basic alumina to remove inhibitor. Copper(Il)Br, (99%, Aldrich),
bis[2-(2'-bromoisobutyryloxy)ethyl]disulfide and ethanol (HPLC grade) were purchased from
Sigma Aldrich and used without further purifications. Gold coated silicon wafer was also obtained
from Sigma Aldrich and before use rinsed with water, ethanol and cleaned with CO, snow cleaning.
All reactions were performed in Milli-Q water (Millipore GmbH, Schwalbach am Taunus, Germany).
MecTREN was synthesized as described by Ciampolini [35].

Scanning force microscopy images were taken on a Veeco Instruments Scanning Force Microscope
(Veeco, Mannheim, Germany) via tapping mode, operating on Nanoscope software (version 1.10, Veeco).

2.2. Electrochemical Polymerization

Cyclic voltammetry (CV) and controlled-potential electrolysis were carried out on an AutoLab
potentiostat (Autolab PGSTAT302N, Metrohm Autolab b.v., Filderstadt, Germany) operated with
NOVA 1.7 software in a three-electrode cell under a nitrogen atmosphere, using platinum-wire isolated
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in a glass-fritted tube as a counter electrode. The gold electrode of about 1 cm” acting as the working
electrode was connected via a clamp to a platinum wire and as a Ag/AgCl reference electrode was used
(See schematic setup Figure 1A).

All experiments were performed at ambient temperature and under inert atmosphere (N,). The
working solution was first bubbled with nitrogen for 30 min before the reaction was initiated. During
the polymerization the solution was gently stirred not to create air bubbles which would adhere to the
electrode surface or create turbulence at the liquid-air interface to see a clear effect between surface
which was in contact with the solution and the area which was not. After the polymerization the
samples were washed immediately with water and dried under a nitrogen-flow. Operating potential for
polymerizations was —0.5 V vs. Ag/AgCl. Scan rate for CV was 0.02 V's ' Electrochemical ATRP via
QCM was performed on a Quartz Crystal Microbalance—QCM?200, Standford Research Systems,
Sunnyvale, CA, USA—from Stanford research systems. The reaction conditions as well as the used
potentials and electrodes were identical to the conventional polymerization reaction as described above.

Figure 1. (A) Schematic representation of the reaction setup; (B) Cyclic voltammograms
of flat gold-electrodes non-covered (—, black) and modified with the ATRP-initiator (Init.)
(= —) in degassed MilliQ-water and modified gold-electrode in the presence of 1 mM
Me6TREN (- - -), Cu(Il)Bro/MesTREN (1:1) (—, dark grey, ®) and Cu(Il)Br,/MesTREN
(1:1) on unmodified gold-electrode (-, , ) recorded at scan speed (v)
v=0.02 V's™'; (C) Cyclic voltammograms of flat unmodified gold-electrodes in degassed
MilliQ-water in the presence of ImM Cu(II)Bry/MesTREN (1:1) recorded at v =0.02 Vs .
Arrows indicate the direction to how changes in signals progress with each cycle; and
(D) Cyclic voltammograms of flat with initiator modified gold-electrodes in degassed
MilliQ-water in the presence of 1 mM Cu(II)Bry/Mes,TREN (1:1) recorded at v = 0.02 V-s .
The cyclic voltammogram does not display any changes over multiple runs.
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3. Results and Discussion

To determine the electrochemical behavior of the Cu(II)Br,/Ligand complex in combination with
the modified gold-electrode, cyclic-voltammetry (CV) measurements were performed using a flat gold
(modified and unmodified) covered silicon-wafer as the working electrode connected to a platinum-wire.
A platinum-wire inside a glass fritted tube and a Ag/AgCl electrode were used as the counter electrode
and the reference electrode, respectively. From the CV-measurements it was observed that neither the
unmodified gold electrode nor the initiator-functionalized gold electrode, gives any appreciable signal
in pure degassed water. Sequentially, the ligand MesTREN was added to ensure that any signal in the
system is solely due to the presence of the copper. Also after addition of ligand no deviating behavior
was observed. However, upon addition of the ligand/Cu(II)Br, complex an increased cathodic and anodic
signal was observed (Figure 1B). The cathodic signal results from the reduction of Cu(II) to Cu(I).

Upon comparing the cyclo-voltammograms of the Cu(II)Br,/MesTREN with the unmodified
electrode and the electrode containing surface-tethered initiator moieties it was observed that they
behave differently with respect to the cathodic and anodic peaks (Figure 1C). Here the cathodic peaks (C,),
Cp1 and C,; reflect the reduction of Cu(Il) to Cu(I) and Cu(I) to Cu(0), respectively (Figure 1C). The
anodic peaks A, and A, depict the oxidation of Cu(0) to Cu(I) and Cu(l) to Cu(Il), respectively.
In accordance with other electrochemical investigations, Ap; is very weak and not visible at low
scanning rates. In contrast, for continuous cycling for the system lacking the initiator, an increase in
signal intensity is observed, indicating an irreversible adsorption of CuBr,/MesTREN, as reported
previously [36]. The increase of the current density in each cycle might result from the growth of
a Cu/MesTREN film. The initiator-modified electrode shows no adsorption behavior (Figure 1D). This
could be due to the lower accessibility of the surface, which is covered by the initiator.

