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ABSTRACT: We have investigated two different concepts to
synthesize redox active polymer brushes using surface initiated
atomic transfer radical polymerization (SI-ATRP). This
polymerization technique allows the synthesis of well-defined
grafted polymer brushes. In the initial step the surface was
functionalized with a self-assembling monolayer of the SI-
ATRP starter. Then, polymer brushes carrying phenothiazine
moieties were grafted from the surface via SI-ATRP. The first
concept consists of polymerizing monomers with phenothia-
zine pendant moieties to directly incorporate the redox
functionality as side group in the growing polymer brush.
The second concept consists of using grafted activated ester brushes which are functionalized with phenothiazine redox moieties
in a successive reaction step. The electrochemical properties of the grafted redox active brushes were examined by cyclic
voltammetry. Furthermore, the surface morphology and the chemical composition of the polymer brushes were characterized
using scanning force microscopy (SFM), X-ray techniques, and UV/vis spectroscopy. Apart from their redox behavior, the
synthesized brushes revealed increased mechanical stability on the nanoscale.
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■ INTRODUCTION

Polymers with redox active properties are interesting materials
for the electronic industry. The cheap production costs as well
as the easy processing make these polymers attractive
components for application in electronic devices such as solar
cells and organic memory devices (OMDs)1 as well as polymer
based batteries.2 Due to their organic nature, redox active
polymers in many cases face problems of incompatibility with
inorganic substrates during the processing. In some cases, spin-
cast processes lead to a dewetting behavior of the polymer
film.3 The dewetting often results in formation of agglomerates
and rough surfaces.4 To prevent dewetting and increase the
homogeneity of the polymer layer films, chemical surface
functionalization can serve as an alternative method.5 Polymer
chains can be attached to the substrate surface by means of
chemical grafting techniques.6,7 Grafted polymers have a
confined geometry because of their covalent bonding and
therefore cannot dewet from the surface when their grafting
density exceeds a certain limit.8 If polymer chains are forced to
stretch9 and their surface area density is sufficiently high, they
will form so-called “brush like” structures.10 A great advantage
of grafted polymer brushes is their high mechanical stability.

Especially on the nanometer scale, scanning force microscopy
(SFM) based nanowear experiments showed that covalently
bound polymer brushes exhibit an increased mechanical
nanowear behavior compared to spin coated polymer
films.11,12 Grafted polymer brushes possess increased elastic
moduli and plasticity which stem from the entropic effect
lowering the stress contribution.13 This increased mechanical
stability is a very important feature for polymers in the
electronic industry.14−16 Grafted redox polymer brushes17 can
be used as cathode active materials in organic radical
batteries.18,19 The grafting prevents dissolution of the organic
electrode material20 which until now is mainly achieved by
cross-linking of the polymer network.21,22 The cross-linking has
an effect on the diffusion processes taking place in the electrode
material. Kojima et al. used cross-linked poly(vinylferrocene-co-
N-vinylcarbazole) to influence the charge transfer rate on glassy
carbon.23 An alternative to cross-linking is presented by grafting
techniques. Recently, Wang et al. synthesized redox active
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polymer thin films from poly(2,2,6,6-tetramethyl-piperidin-1-
oxyl-4-yl methacrylate), PTMA.24 They used the micro contact
printing method to graft PTMA brushes on flexible indium tin
oxide (ITO) substrates by the surface initiated atomic transfer
radical polymerization (SI-ATRP) technique.25 This polymer-
ization technique is chemically versatile, tolerant against
impurities, water, aliphatic alcohols, and other polar solvents
as well as insensitive to traces of oxygen.26 In comparison to
other controlled radical polymerization methods such as
reversible-addition fragmentation chain transfer (RAFT),
ATRP allows one to alter the order of addition of monomers
inside a sequential block copolymer by monomer reactivity.
This unique advantage leads to increased freedom in designing
polymer architecture. With this technique, a broad variety of
polymers with different functional groups can be grown on the
surface by either the grafting to or grafting from approach.27

With the latter SI-ATRP technique, polymer film thickness,
architecture, and composition can be controlled very precisely.
Another advantage is that the initiators necessary for this
grafting technique are either commercially available or can be
accessed via a relatively easy synthetic route.27,28 SI-ATRP can
be used to synthesize surfaces with functional groups like
activated esters.27,29−31 Polymer brushes with activated ester
groups on each repetition unit have been reported for reactive
surface coating.27,32,33 Through formation of stable amide
bonds, organic moieties with primary or secondary amine
groups can chemically be attached to the activated ester side
groups in the polymer chain. The attachment takes place
quantitatively without the use of catalyst under mild reaction
conditions.34

