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Polymer brushes (i.e. polymer chains covalently tethered to
the substrate at one end) have emerged as one of most useful
and versatile routes to chemically functionalize substrates.[1]

Polymer brushes have been widely investigated to create
surface coatings with tunable wettability and anti-biofoul-
ing,[2] for protein immobilization,[3] applications including
filtration[4] and actuation,[5] and many other studies into the
nanoscale properties of (patterned) polymer brushes.[6] Typ-
ically, brushes form planar films, but locally changing the
initiator grafting density using e-beam or dip-pen nano-
displacement lithography, leads to polymer films with gra-
dients in thickness after polymerization.[8] In addition to the
formation of gradients, another major experimental challenge
in the growth of polymer brushes is the extremely
poor efficiency, in terms of monomer usage.
Typically, milliliters of monomer solution are
used to grow brush films in the range of (hundreds
of) nanometers. This, combined with the require-
ment to grow brushes under controlled conditions,
limits the use of precious monomers, as well as
potential industrial applications.

Among different surface-polymerization strat-
egies, surface-initiated atom-transfer radical poly-
merization (SI-ATRP) is one of the most versatile
and widely used routes to prepare well-defined
polymer brushes.[7–9] Conventional SI-ATRP uses
a CuI/ligand complex as the catalyst and must be
carried out in an inert atmosphere to retain the
activity of the catalyst.[8, 9] Recently, activators
generated by electron-transfer ATRP (AGET-
ATRP), electrochemically induced ATRP
(eATRP), and light-induced ATRP were devel-
oped[10–12] to enable ATRP by forming the CuI/
ligand catalyst in situ. We have developed SI-

eATRP that allows polymer-brush grafting in an ambient
atmosphere.[13] However, this method requires an electro-
chemical setup and a large volume of solution. Herein, we
report a novel approach to grow polymer brushes using small
volumes (mL) of solution. As this method is reminiscent of the
use of Zn as a sacrificial anode in corrosion engineering, we
call our approach sacrificial-anode ATRP (sa-ATRP). Brush
growth was carried out under ambient conditions using
sacrificial metal surfaces with a larger oxidation potential
than CuI/CuII, such as Zn, Al, Fe, and Co, which are all able to
reduce CuII to CuI and to initiate polymerization. We also
show that this novel method is convenient to prepare well-
defined gradient polymer brushes with complex shapes.

Scheme 1a is of sa-ATRP and the experimental setup
used herein. A reactive metal surface (Zn) and an initiator-
modified substrate (silicon) were sandwiched face to face and
fixed by screws to adjust the gap distance. By placing a single
drop of polymerization solution, with volumes as small as
10 mL for a 0.5 cm2 sample at 200 mm gap distance, containing
CuII/(bipy)2 and monomer (3-sulfopropyl methacrylate potas-
sium salt, SPMA) at the edge of the parallel plates, the
solution was automatically sucked into the gap owing to
capillary forces. Zn has an oxidation potential of 0.76 V, while
CuII!CuI has a reduction potential of 0.16 V (the presence of
bipy ligand allowed for reduction of CuII to CuI, otherwise,
Cu0 would be obtained) and thus, a redox reaction sponta-
neously occured at the Zn surface leading to the reduction
CuII/(Bipy)2 to CuI/(Bipy)2, shown by a brown-red color
between the two substrates. Once generated, the CuI species

Scheme 1. a) Experimental setup of the sandwiched architecture where polymeri-
zation can be proceed with microliter volumes of droplet solution and digital photos
of the Zn/Si substrate sandwich architecture (left) and the substrate in solution
(right). b) The proposed mechanism of electrochemical-potential difference-induced
surface-initiated ATRP: the reactive metal (Zn) reduces CuII/(bipy)2 to CuI/(bipy)2,
which diffuses to the counter initiator-modified silicon substrate to catalyze ATRP.
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diffuse towards the initiator-modified substrate and initiate
polymer-brush growth (Scheme 1b).

The high concentration of CuI catalyst used in conven-
tional aqueous ATRP always results in a large polymerization
rate and high radical concentration, which increases the
probability of chain termination. Moreover, the large halido-
philicity (KX) of CuII/L2+ and high concentration of X� (where
X = halogen) counteracts the dissociation of the deactivator
and so lowers the deactivation efficiency in conventional
ATRP. As shown in Scheme 1b, sa-ATRP is initiated by an
in situ formed concentration gradient of CuI/(bipy)2 (with the
highest concentration near the anode) and hence, brush
growth rates are determined by the distance between the two
surfaces. Figure 1a shows this dependence of polymer-brush
growth on gap distance (D): when D was 0.34 mm, the
polymerization showed fast growth (approximately
130 nmh�1) and leveled off after 3.5 hours. When D was
0.78 mm, the polymerization was much more controlled
(approximately 40 nm h�1) and linear growth lasted for up
to 6.5 hours. Increased control was attributed to the higher
CuII/CuI ratio at a larger gap distance. Figure 1b shows how
the thickness of PSPMA brushes was controlled by varying D
(0.78 mm or 0.34 mm) and allowing the polymerization to
proceed for 0.5 h or 1 h, respectively.