The gold surface was modified by placing the squared gold substrates in an ethanolic solution of
bis[2-(2'-bromoisobutyryloxy)ethyl]disulfide (1 mg-mL™", 2.2 mM) overnight. Afterwards the electrodes
were rinsed with ethanol and dried over a stream of nitrogen. The modified gold-electrode was
connected to a Pt-wire via a small clamp and placed into the polymerization solution in such a way that
the Pt-wire was not in contact with the solution. This prevents solution-based processes adding to the
polymerization reaction, as Cu(Il) can also be transformed on the Pt-wire surface. The applied potential
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(Eapp) Was set to —0.5 V vs. Ag/AgCl and polymerization times were varied from 30 to 120 min. Upon
applying the potential, or “switching on” the reaction, the surface slowly displays a slight discoloration
over time. After the polymerization reaction, the surfaces were extensively rinsed with water and
ethanol. The dry film thickness was analyzed by scanning force microscopy (SFM). The surface
morphology and height-profile, obtained by scratching the surface with a sharp cannula down to the
Si0,-support, was compared to untreated gold (all SFM images shown in Figures S1-S10). The surface
of the untreated gold is smooth and the gold-layer thickness was found to be 81 nm (Figure S1). This
thickness was used for the correction of the height determination of the modified substrates. Both
layer-thickness and surface roughness of the modified electrodes increase during the polymerization
process (Figures 2 and S1-S10). After only 30 min a polymer layer of about 7 and 9 nm was found for
OEGMA475s and HEMA, respectively. With longer polymerization times the thickness gradually
increases reaching up to 39 nm for OEGMA47s and 47 nm for HEMA after 120 min. The elemental
composition of the surface was analyzed by X-ray photoelectron spectroscopy (XPS). The main
components are indeed carbon and oxygen (Figure S8) with an elevated carbon-content with respect to
oxygen. This can be attributed to the surface morphology as more non-polar segments will be on the
air-polymer interface. The absence of a Cu(I/Il) signal indicates that it is present in amounts smaller
than 0.1%, which is the detection limit of the XPS instrument used.

Figure 2. Layer-thickness evolution with increasing polymerization times. Thickness
obtained by scanning force microscopy (Figures S2—S9). There is a steady increase in
polymer layer thickness with increasing reaction times for OEGMAy7s (m) and HEMA (A).
Additionally OEGMA475s was polymerized with the connecting electrode positioned also in
solution to see the effect on film thickness of additional solution-based Cu(I)-formation ().
Error bars depict the standard deviation for the analyzed sample which is obtained from
large area analysis.
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The controlled polymerization process provided by ATRP is also reflected to a certain degree in the
controlled increase in layer thickness. While for the OEGMA475-film formation the curve progression
is more irregular, it is very close to being linear for the HEMA-film. It must be noted that an average
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thickness was taken over several micrometers of polymer film and due to the rather large variations in
the local thickness; the standard deviation for each point is relatively high.

Control experiments revealed several interesting aspects of the surface initiated e-ATRP reaction.
First, in all cases for the time-progressive polymerization experiments, the Pt-wire connection was
always separated from the solution and while the thickness of the OEGMA47s-layer reached 39 nm
after 120 min it significantly increased when the Pt-wire was also placed inside the polymerization
solution (Figures 2 and S9) reaching a thickness of about 74 nm. Consequently, also Cu(l) from
solution contributes to the polymerization reaction. Secondly, the initiation of the polymerization is
very much surface confined. Since the transformation of the Cu(Il) into Cu(l) occurs at the electrode
surface which contains the ATRP initiator, the subsequent initiation quickly commences after the
formation of Cu(I) without expelling any significant amounts into the solution. This is supported by
using electrodes of which parts of the surface are not directly connected and therefore unable to reduce
Cu(II). No polymerization is observed in these areas (Figure 3), which would be the case when Cu(I)
was present in solution. Also omitting the Cu(II) from solution did not provide any polymer layer which
means that the polymer is not grown via a homolytic cleavage of the ATRP initiator. It has recently
been shown that this is also a possibility induced via an electrochemical reductive process [37].
Though, the XPS-data indicates that the amount of copper in the polymer layer is lower than 0.1%, the
presence of it is obvious from a discoloration, which would not result solely from the polymer.
Therefore, the substrate was immersed in a THF-MesTREN solution over night to attempt to extract
residual Cu-ions from the polymer layer. Indeed, the color disappears and the height of the polymer
layer only slightly decreases as shown by SFM (Figure S10).