In a previous study, we showed the nanopatterning of spin
coated poly-3-vinylbenzylphenothaizine (PVBPT) on gold
using conductive SFM.35 This polymer contains phenothiazine
redox moieties on each repetition unit. Phenothiazine shows
two reversible oxidation steps with relatively high electron
exchange rate.36,37 The ability to undergo π−π-stacking38
makes phenothiazine and phenothiazine based polymers39,40

interesting materials with respect to their conductivity, their
redox behavior, and their electric properties. Thus, PVBPT can
be regarded as an adequate candidate for data storage
applications. Due to formation of stable radical cation species
by oxidation, patterns with different conductivity could be
stored in the polymer film for at least several days. In this study,
we focused on synthesizing grafted redox active polymer
brushes with phenothiazine moieties, which should exhibit a
better mechanical stability regarding the surface wear compared
to spin coated polymer film. For this purpose, two different
synthetic routes were tested (Scheme 1). For the first route, we
simply functionalized a conductive substrate like indium tin
oxide (ITO) with a SI-ATRP initiator (direct polymerization).
Then, we polymerized directly a monomer containing redox
active phenothiazine moieties via grafting from polymerization.
For the second route, we first used SI-ATRP to polymerize a
monomer with functional activated ester groups. In a second
step, this functional polymer was then postfunctionalized with
different redox moieties based on phenothiazine. We chose two
different redox moieties with one and two amine functionalities.
The moiety with two amine groups can form cross-linked
structures, whereas the moiety with a single amine group
cannot build cross-linked bounds.

■ EXPERIMENTAL SECTION
Methods. The cyclic voltammetry (CV) measurements were

performed with the potentiostat Autolab PGSTAT 100 from Metrohm
in a modified cell equipped with a stirrer and a nitrogen supply valve.
A 0.1 M solution of tetrabutylammonium perchlorate in dry
dichloromethane (DCM) or acetonitrile (ACN) served as an
electrolyte solution. ITO substrates with grafted polymers were used
as the working electrode, and a platinum wire was used as the counter
electrode, respectively. As reference, an Ag/AgCl electrode was
chosen. The formal potential of the ferrocene/ferrocenium redox
couple was determined to be 0.44 V versus this reference electrode.

UV/vis spectra were recorded on a Perkin-Elmer Lambda-9 with
ITO substrate as the background standard. For the CV measurements
and the X-ray reflectivity (XRR) measurements, ITO substrates on
glass as well as silicon substrate were prepared by the following
procedure: Glass slides (2.5 cm × 2.5 cm × 0.5 cm) and silicon
substrate (Si-Mat, one side polished, 2.5 cm × 2.5 cm × 0.54 cm) were
cut using a glass cutter and sonicated for 10 min subsequently with
DCM, acetone, and Alconox and washed with Milli-Q water. Finally,
the glass slides and the silicon substrate were dried with compressed
air and dried at 100 °C in vacuum. On the glass slides, 100 nm of ITO
was sputtered under argon flow. The ITO sputtered glass slides and
the silicon substrates were cleaned with DCM, dried under air, and cut
in 1.1 cm × 1.1 cm slices.

XRR measurements on substrates were performed on a XRD 3003
TT, Seifert Ltd. GB diffraction system. Monochromatic and collimated
X-rays were obtained from a copper anode with a wavelength of λ =
0.154 nm. Herein, the thickness was determined according to parratt
formalism.41 Contact angle measurements were conducted on a Krüss,
DSA10-MK2.

X-ray photoelectron spectroscopy (XPS) measurements were
performed on a SPECS Surface Nano Analysis machine using Al Kα
radiation. The incidence angle of X-rays was 45° with respect to
surface normal. All the measurements by XPS were performed at
pressures lower than 3 × 10−9 mbar. The peak area was calculated
from the integrals using OriginPro 8.0 software after correction by
individual peak sensitivity given by the SPECS manual instruction. For
the AE brushes, the oxygen peak of the SiO2 layer underneath was
subtracted before calculation.

The nanowear experiments were carried out on a NanoWizard
scanning force probe microscope (JPK, Berlin, Germany) using
contact mode cantilevers (NanoWorld, CONT-W, nominal spring
constant 0.2 N/m). The exact spring constant for each cantilever was
determined by thermal tune. A surface of 3 × 3 μm2 was scanned 100

Scheme 1. Schematic Overview of the Phenothiazine Based
Redox Polymer Synthesisa

a(a) For the first synthetic route, the phenothiazine containing
polymer PVBPT was grafted from ITO substrate via SI-ATRP. (b) For
the second synthetic route, polymers with activated ester moieties
were grafted from ITO via SI-ATRP. Finally, these brushes were
postfunctionalized with phenothiazine redox moieties.
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times in contact mode with a load of 10 nN at a speed of 50 μm/s.
Then, the scanned area was mapped in tapping mode to observe
changes in the topography.11

Materials and Synthesis. Used materials and the synthetic
approach of grafted poly 10-(4-vinylbenzyl)-10H-phenothiazine
(PVBPT) brushes via SI-ATRP as well as the activated ester brushes
poly 2,5-di oxopyrrolidin-1-yl4-vinylbenzoate (PDPVB) and their
functionalization are described in the Supporting Information.