Bringing Zn in contact with a CuII/(bipy)2 solution sets up
a potential difference and leads to a redox reaction, according
to Equation (1), with the actual electric potential expressed as
Equation (2). The polymerization rate in ATRP can be
expressed as Equation (3); combining Equations (2) and (3)
allows us to directly relate the rate of polymerization (rate of
brush growth) to the redox potential. These equations also
show how an increase in CuII/(bipy)2 concentration will

increase the Zn/CuII(bipy)2 potential difference and thus,
accelerate the generation of CuI/(bipy)2, and hence the
polymerization rate.

Znþ 2 CuII=L ¼ ZnII=Lþ 2 CuI=L ð1Þ

E ¼ E0 �
RT
nF

ln
½ZnII=L�½CuI=L�2

½CuII=L�2
ð2Þ

RP ¼ kpKATRPð
½PnX�½CuI=L�½M�
½X=CuII=L�

ð3Þ

Figure 1c shows the variation of polymer thickness at
different CuII/(bipy)2 concentrations and a fixed polymeri-
zation time of 0.5 h and fixed D of 0.34 mm. At very low
CuII/(bipy)2 concentration, polymer growth was very slow
owing to the very small amount of CuI activators generated.
By increasing the concentration of CuII/(bipy)2, the brush
thickness also increased dramatically until the concentration
reached 0.5 mgmL�1. Beyond that concentration, the thick-
ness of the polymer brushes declined.

Notably, because of the small amount of grafted polymer
and the overall small volumes used, it is not possible to
determine the molecular weight (Mr) and polydispersity index
(PDI) of the polymer brushes directly.[14] Instead, we carried
out polymer-brush swelling experiments to compare the
grafting density differences of PSPMA brushes prepared by
conventional CuI mediated ATRP and electrochemical-
potential difference-induced ATRP. It was found that poly-
mer brushes grown by sa-ATRP had a larger swelling ratio
(hswollen/hdry = 3.3) than polymer brushes fabricated by conven-
tional SI-ATRP (hswollen/hdry = 2.4; Supporting Information,

Figure S4). The swelling ratio of the polyelec-
trolyte brushes was linearly related to the degree
of polymerization,[15] which led us to conclude
that sa-ATRP yielded polymer brushes with
a lower grafting density.

Gradient surfaces have potential applica-
tions for studies of biological interactions, micro-
fluidic devices, and sensors where topography
plays an important role.[16, 17] They have been
fabricated by a range of lithographic methods
combined with self-assembled monolayers and
surface-initiated polymerization (SIP).[18,19]

Herein, we created a gradient in CuII ion
concentration by placing the Zn substrate at
a tilt angle (q) with respect to the initiator-
modified substrate (Figure 2 a). Each point on
this substrate along the y-direction will have
a different CuII/CuI ratio and therefore different
polymer-growth kinetics. Figure 2a (right) shows
digital photographs and height profiles of gra-
dient brushes obtained at two different tilt
angles. The color changes are interference
colors of different polymer thicknesses where
the maximum polymer thicknesses are 65 nm
(for q = 11.58) and 100 nm (for q = 18.58) in
about one millimeter range. Gradient formation
can be combined with patterning of the sacrifi-

Figure 1. a) First-order kinetics with respect to PSPMA growth on initiator-modified Si
surfaces with varying D. b) Polymer-thickness variation at different gap distances (D)
in 0.5 h and 1 h. c) Thickness of PSPMA brushes at different CuII/(bipy)2 concentra-
tions at 0.5 h sa-ATRP and D =0.34 mm.
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cial Zn surface. When a Zn wire is placed above substrates at
a distance of 0.78 mm, a ridge-like CuI/CuII gradient will be
formed, as illustrated in Figure 2b. The minimum pattern size
obtainable depends on the size of the Zn slice and on the
polymerization time. At longer polymerization times, the
continuously generated catalyst diffuses farther in the lateral
directions (20 mm brush pattern width in 2.5 hours, but only
with 14 mm in 1 h). Figure 2 c shows how line widths as small
as 180 mm can be obtained.

