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Controlled/“living” surface-initiated radical polymerization
offers the possibility to generate brushlike polymeric thin
films with controllable thickness, composition, and architec-
ture.[1, 2] Polymer brushes have found widespread applications
as model responsive[3,4] and non-biofouling surfaces,[5,6] in
protein binding and immobilization studies,[7] chromatogra-
phy supports,[8] in membrane applications,[9] antibacterial
coatings,[10] actuation,[11, 12] and low friction surfaces.[13,14]

Among the many controlled polymerizations, atom-transfer
radical polymerization (ATRP) is most widely used,[15]

particularly for surface grafting in aqueous solution.[16–18] In
standard surface-initiated ATRP, a CuI complex is used as the
catalyst and high monomer concentrations are required to
maximize the polymer growth. However, polymerization
solutions often cannot be reused without purification, leading
to inefficient use of the monomers. Furthermore, trace
amount of oxygen will oxidize CuI to the deactivating CuII

species and therefore, brush growth is usually carried out in
an inert atmosphere. The conditions can be relaxed by
employing advanced variations on ATRP as shown by
Matyjaszewski et al.[19] Recently, the same group reported
electrochemically mediated ATRP (eATRP) to control the
polymerization of methacrylate monomers by a one-electron
reduction of an initially added air-stable CuII salt.[20] Electro-
chemical generation of catalytically active CuI has been
exploited in a surface “click” reaction between alkynes and
azides.[21] Here, we report the controlled growth of polymer
brushes under ambient conditions using surface-confined
eATRP and the multiple reuse of the polymerization solution.

Scheme 1 shows the mechanism of polymer brush growth
using eATRP. The reaction was carried out in an electro-
chemical cell with a three electrode system. A constant
potential was applied to generate the CuICl/bipyridine (bipy)
complex through one-electron reduction of CuIICl2/bipy in the
vicinity of initiator-decorated gold surface to initiate the
polymerization. Prior to brush growth, cyclic voltammograms
(CVs) of an initiator-modified electrode were carried out to

identify the potential window for accurate manipulation of
the reduction/oxidation state of the catalyst.[20] As shown in
Figure 1a and 1 b, no redox process occurred within the
potential window from �0.6 to 0.3 V versus the saturated
calomel electrode (SCE) when using w-mercaptoundecyl
bromoisobutyrate (SH-C15-Br)[22] decorated electrode
because of the impedance of the monolayer to charge
transfer.[23] The charge transfer resistance (Rct) calculated
from the electrical impedance spectrum of the surface is as
large as 71 kWcm2 (the Rct of bare gold is only 6 Wcm2). When
a shorter-chain alkanethiol initiator (2-mercaptoethyl-2-
bromo-2-methylpropanoate, SH-C6-Br) modified electrode
was used, a redox reaction occurred because of the low
interfacial Rct (1138 Wcm2, Figure 1b red curve and Table 1).

Short-chain alkanethiols are known for forming poorly
packed self-assembled monolayers (SAMs) with pinhole
defects, thus facilitating electron transfer.[24] It should there-
fore be possible to carry out eATRP using defect-rich SAMs
at a reduction potential of approximately�0.31 V. During the
experiments a color change at the interface because of the
reduction of the deactivator CuIICl2/bipy complex to the
activator CuICl/bipy complex was observed. Unexpectedly,
the polymer growth using SH-C6-Br SAMs is very limited

Scheme 1. Mechanism of electrochemically induced surface-initiated
ATRP at a cathodic current to generate the CuICl/bipy complex that
triggers the polymerization (Kt = rate constant of chain termination,
Kp = rate constants of chain propagation).

Table 1: The charge-transfer resistance (Rct) and the calculated apparent
electrode coverage (q).

SAMs SH-C6-Br SH-C15-Br/2-NAT ratios in the stock solution
1:10 1:1 10:1 20:1 30:1 40:1

Rct[Wcm2] 1138 623 2085 2470 4010 5273 31607
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(only 18 nm thick PSPMA brushes were obtained after 2 h).
The polymer films prepaired had a considerable amount of
defects (Figure 1c, top) across the whole surface as detected
by AFM.