■ RESULTS AND DISCUSSION

Direct Polymerization. We attached PVBPT to substrates
by a grafting from polymerization. For this purpose, silicon and
ITO surfaces were functionalized with an ATRP silane starter.
4-Vinylbenzylpheonthiazine (VBPT) was used for surface
polymerization (Scheme 2).
XRR measurements were performed to obtain thickness and

root mean square (RMS) roughness of the polymer brush films
(Supporting Information, Figure S 1 and Table T 1).
Simultaneously, using free sacrificial initiator, we were able to
determine the molecular weight of the free polymer and its
distribution by size exclusion chromatography (SEC). The
molecular weight Mn obtained from the SEC could be related
with the polymer brush film thickness (Supporting Information,
Figure S 2). With increasing molecular weight Mn of the free
polymer from 5700 to 22 400 g/mol, we observed a linear
increase of the thickness d from 4.8 ± 0.5 to 11.3 ± 1.3 nm.
The intercept of the line is at 1.8 ± 1.2 nm, which is close to
zero as expected for SI-ATRP (Supporting Information, Figure
S 2).58

In addition, a grafting density of σExp = 0.31 ± 0.11 chains/
nm2 was calculated from the fitted XRR data (with a polymer
density of ρ = 1.01 g/cm3, Mn = 22 400 g/mol) using the eq 1.

σ ρ= ×d
MExp

n (1)

This value is in good accordance with the value provided
from the literature for grafted polystyrene (PS) or poly-
(methylmethacrylate) (PMMA).58,42 For grafted PS brushes, a
value of σExp = 0.44 chains/nm2 was reported. For PVBPT

brush, we could calculate a theoretical maximum interchain
distance of a = 1.49 nm using the eq 2.

= ×
×

a
M
n

1.41
100 (2)

This equation was used by Privalko et al. to estimate cross-
sectional areas of different polymer chains.43 Here, we
estimated helical conformation with a HC1 geometry of the
polymer chains withM = molecular weight of the repeating unit
(315.42 g/mol) and n = number of main-chain bonds in the
chain repeating unit (in our case n = 2).43 The estimation of a
helical structure is justified for bulky polymers such as
poly(vinyl carbazole) which have an interchain distance of
around 1.2 nm.44 Molecular dynamic simulation of the PVBPT
brush grafted from silicon substrate revealed short-range and
wide-range helical domains (Supporting Information, Figure S
3). A theoretical grafting density of σTheo = 1/a2 = 0.45 chains/
nm2 was calculated which represents the maximum theoretical
grafting density for PVBPT grafted brushes. A further proof for
the successful reaction was obtained from the static contact
angle. The average contact angle of the surface grafted PVBPT
was measured to be around 86 ± 3° regardless of the molecular
weight (Supporting Information, Figure S 4). In comparison,
the ITO layer functionalized with the initiator showed a static
contact angle of around 70 ± 4°. The increase in contact angle
by 17 ± 4° indicates that polymerization has taken place
successfully on the surface (Supporting Information, Table T 1
and Figure S 4).

Redox Functionality of PVBPT Grafted Brushes. In
order to prove the redox activity of the PVBPT brushes, cyclic
voltammetry (CV) measurement of the polymers grafted on
ITO substrates were performed (Figure 1). In the first
experiment, a solution of PVBPT in DCM was measured
against ITO as working electrode. For the PVBPT in solution,
we found an anodic oxidation peak of E0

0/+1 = 0.66 V and a
cathodic reduction peak of E0

+1/0 = 0.57 V at a scan speed of 10
mV/s (Supporting Information, Figure S 5). For the initiator
functionalized ITO substrate, we did not observe any oxidation
peaks. For the grafted PVBPT brushes (Mn = 22 400 g/mol, d =

Scheme 2. SI-ATRP Using Silane Starter with Bromoisobutyrate Functionality on Si/ITO Surface
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11.3 nm), the CV diagrams revealed an anodic oxidation peak
of E0

0/+1 = 0.68 V and a cathodic reduction peak of E0
+1/0 =

0.54 V at a scan speed of 10 mV/s. The shift of the oxidation
potential of the polymer films compared to the solution might
result from the overpotential of the polymer brush film on ITO.
Morishima and co-workers stated for spin coated films of the
phenothiazine polymer poly(3-vinyl-l0-methylphenothiazine)
or PVMPT on platinum that overpotential occurs due to the
low conductivity of the polymer film.45 Especially for PVMPT
films with high surface coverage of the electrode, the
overpotential is increased with increasing scan speed.
Morishima et al. observed an increase of the anoodic oxidation
peak from approximately E0

0/+1 = ∼0.65 V to E0
0/+1 = ∼0.80 V

when the scan speed was increased from 20 to 200 mV/s for
spin coated PVMPT films on platinum (with a surface coverage
of 0.29 μmol/cm2). Simultaneously, the cathodic reduction
peak decreased from E0

+1/0 = ∼ 0.54 V to E0
+1/0 = ∼ 0.42 V.

This means that the peak separation increased from
approximately ΔE0= 0.12 V to ΔE0 = 0.38 V at increasing
scan speed. This shift occurs due to the aggravated diffusion
through the polymer film.45 In the case of grafted PVBPT, we
observed a similar behavior when the scan speed was increased.
With an increase of the scan speed from 10 mV/s to 50 mV/s,
the anodic oxidation peak changed from E0

0/+1 = 0.68 V to
approximately E0

0/+1 = 0.83 V, respectively. Simultaneously, the
cathodic reduction peak decreased from E0

+1/0 = 0.54 V to
E0

+1/0 = 0.43 V, respectively. This means the peak separation
between the anodic and cathodic peak increased from ΔE0 =
0.14 V to ΔE0 = 0.40 V at increasing scan speed. The peak
separation of the voltammograms at increased scan speed can
be explained by diffusion behavior which leads to rather
broader peaks and diffusion tails. This broadening is a further
hint that overpotential plays an important role in the case of
grafted PVBPT.
From the XRR data, we obtained information about the

surface RMS roughness. The roughness varied between 0.8 and
1.1 nm and was independent of the molecular weight
(Supporting Information, Table T 1). However, according to
the SEC results, the polydispersity of the free polymer
increased from 1.4 to 2.3 when the molecular weight Mn
increased from 5700 to 22 400 g/mol (Supporting Information,
Table T 1). This indicates that the ATRP polymerization
reaction becomes less controlled at higher molecular weights.