Figure 3. Photograph of a modified gold electrode via e-ATRP, a colored area is observed
which is still from residual Cu-ions. The color can be mostly washed away by immersing
the substrate in THF with MesTREN. The surface only shows modification on the areas
which were immersed in the solution and are connected to the electrode. The isolated area
provided by a scratch through the conductive surface is not modified even though
immersed in the solution.
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The living character as well as the possibility for removal of the thiol-tethered polymers was
investigated using E-QCM (electrochemical quartz crystal microbalance). Identical experiments as
described earlier in the SFM-analysis were repeated and the polymerization was followed in situ by
determining the increase in surface-confined mass. Initially, a gold-coated quartz crystal was modified
with ATRP initiator and mixed with HEMA (Figure 4). Upon applying a negative potential of —0.5 V
vs. Ag/AgCl, there was no significant increase in mass. Once the Cu(Il)Br,/MesTREN was added,
a drastic increase in mass deposition was observed, indicating polymer growth. The electrode was
isolated and rinsed after 4 h of reaction time and put into a fresh solution of monomer and the same
experiment was repeated. Without the Cu(II)Br,/MesTREN complex there was again no significant
increase in mass but once added again a drastic increase was observed. The mass accumulation in the
re-initiation reaction was less strong than in the first experiment (Figures 4 and S11) 1.85 ng's™' for the
first polymerization vs. 1.09 ng-s™' for the re-initiated polymerization. This can be attributed to the
formed polymer layer which inhibits the transport of Cu(Il) due to an inhibited diffusion towards the
electrode surface as well as possible termination of the polymer chains. Diffusion plays an important
role since introducing a surface which is partially uncoated increases the layer thickness substantially
as indicated in Figure 2. The accumulation of mass during the polymerization process is highly regular
indicating almost a linear increase in mass deposition i.e., surface confined polymer evolution
(linear regression with R* ~ 0.998). This linearity indicate the lack of free radical formation which
would show a fast polymerization in combination with a quick leveling off with respect to the mass
increase and also not having the possibility of reinitiation. While similar behavior with respect to
difference between initial polymerization and re-initiation as well as for the average increase in
mass over time (0.54—4.32 ng's”' (values given recalculated to achieve ng's ') depending on the
monomer/catalyst ratio with OEGMA47s as the monomer) was found for conventional ATRP [38], the
development of mass deposition was shown to be much less controlled and displays a decreased mass
accumulation over time [38,39]. It has to be noted that the mass deposition is composed of a
combination of polymer with additional components such as water and other solubilized species
confined in the polymer layer. The increase in mass was shown not to be a result of deposition of
Cu(I/I) species (Figure S12) as the relative increase in mass (same reaction conditions without
monomer present) is negligible with respect to the polymerization reaction which is in accordance with
the continuous cyclo-voltammogram (Figure 1D) which also indicated no appreciable adsorption of
Cu-species onto the surface.

An additional advantage of surface initiated e-ATRP is that in one single experiment, based on
electrochemical induced reactions, both surface modifications as well as cleavage of the polymers
from the surface are possible. Due to the nature of the thiol-linkage to gold, it can be reduced by
applying a relatively large negative potential and hence cleaving the bond between the polymer and the
electrode surface [40]. The removal of the polymers from the electrode would be convenient for
preparing cross-linked films and removing these from the electrode to produce self-supporting thin
polymer films. Cleaving the thiol-connection via reduction at a higher negative potential is feasible
which was shown by applying a potential of —2.0 V vs. Ag/AgCl and investigating the decrease in
surface confined mass. Initially a decrease in mass was observed which leveled after about 1 h.
Though, the decrease in mass indicates the removal of surface-bound polymer, the detachment is not
efficient. Most likely the presence of residual Cu-species inside the polymer film forms a solid-Cu(0)
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layer which embeds the thiol-linked polymers and prevents further polymer detachment (Figure S13).
For a more efficient detachment either complete removal of residual copper or a different functional
group is necessary which is not conflicting with the metal/ligand complex.

Figure 4. Cumulative E-QCM profile of HEMA polymerization via surface initiated
e-ATRP. The profile shows a large increase in mass only after the addition of
Cu(Il)Br,/MesTREN complex. It is shown that the polymerization reaction can be
re-initiated after isolating and cleaning the electrode which indicates the “living” character
of the ATRP-reaction.
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4. Conclusions

Electrochemical ATRP for the direct modification of electrode material surfaces was shown to
function as well as for regular modification for non-electrochemical ATRP but with a more linear trend
in growth comparing the mass deposition over time. The polymerization was performed in a
completely aqueous environment without any additional supporting electrolyte which simplifies the
system and omits any possible interference of electrolyte with monomer/polymer functionalities.
Currently we are investigating various methods of cross-linking as well as additional modifications via
electrochemically induced reactions, allowing the complete formation of a responsive thin polymer
film to be a “one pot” process. Further investigations will also focus on using this newly surface
initiated e-ATRP process to produce more complicated polymer architectures like block-copolymer
systems and the incorporation of other functional moieties like protein structures and other
nanostructures [41]. The development of surface initiated e-ATRP would provide a new approach to
obtain more complex polymer films potentially useful for photo-voltaic devices, sensing structures and
functional film-development, strengthening the importance and wide applicability of this newly
developed approach. Especially, when translated also to other substrates which could be used as
electrode materials, e.g., doped silicon, platinum, or transparent materials like ITO. Obviously, this
will only work when there is the ability to modify the surface as well as finding the conditions to
reduce the Cu(Il)-species with the respective electrode.
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