To improve the brush growth and obtain smooth, homo-
geneous films, we formed mixed monolayers of 2-thionaph-
thiol (2-NAT) and SH-C15-Br. The X-ray photoelectron
spectroscopy data (XPS, see Figure S1 in the Supporting
Information) show the increase in the Br signal with increas-
ing SH-C15-Br/2-NAT ratio. This strategy allowed us to not
only create charge-transfer pathways for the redox reaction
through 2-NAT domains (Figure 1a and 1c black line) but
also to assemble high-quality initiator monolayers for the
formation of dense polymer brushes. We found that both the
applied potential and polymer growth were dependent on the
relative fraction of SH-C15-Br and 2-NAT in the thiolate
monolayers as shown in Table 1. The electron-transfer
process in the mixed monolayer can be attributed to tunnel-
ling mediated by a p-electron bridge.[25] For a blocked
electrode, the charge-transfer resistance and the current
density at an insulated electrode is inversely proportional to
the thickness of insulation layer.[26] The surface coverage can
be evaluated from the charge-transfer resistance according to
Equation (1):[27]

ð1�qÞ ¼ Rct�=Rct ð1Þ

where q is the apparent electrode coverage, Rct8 and Rct are
the charge-transfer resistance of bare electrode and the
monolayer-covered electrode. Increasing the fraction of SH-

C15-Br initiator, which forms a much more insulating SAM,
resulted in a large increase in Rct as the surface coverage
approached one (Table 1).

Figure 1d shows the relationship between the reduction
potential and polymer film thickness versus the SH-C15-Br/2-
NAT ratios. Increasing the content of initiator in the stock
solution leads to a negative shift in the potential used for
eATRP and when the molar ratio of initiator to 2-NAT
reaches 40:1 the reduction potential increased to �0.6, close
to the reduction potential of Cu0 (�0.7 V). The thickness of
the polymer brushes is related to the density of the initiator
sites as reported previously for mixed initiator monolayers.[28]

However, polymer growth was limited at higher 2-NAT
concentrations as the initiator fraction in the monolayer was
too low. In all cases, polymer brushes grafted from mixed
monolayers of SH-C15-Br/2-NAT= 1:10 showed a homoge-
neous morphology (Figure 1c, bottom), indicating a uniform
distribution of SH-C15-Br in the mixed monolayers. The
thickness of the polymer brushes increased with increasing
SH-C15-Br/2-NATratio, to a maximum value of 142 nm in 2 h
at a molar ratio of initiator to 2-NAT of 20:1. Beyond this
ratio, the obtained thickness dropped as the resistance of the
SAM increased leading to the generation of CuI ions.

We found that we can grow brushes using eATRP in the
presence of air. We believe that any oxygen diffusing to the
electrode surface is scavenged by CuI ions, which is then
continuously regenerated. This relative insensitivity of the
polymerization reaction for oxygen is similar to ARGET
ATRP where deactivating CuII ions are reduced with appro-
priate reducing agents.[19] For the preparation of polymer
brushes, this also means that the polymerization solution can
be reused. Figure 2a shows that PSPMA brushes grown from
Br-C15-thiol/2-NAT (20:1) electrodes in the same stock
solution have almost the same thickness after 1 h in seven
repeat experiments.

The polymerization rate in ATRP is determined by the
relative concentration of CuI/CuII species and the correspond-
ing equilibrium constant (Keq = kact/kdeact).[29] If Keq is too
large, the control is limited by the deactivation reaction and
the propagating chains are liable to chain termination.[30] By
adjusting the applied potential, we can control the amount of
generated CuI ions, and so the ratio of CuI/CuII, and the
number of activated chain ends.[31,32] Figure 2b shows the
thickness as a function of the polymerization time at different
applied potentials(Figure S3 in the Supporting information
for current versus time curves). Polymer brush grow much
faster at maximum reduction potential of �0.5 V than that at
�0.35 V probably because of the rapidly generated CuI ions.
At �0.5 V, the polymer brushes grow monotonously at first
and level off after two hours, whereas the growth lasts longer
at �0.35 V but the resulting thickness of the bushes is much
lower. For polymerizations of one hour, the brush thickness
obtained varied essentially linear with the applied potential.
(Figure 2c), providing a new and externally controlled route
to tailor the brush thickness. Other than surface-grafting
polymerization at constant potentials, we also performed
a polymerization by applying square-wave potentials. The
polymer growth was initiated at a reducing potential and
deactivated by applying a reverse positive potential with the

Figure 1. a) Electrochemically mediated ATRP on initiator-modified
gold electrodes. b) Cyclic voltammograms of SH-C15-Br (dark curve),
SH-C15-Br/2-NAT in a 1:1 ratio (blue curve), and a SH-C6-Br-modified
electrode (area of 0.258 cm2; red curve) in a SPMA monomer solution.
c) AFM image of the morphology of PSPMA grown from SH-C6-Br
(top) and SH-C15-Br/2-NAT (1:10; bottom) gold surfaces. d) The
relationship of different SH-C15-Br/2NAT molar ratio, applied potential
(blue curve), and PSPMA film thickness (red curve) grown on mixed
monolayer surfaces (reaction time 2 h).
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aim of deactivating the chain growth rapidly and reducing the
chance of chain termination. The growth of polymer brushes
can be switched on and off. Figure 2d shows two cases in
which one sample grew by applying an activation potential of
�0.5 V for 270 s and a deactivation potential of 0.4 V for 30 s
(curve 1), and �0.5 V for 180 s and 0.4 V for 120 s (curve 2).
Both polymer brushes showed well-controlled growth of
brushes in agreement with the length of the activation
potential.