The lack of control in the polymerization reaction might
influence the surface morphology. Therefore, in the next step,
surface morphology was characterized more in detail.

Surface Analysis of PVBPT Brushes. SFM experiments
were performed to examine the surface morphology of the
PVBPT grafted surfaces (Figure 2). Large agglomerates were

formed on the top of the polymer brush film with diameters
varying between 20 and 300 nm. These agglomerates could not
be removed by extraction or treatment in an ultrasonic bath.
From the phase image, we could see that the regions with
higher topography correspond to a slight increase of the phase
shift in the order of 1−2°. This contrast was quite low and
indicates that the agglomerates most probably consist of the
same material as the polymer. Topography images also revealed
the formation of larger agglomerates on the surface regardless
of the molecular weight (Supporting Information, Figure S 6).
The RMS roughness resulting from the SFM measurements
was between 8.8 and 22.4 nm (Supporting Information, Table
T 1).
To examine the origin and the chemical composition of the

formed agglomerates, we conducted XPS measurements. The
measurements revealed ratios between carbon, sulfur, and
nitrogen atoms corresponding to the molecular formula of the
grafted PVBPT brush (Supporting Information, Figure S 7 and
Table T 2). The XPS beam size of 1 mm in diameter assured
that the surface analysis was representative over a large
observation volume including nanoscale agglomerates. Fur-
thermore, we could exclude that the agglomerates come from
copper complex46 used for the ATRP reaction, since no copper
peak was present in the XPS spectrum. Thus, we concluded
that the agglomerates must come from the polymer itself during
the grafting process. With respect to the high reaction
temperature, it is probable that the polymerization reaction is
partially thermally initiated. The polymer chains growing
uncontrollably could agglomerate because of their low solubility
and attach to the surface. According to the XRR data, the
polymer brush film should be a uniform film without gaps.
Therefore, we could see the fringes in the XRR curves
(Supporting Information, Figure S 1). The initiator with the
bromoisobutyrate functionality typically forms a self-assembling
monolayer (SAM) with homogeneous surface morphology.47,48

With PS brushes grafted from the same bromoisobutyrate
initiator, homogeneous surfaces were obtained with poly-
dispersities below 1.15 without the addition of sacrificial
initiator.49 For better control of the polymerization reaction,
Cu (II) salts were added as deactivating agent. In the case of
PVBPT brushes, the agglomerate formation already appeared at
Mn below 10 000 g/mol. The presence of sacrificial initiator is

Figure 1. Cyclic voltammetry of grafted PVBPT (Mn = 22 400 g/mol,
d = 11.3 nm) on ITO substrates at different scan speed in 0.1 M
tetrabutylammonium perchlorate/DCM solution. The potential is
measured with ITO, Ag/AgCl, and Pt as the working, the reference,
and the counter electrode, respectively.

Figure 2. SFM image of (a) topography and (b) phase for PVBPT
grafted brushes on ITO substrate (Mn: 22 400, d = 11.3).
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obviously not enough to form a sufficient amount of persistent
radicals. The addition of Cu (II) might help to decrease the
polydispersity. However, then the reaction rate will be further
decreased. Thus, in conclusion, the agglomerates are probably
covalently bound and must result from the polymerization step
due to poor reaction control. However, for electronic functional
media, more homogeneous surfaces are necessary. Agglomer-
ates on the surface might be disturbing on the nanometer scale.
The mechanical stability of the PVBPT grafted brushes was

examined using SFM based nanowear experiments on ITO.
Nanowear experiments are common techniques to examine
tribological behavior of materials under mechanical forces. The
resulting surface wear can be attributed to different wear
mechanisms.50,51 Since the experiments can be conducted
under defined force application, it is possible to draw
conclusions about nanowear stability of the material. For
SFM based nanowear experiments, the surface was scanned in
contact mode with a defined load of 10 nN on the tip. After 100
repeated scans, the surface topography was then mapped to
view morphological changes of the surface (Figure 3).