By changing the shape of the Zn slice, polymer brushes
can be “painted” in different shapes. Zn substrates patterned
into different shapes translated into patterned brushes of the
same shape (cross, triangle, letters, and Y shape) as a result of
the catalyst distribution governed by the Zn, also shown in
digital photographs (Figure 3a). Complex shapes of polymer
brushes could also be made by masking the Zn slice with
elastomer films (Figure 3b). A thin PDMS film of 200 mm in
a Y shape was applied to the Zn substrate and then the Y-
shape channel was filled with the polymerization solution
(5 mL). After the initiator-modified substrate was in tight
contact with the PDMS film, in situ polymerization occurred
in the confined space to yield polymer brushes with a Y shape

(Figure 3b, bottom left). The brush surface provides a unique
substrate with different wettabilities forming a simple in-
plane gravity-driven microfluidic device[20] where two water
droplets from the branches of the Y moved along the Y-
shaped channel under gravity before merging. Following this
strategy, sa-ATRP has the advantage of carrying out poly-
merizations of multiple monomers on a single surface. A
number of channels were cast in the PDMS film, which was
placed on top of the Zn substrate (Figure 3 c). In each
channel, a monomer solution was added and an instantaneous
redox reaction occurred to catalyze the polymerization. Once
an initiator-modified substrate was placed on top of the
monomer-filled channels, multiple polymer brushes grew
from this substrate. Up to six polymer brushes were formed
on a silicon surface with a total volume of 50 mL monomer
solution (Figure 3c; the different thicknesses result from
different grafting kinetics).

In summary, we have exploited the electrochemical
potential difference between reductive metals and a CuII/L
solution to generate a CuI/L catalyst that initiates surface-
bound ATRP. This method allows polymer-brush growth in
a metal-substrate sandwiched architecture in air, using
volumes as small as 5 mL, in which CuI activators are
continuously generated and diffusively transported to the
initiator-modified substrate. Polymer-brush gradients and
complex shapes were easily generated by spatially distributing
the generation of the catalyst. The advantage of this approach
is that polymerizations of minute quantities of multiple
monomers on a single surface can easily be achieved and
many polymer brushes can be formed simultaneously using
sa-ATRP. This method shows potential for applications
involving expensive or hard-to-synthesize monomers and in
screening the properties of many (co-)polymer brushes
simultaneously.

Experimental Section
The silicon wafer was washed with distilled water, ethanol, and
acetone under ultrasound conditions, and then was activated using
oxygen plasma for minutes to realize surface hydroxylation. The as-
prepared substrates were placed in a vacuum desiccator with a vial
containing 5 mL of 3-(trichlorosilyl)propyl-2-bromo-2-methylpropa-
noate, the chamber was then pumped down to less than 1 mbar and
kept under vacuum for 20 min with 3 cycles.

Preparation of polymer brushes: Monomer solution was made of
3-sulfopropyl methacrylate potassium salt (SPMA, 95%, TCI),
CuCl2·2H2O (AR, Tianjin, China). Bipyridyl (35 mg), CuCl2·2H2O
(13 mg), and 3-sulfopropyl methacrylate potassium salt (SPMA)
monomer (3 g) were charged in a quartzose flask, then a solution of
H2O/MeOH (5 mL, 2:1 (v/v)) was added. The initiator-modified
silicon wafer was cut to about 15 mm � 8 mm, and a commercially
available Zn sheet was sanded with abrasive paper to remove the
oxide layer and then was cut to 15 mm � 8 mm. Four screws were used
to fix the two substrates into a sandwiched architecture and to adjust
the distance (D) between them.

Fabrication of gradient polymer brushes and writing directly on
the silicon wafer: The Zn slice was cut into about 1.0 mm width to
fabricate the gradient polymer brushes (D = 780 mm), when used in
writing letters, D = 200 mm.

The degassed precursor of silicone (Sylgard 184) was poured onto
the Zn slice and cured at 80 8C for about 2 h. The PDMS layer can be
carved to different patterns, then a small volume of solution was

Figure 2. a) Scheme of gradient polymer brushes with a tilted Zn slice
(q = 11.58 or 18.58). b) A single Zn wire anode results in a ridge-like
polymer brush structure and profiles. Upper right: digital photograph
of the gradient polymer architecture. Bottom right: graph of the
distribution of polymer thickness (D =0.78 mm). c) The lateral size of
the polymer-brush gradient can be changed by gradually reducing the
size of the Zn wires.
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dipped into the groove to contact the Zn for polymer growth on the Si
substrate.

The thicknesses of the polymer films were measured using an
L116E ellipsometer (Gaertner, USA) equipped with a He–Ne laser
source (632.8 nm at an incident angle of 508) with a refractive index of
1.46. Optical images of the gradient polymer brushes were taken with
a NanoMap 500 LS 3D profilometer (AEP Technology, USA).
Atomic force microscopy (AFM) measurements were performed on
an Agilent Technologies 5500AFM in tapping mode using a pyramidal
Si tip (Veeco, RTESP). Chemical composition information was
obtained by X-ray photoelectron spectroscopy (XPS) measurement
on a PHI-5702 multifunctional spectrometer using Al Ka radiation,
and the binding energies were referenced to the C1s at 284.8 eV from
adventitious carbon.
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