eATRP can also be used to form patterned brushes from
Br-C15-thiol SAMs patterned through microcontact printing
(mCP)[33] (Figure 3a). Here, no mixed Br-C15-thiol/2-NAT
monolayer was required as parts of the gold surface are bare,
and the brush growth was very fast and led to much thicker
brushes. As shown in the inset, well-defined patterns with
260 nm thick PSPMA brushes were obtained (compared to
140 nm thick homogeneous brushes on 20:1 Br-C15-thiol/2-
NAT-modified electrodes for the same grafting time). The
living nature of eATRP can be displayed by copolymeriza-
tion: after growing an 80 nm thick PHEMA brush, the sample
was immersed in a second monomer solution to add a second
30 nm thick PSPMA block. The approach is also suitable for
fabricating binary polymer brushes (i.e., surfaces containing
two different polymer brushes) by two-step printing of an
initiator monolayer.[33] After growing 66 nm thick PHEMA
brushes from the first patterned initiator SAM, a cross-
pattern is produced in a second printing step, followed by
growth of 132 nm thick PSPMA brushes (Figure 3b). Clearly,
eATRP allows polymer brushes to be prepared with con-
trolled thickness, composition, and architecture.

It is illustrative to compare PSPMA brushes with similar
thickness prepared by eATRP and conventional surface-
initiated ATRP by swelling experiments and electrical

impedance spectroscopy (EIS). Brushes grown by eATRP
have a much larger swelling ratio (hswollen/hdry = 3.83) than
those grown by a conventional approach (hswollen/hdry = 1.77;
data in Figure S4 in the Supporting Information). As the
swelling ratio of the polyelectrolyte brushes correlates
linearly with the degree of polymerization,[34] these results
indicate that the eATRP brushes have a higher molecular
weight. As the brushes have very similar thickness (44 and
48 nm) the eATRP brushes must therefore have a lower
grafting density. This conclusion is supported by the lower
impedance measured on eATRP brushes (Figure S5 in the
Supporting Information), which indicates less resistance to
the diffusion of electroactive species through the brushes.

In conclusion, we have proven that electrically induced
surface-initiated ATRP is an effective way to prepare
polymer brushes of different types. The thickness of polymer
brushes is controlled through adjusting the fraction of
initiator and applied potentials. It allows polymer brushes to
grow in the presence of ambient air and the monomer
solution can be reused for several times, which is very
promising for the polymerization of specialty monomers and
for the growth of biocompatible, protein-resistant polymer
brushes on nonplanar substrates with complex shapes.

Experimental Section
See the Supporting Information for details regarding the used
materials and characterization methods.

Figure 2. a) Recycling of the SPMA solution. PSPMA brushes grown
from a Br-C15-thiol/2-NAT (20:1) electrode for 1 h. b) Linear first-order
polymer growth at switched applied potentials. c) Ellipsometric poly-
mer thickness of the PSPMA brushes grown on 20:1 Br-C15-thiol/2-
NAT mixed SAMs at different applied potentials (reaction time 1 h).
d) Kinetic plot of the PSPMA brushes grown on Br-C15-thiol/2-NAT
(20:1) mixed SAMs at a square-wave potential, �0.5 V for 270 s and
0.4 V for 30 s (1), �0.5 V for 180 s and 0.4 V for 120 s (2). The
experiment was repeated after a specified time.

Figure 3. a) PSPMA (blue curve) and PHEMA (red curve) growth on
Br-C15-thiol patterned gold surfaces. The inset is an AFM image of
260 nm thick PSPMA brushes. The reaction time was 2 h. b) AFM
image of PSPMA and PHEMA crossed brushes, the reaction time was
0.5 h for HEMA and 2 h for SPMA. The insets are line traces showing
the height of the PSPMA (top) and PHEMA (bottom) brushes,
respectively.
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Electrochemically mediated ATRP was initiated at a constant
potential and continued for a certain time at room temperature to
yield the electrode modified by polymer brushes. A typical eATRP
polymerization takes place in a solution of bipy (122 mg, 0.78 mmol),
CuCl2·2H2O (43 mg, 0.25 mmol), 3-sulfopropyl methacrylate potas-
sium salt (SPMA) monomer (5.9 g, 24 mmol), and benzyltri-n-
butylammonoim chloride (BBAC) supporting electrolyte (235 mg,
100 mm) in 7.5 mL solution of 2:1 (v/v) H2O/MeOH. Polymerization
of 2-hydroxyethyl methacrylate (HEMA): HEMA 3.1 g, bipy 122 mg,
CuCl2·2H2O 43 mg, BBAC (100 mm),and H2O/MeOH 2:1 (v/v).
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