Agglomerates with diameter of 100 nm up to 1 μm were
imaged on the surface before the nanowear experiment. After
the nanowear experiment, we observed that the surface
morphology did not change significantly. Only some of the
agglomerates were displaced by the tip movement upon the
surface. Apparently, many of the agglomerates were pressed or
flattened into the surface making the surface smoother.
According to the works of Pihan et al.,52 particles imbedded
in a polymer matrix are worn out and removed from the surface
unless the particles are compatibilized with the matrix polymer
by grafting a polymer brush onto particles. In our case,
however, we could not observe any particles being worn out.
Thus, we assume the agglomerates are not loose particles but
embedded covalently on top or into the polymer film. The
surface underneath the agglomerates did not reveal any
topographical changes. In particular, formation of ripples and
pile up at the scan edges did not occur. The RMS roughness
decreased from 24 to 21 nm which confirms the mechanical
stability of the grafted brushes. Under similar test conditions,
spin coated PVBPT films revealed lower mechanical stability.35

Thus, by using SI-ATRP to attach the PVBPT brushes to the
substrate, we were able to increase the nanowear resistance of
the surface.
Postfunctionalization. As an alternative route, we

investigated the use of activated ester polymer brushes to

obtain redox active brush polymers. Activated ester monomers
are less bulky compared to VBPT and can be polymerized
easily via ATRP. We examined 2,5-dioxopyrrolidin-1-yl-4-
vinylbenzoate (DPVB) as the activated ester monomer.53

First, the monomers were polymerized from the substrate via
SI-ATRP (Scheme 2). Then, in a second step, the activated
ester groups were replaced by phenothiazine based moieties.
To functionalize the brushes, we used two different moieties
(Scheme 3). The first moiety is a primary amine derivative
called (10-methyl-10H-phenothiazin-3-yl)methanamine
(MPMA) which was synthesized from 10-methyl-10H
phenothiazine. The second moiety is new methylene blue
(NMB) which is a commercially available dye. It is mainly used
as staining and contrast agent for cell biology.54 MPMA only
contains one primary amine group and should not lead to
cross-linking by the reaction with the activated ester groups.
NMB however has two secondary amine groups and can
therefore bind with the activated ester brush by cross-linking.
The additional cross-linking could further mechanically stabilize
the polymer film coating.11

Vinyl benzoates monomers are known to be easily
polymerized via ATRP with high reaction rates.55,56 To obtain
the activated ester polymer brushes, again we used SI-ATRP as
shown in Scheme 2. The synthesis was done according to Orski
et al.57 with the addition of sacrificial initiator in DMF to
control the film thickness. Subsequently, film thickness and
RMS roughness were measured with XRR (Supporting
Information, Figure S 8 and Table T 3). In addition, the
molecular weight of the free activated ester polymer in the
reaction solution was determined by SEC. We could observe a
linear dependence of the grafted polymer film thickness with
increasing Mn (Supporting Information, Figure S 9). The linear
fit has an intercept point at approximately 0.3 ± 0.7 nm, as
expected for SI-ATRP.58 The XRR data indicate that larger film
thicknesses of around 30 nm can be obtained using DPVB as
monomer (Supporting Information, Table T 3).
For the PDPVB brushes, in the following referred to as AE

brush, a grafting density of σExp = 0.36 ± 0.02 chains/nm2 was
obtained from the simulation of the XRR curves with eq 1. For
the calculation, we used a density of ρ = 1.08 g/cm3 for the
polymer and Mn = 55 300 g/mol. For PDPVB brushes, we
calculated a theoretical maximum interchain distance of a =
1.31 nm using eq 2. Here, we estimated a helical conformation
of the polymer chains with M = molecular weight of the
repeating unit (245.23 g/mol) and n = number of main-chain
bonds in the chain repeating unit (in our case n = 2). This
resulted in a theoretical maximum grafting density of σTheo =
0.58 chains/nm2 which is in good agreement with the
experimental results. The polydispersity of the bulk polymer
slightly increased from 1.3 to 1.6 when the molecular weight
was increased from Mn = 14 700 g/mol to 55 300 g/mol.
Compared to the polydispersity of the bulk PVBPT, even at
molecular weights above 50 000 g/mol, the polymerization
takes place under more controlled conditions (Supporting
Information, Table T 3). Therefore, we assume that the
polymer film surface should be more homogeneous compared
to PVBPT grafted brush polymer film.
After grafting AE brushes to ITO substrate, in a second step,

we functionalized the active ester groups with the moieties
NMB and MPMA according to Scheme 3. In order to get rid of
the nonreacted moieties, the substrates were extracted
thoroughly with a good solvent. In order to show the successful
attachment of the moieties to the AE brushes, UV/vis

Figure 3. Nanowear experiment of PVBPT brushes on ITO substrate
(Mn = 22 400 g/mol, d = 11.3 nm) at 10 nN with the speed of 50 μm/
s on 3 × 3 μm2 (red square). The topography was imaged before and
after the nanowear experiment. (a) Topography image before the
nanowear experiment. (b) Topography image after the nanowear
experiment.
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measurements were performed on grafted brushes before and
after the functionalization with NMB and MPMA (for brush
thickness of 26.3 nm). For both cases, a successful attachment
of the moieties with the AE brush was observed. However, the
reaction apparently did not take place quantitatively (Support-
ing Information, Figure S 10).
Redox Functionality of Functionalized AE Grafted

Brushes. To check the functionality, i.e., the redox activity of
postfunctionalized AE brushes, CV measurements were
performed in solution (Figure 4). The CV data showed no
oxidation peak for the AE brushes before functionalization
(Figure 4a, AE on ITO). For the first experiment, ITO
substrates with AE brushes postfunctionalized with NMB were
measured against Ag/AgCl. After modification with NMB, we
observed an anodic oxidation peak at E0

0/+1 = 0.48 V and a
cathodic reduction peak of E0

+1/0 = 0.35 V at a scan speed of
10 mV/s (Figure 4a, AE + NMB). By increasing the scan speed
up to 50 mV/s, the oxidation peak slightly shifted to E0

0/+1 =
0.56 V, respectively. Simultaneously, the reduction peak shifted
to E0

+1/0 = 0.28 V. The free NMB revealed an oxidation peak at
E0

0/+1 = 0.34 V and a reduction peak at E0
+1/0 = 0.19 V with a

scan speed of 10 mV/s (Supporting Information, Figure S 11).
The sweep cycle could be repeated for more than 10 times
without any significant change in the position and intensity of
the peaks.
The increased stability indicates that the moieties have been

integrated inside the polymer brush matrix. The peak
separation between free NMB and NMB grafted to AE brushes
was ΔE0 = 0.15 and 0.13 V, respectively. The shifts in the peak
position for free NMB and grafted NMB (around 140 mV)
might result from the overpotential at the ITO working
electrode. The increased diffusion barrier at the polymer film/
ITO interface could lead to an increase of the oxidation
potentials. From the integral below the CV curves, we
estimated the conversion degree of the AE brushes with
NMB. For a known concentration of 0.1 mM NMB in
acetonitrile, we obtained an integral of 1.68 × 10−5 μAV/cm2 in

the range of −0.14 and 0.66 V. For the NMB grafted to the AE
brushes, an integral of 5.87 × 10−7 μAV/cm2 (range 0 to 0.8 V,
shifted around the oxidation peak) was observed which
corresponds to 7.49 × 10−9 mol NMB. Taking the molecular

Scheme 3. Postfunctionalization of Poly-DPVB Activated Ester Brushes with NMB and MPMA

Figure 4. Cyclic voltammetry of grafted AE brush on ITO substrate at
different scan speeds in 0.1 M tetrabutylammonium perchlorate/
acetonitrile solution before and after reaction with (a) NMB and (b)
MPMA. The potential is measured with Ag/AgCl and Pt as the
reference and the counter electrode, respectively.
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weight of Mn = 55 300 g/mol and the grafting density of σExp =
0.36 chains/nm2 of AE brushes into account, 1.43 × 10−8 mol
of activated ester groups are available on an ITO substrate of
1.21 cm2 size. This means that almost 52% of the active sites
have been replaced by NMB. Thus, the reaction with NMB did
not proceed quantitatively. However, we have to consider that
NMB has two amine functionalities which might react with the
activated ester groups. Therefore, the conversion degree can
only be considered as a rough estimation. This observation can
be explained by the hindered diffusion of the moiety through
the polymer film. In the reaction solvent DMF, the AE brushes
are slightly swollen.59 However, due to the bulkiness of NMB
and its hydrophilic nature, NMB cannot completely penetrate
the polymer film. For thinner AE brush films, we found that
more activated ester moieties can be converted with NMB. For
AE brush films with 7.9 nm thickness, a conversion degree of
82% was determined via CV measurements after the reaction
with NMB (Supporting Information, Figure S 12).
For the second experiment, AE brushes with the same

thickness on ITO were postfunctionalized with MPMA (Figure
4b). After the modification with MPMA, an anodic oxidation
peak at E0

0/+1 = 0.58 V and a cathodic reduction peak at E0
+1/0

= 0.45 V were measured at a scan speed of 10 mV/s (Figure 4b,
AE + MPMA). At the scan speed of 50 mV/s, the oxidation
peak shifted to E0

0/+1 = 0.62 V and the reduction peak is hardly
to be distinguished, since the minimum is situated in a plateau
region (approximately at E0

+1/0 = 0.35 V). The free MPMA
showed an oxidation peak at E0

0/+1 = 0.54 V and a reduction
peak at E0

+1/0 = 0.43 V with a scan speed of 10 mV/s
(Supporting Information, Figure S 13). The peak separation
between free MPMA and MPMA grafted to AE brush was ΔE0
= 0.11 V and 0.13 V, respectively, for a scan speed of 10 mV/s.
Again, we observed a shift of the oxidation potential from free
MPMA and the MPMA grafted to AE brushes. This behavior
can be attributed to the overpotential at the polymer/ITO
interphase. The overpotential is partially related to the diffusion
process to the electrode. Irregularities in the CV curves baseline
give additional hints that side reaction at the electrode interface
might also contribute to the shift due to overpotential.
However, the shift in this case was around 40 mV and much
smaller than the shift for free NMB compared to grafted NMB
(140 mV). We estimated the conversion degree of the AE
brushes with MPMA from the integral below the CV curves.
For a known concentration of 0.03 mM MPMA in acetonitrile,
we obtained an integral of 3.97 × 10−5 μAV/cm2 in the range of
−0.04 and 0.76 V. For the MPMA grafted to the AE brushes, an
integral of 5.53 × 106 μAV/cm2 (range 0 to 0.8 V, shifted
around the oxidation peak) was observed which corresponds to
9.57 × 10−9 mol MPMA. Taking the molecular weight of Mn =
50 300 g/mol and the grafting density of σExp = 0.36 chains/
nm2 of AE brushes into account, 1.43 × 10−8 mol of active ester
groups are available on the grafted ITO of 1.21 cm2 size. Thus,
we obtained a conversion degree of approximately 67%. The
conversion degree was around 15% higher than for NMB which
can be explained by the sterical hindrance of NMB compared to
MPMA. Furthermore, secondary amines are known to be less
reactive than primary amines with respect to the conversion
reaction with activated esters.29

In conclusion, both brush types showed proper redox
behavior. We could estimate the conversion degree of the AE
brushes with the moieties NMB and MPMA from the CV
measurements. The conversion did not complete quantitatively.
This result is good agreement with our previous assumption

from the UV/vis data. However, thinner AE brush films
revealed higher conversion degrees compared to thicker films.
Diffusion of the moieties through the thin polymer film is
obviously easier. Thus, more moieties can react with the AE
units. To get a better insight into the conversion reaction of the
moieties with activated ester and to characterize the surface
morphology of the redox active AE brushes, surface analysis
methods were performed.

Surface Analysis of AE Brushes. To examine the surface
morphology, we imaged the surface topography of the AE
brushes with SFM before and after the reaction with the redox
moieties NMB and MPMA. The SFM images proved the
formation of a very homogeneous AE brush film before the
reaction (Supporting Information, Figure S 14). From the SFM
topography image, a RMS roughness ranging between 0.3 and
0.7 nm was determined. The surface RMS roughness measured
with XRR varied between 0.6 and 0.9 nm independent of the
molecular weight (See Supporting Information, Table T3). The
results from the RMS roughness are in good accordance with
the SEC data. Compared to PVBPT grafted brushes, the AE
brushes resulted in more homogeneous films and revealed
almost no agglomerations of polymers. Thus, a low
polydispersity of the free polymer corresponds to increased
homogeneity of the polymer brush film. The surface properties
of the NMB and MPMA postfunctionalized AE brushes were
examined with SFM (Figure 5). Before the reaction, the surface

topography of the AE brushes exhibited a RMS roughness of
0.3 nm (Figure 5a). However, the RMS roughness increased up
to 4.3 and 2.4 nm after the reaction with NMB (Figure 5b) and
MPMA (Figure 5c), respectively. We assume that the increase
of the RMS roughness is related to the reaction of the moieties
with AE brush which changes the chemical properties of the
polymer brush.
Furthermore, in the case of NMB postfunctionalized brushes,

the RMS roughness calculated from XRR data increased with
the thickness of the initial AE brush from 0.9 to 5.7 nm by
increasing the thickness from 7.9 to 30.3 nm, respectively

Figure 5. (a) Topography image of grafted AE brush (brush thickness
26.3 nm) on Si. Topography image of grafted AE brush on Si after the
postfunctionalization (b) with NMB (c) and with MPMA.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am302869d | ACS Appl. Mater. Interfaces 2013, 5, 2485−24942491



(Supporting Information, Figure S 15 and Table T 4). The
RMS roughness measured by the SFM, showed a similar
increase of the RMS of 2.0 to 4.3 nm, respectively (Supporting
Information, Figure S 15 and Table T 4). The thicker the AE
brush film, the more significant were the changes in the
polymer film RMS roughness and morphology after the
functionalization. This increase in the RMS roughness can be
explained by the phase separation that takes place at higher
molecular weights.60 Since the reaction proceeds more slowly
and less conversion takes place, the grafting density (here in
terms of postfunctionalizing the activated ester moieties)
decreases. Postfunctionalized regions form larger domains
which tend to phase separate.
In addition, XPS measurements of AE brushes before and

after the reaction with NMB and MPMA were performed
(Supporting Information, Figure S 16). In particular, we have
analyzed the carbon peak before and after the reaction with
NMB and MPMA (Figure 6). We deduced that the ester bond

of the activated ester brushes at around 289 eV widely
disappears and shifts to a new bound at around 288 eV which
can be related to the amide bond formation. The aromatic and
aliphatic signals appeared as a broad peak at around 285 eV.
However, the broadening of the carbon peak at 288 eV
indicates that some activated ester moieties did not react. From
the ratio between the elements, we could confirm the successful
reaction of both moieties NMB and MPMA with the AE
brushes (Supporting Information, Tables T 5−T 7). In both
cases, the amount of carbon increased while the amount of
oxygen decreased simultaneously. Additionally, the sulfur
content increased which shows the attachment of the sulfur
containing dyes. Furthermore, we discovered that there is no
corresponding zinc peak for NMB. The ZnCl2 of NMB double
salt must have been washed away after the reaction and
subsequent extraction. The absence of ZnCl2 is a further proof
that NMB has reacted successfully with the brush moieties.
According to the XPS results, we assume the polymer brush
film is rather cross-linked by attachment of two amine groups
rather than only one amine group (Supporting Information,
Table T 6).
In the following step, the mechanical stability was

investigated. The RMS roughness of the topography images
decreased slightly from 2.8 to 2.5 nm after 100 scans in contact
mode with an applied load of 10 nN. The scanned area showed
a smoother surface after the nanowear experiment. Only a small

amount of piled up material (∼1−2 nm increase) was visible in
the left edge of the line profile. This pile up arises from loose
impurities on the surface. The nanowear experiment for the
MPMA postfunctionalized brush revealed lower mechanical
nanowear stability compared to NMB postfunctionalized
brushes (Figure 7b). The RMS roughness increased from 4

to 7.3 nm after the nanowear test. At the edge of the scanned
area, a strong pile up of the surface is visible. The difference
between the nanowear stability of the NMB and MPMA
functionalized brushes can be explained by the cross-linking
ability of the redox moieties. MPMA has only one amine
functional group. Therefore, it is not possible to form cross-
linking between the brush chains. NMB however has two
secondary amine groups and can function as cross-linking agent
between the grafted polymer chains. This additional cross-
linking leads to the formation of a polymer network, which is
then mechanically more stable. Berger et al.11 reported on an
increase of wear stability for cross-linked plasma polymers and
cross-linked polycarbonates compared to noncross-linked ones
using SFM nanowear experiments. The increase of the elastic
modulus is the reason for the high stability of cross-linked
polymer brushes, since the polymer film is less penetrated due
to the cross-linking.61

■ SUMMARY AND CONCLUSION
In this work, we could successfully establish two different
approaches for synthesizing redox active polymer brushes with
phenothiazine moieties. We found out that both approaches are
feasible and have their advantages as well as disadvantages.
Polymer brushes with phenothiazine moieties on each
repetition unit were successfully attached to a conducting
ITO substrate using direct polymerization via SI-ATRP. The so
formed brushes revealed redox behavior on the surface. In
addition, the obtained polymer brush surfaces showed an
increased mechanical stability during the nanowear experi-
ments. The synthesis of PVBPT and the direct polymerization
technique were both performed as a single step reaction which
is desirable with respect to the synthetic expense. The direct
polymerization of monomers with phenothiazine redox
moieties is interesting for obtaining redox active surfaces.
However, the surface morphology revealed inhomogeneities
due to agglomerate formation. Better control over the
polymerization reaction can be achieved by addition of
deactivating species to the ATRP solution or by controlling

Figure 6. XPS spectra of the carbon (C1s) peak from grafted AE brush
on silicon substrate before and after functionalization with NMB and
MPMA.

Figure 7. Nanowear experiment of AE brushes on ITO substrate after
the reaction with NMB and MPMA at 10 nN with the speed of 50
μm/s (marked with a square). The topography was imaged after the
wear experiment. (a) Topography image for NMB postfunctionalized
AE brushes. (b) Topography image for MPMA postfunctionalized AE
brushes.
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the reaction via activator generated by electron transfer
(AGET).62 Homogeneous surfaces with high grafting densities
are desirable for SFM based data storage. On homogeneous
surfaces, the topography has less influence on the scanning
process during writing and reading in contact mode. By
improving the reaction conditions, the formation of the
agglomerates might be suppressed. Other phenothiazine
containing monomers with higher reactive backbones such as
acrylates can be used instead.
The activated ester approach resulted in homogeneous

polymer brush films. Therefore, the approach with activated
ester is a more promising technique for synthesizing redox
active surfaces for SFM based data storage. We synthesized
grafted activated ester brushes with succinimide moieties using
SI-ATRP. Compared to PVBPT grafted brushes, the grafting
density could be slightly increased by using activated ester
brushes. A higher grafting density means more redox moieties
in the patterned area which can help to increase the storage
density. These brushes were then functionalized in the second
step using the moieties NMB and MPMA. Both moieties
reacted with the activated ester brush, which was proved using
various techniques such as UV/vis, CV, and XPS. From these
data, we concluded that the reaction did not take place
quantitatively. Since the conversion of the moieties with the
activated brush polymer units was not quantitative, phase
separation took place. Therefore, the RMS roughness of the
polymer film increased depending on the film thickness and on
the moiety. Thinner films proved to show less increase of the
RMS roughness. Due to facile diffusion of the redox moieties
through the polymer brush film, thinner films exhibited
increased reactivity. We observed that the size of the moiety
also plays a role for the postfunctionalization. Apparently,
MPMA is sterically less hindered and resulted in higher
conversion of the activated ester moieties than NMB. With
respect to nanowear stability, activated ester brushes showed
differences depending on the degree of cross-linking with the
redox moiety. NMB functionalized brushes exhibited a higher
nanowear resistance than MPMA functionalized brushes. As
expected, the additional cross-linking using NMB as the redox
moiety resulted in more stable surfaces. With the postfunction-
alization technique, nanowear stable redox active polymer
brushes can easily be synthesized. To improve the conversion
reaction, more reactive amine moieties should be used.
Especially, primary amine groups are more reactive species
compared to secondary amines. The film thickness is an
important factor as well. Low film thickness facilitates the
diffusion of the redox moieties and enables the reaction with
the activated ester groups. With variation of monomer and
moieties, nanowear stable redox surfaces can be obtained on
almost every type of substrate for potential application in the
textile and electronic industries.
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Commun. 2002, 23, 612−616.

(59) Bumbu, G. G.; Wolkenhauer, M.; Kircher, G.; Gutmann, J. S.;
Berger, R. Langmuir 2007, 23, 2203−2207.
(60) Siqueira, D. F.; Kohler, K.; Stamm, M. Langmuir 1995, 11,
3092−3096.
(61) Torres, J. M.; Stafford, C. M.; Vogt, B. D. ACS Nano 2010, 4,
5357−5365.
(62) Jakubowski, W.; Matyjaszewski, K. Macromolecules 2005, 38,
4139−4146.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am302869d | ACS Appl. Mater. Interfaces 2013, 5, 2485−24942494


