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ABSTRACT: Surface initiated atom transfer radical
polymerization (SI-ATRP) was triggered after diffusion
of a CuI/L activator generated at a working electrode. A
stable [CuIIL]/[CuIL] ratio gradient was formed at the gap
between the working electrode and the initiator terminated
substrate due to ion diffusion. The size of the gap can be
used to dictate polymer growth kinetics at different gap
distances. Gradient polymer brushes were grafted when
substrate was placed at a tilting angle along [CuIIL]/
[CuIL] gradient.

Surface-initiated controlled radical polymerizations (SI-
CRP) from initiator-modified surfaces lead to polymer

brushes with well-defined compositions, architectures, and
functionalities as well as complex (co)polymers and organic/
inorganic hybrid materials.1−3 Among the different controlled
radical polymerization techniques, atom transfer radical
polymerization (ATRP)4−6 is widely used for tailoring the
surface chemistry and topography, such as tuned physical and
chemical properties,7,8 pattern,9,10 or responsivity, etc.11,12 The
past few years have witnessed the emergence of new strategies
to regulate the ATRP process by using a wide range of external
stimuli,13−15 particularly the very recently developed eATRP.13

SIP through eATRP on conducting electrode has been
successfully demonstrated.16 In this case, CuI catalyst was
electrochemically generated from CuII at the vicinity of working
electrode and locally initiated polymerization from electrode.
Here we extend this technique to include the use of
nonconducting substrates and to couple the growth rates to
the distance between CuI production and initiator surface.
As is shown in Scheme 1 (exact experiment data is given in

Scheme S1), when a negative potential was applied to reduce
CuII to CuI on the working electrode; a CuI diffusion layer will
instantaneously form with the highest CuI concentration near
the working electrode. If an initiator-modified substrate is
placed in the vicinity of the electrode, polymerization will be
triggered. The complementary X-CuII/L deactivator has the
opposite distribution of the CuI activating species. By adjusting
the magnitude of the applied potential E or the gap d between
the working electrode and the sample allows control over the
relative concentration of active and dormant species and
consequently the rate and the controllability of polymerization.

Because of the presence of gradient [CuI]/[CuII] distribution,
different regions on the surface will experience different
polymerization rates when the substrate is placed at a tilting
angle. Our method thus opens up a new route to gradient
polymer brushes.
The eATRP was carried out in an electrochemical cell

equipped with platinum gauze working electrode, platinum wire
counter electrode, and saturated calomel electrode (SCE)
reference electrode, and initiator-modified substrate was placed
opposite to the working electrode (Scheme S1). Cyclic
voltammetry of CuII/bipy complex exhibits a reversible peak
couple and peak reduction potential (Epc) of −0.16 V vs SCE
(Figure S1). In a typical experiment, a solution containing 3-
sulfopropyl methacrylate potassium salt (SPMA) and CuII/bipy
catalyst system in water/methanol (SI), gold substrate modified
with the initiator ω-mercaptoundecyl bromoisobutyrate was
placed in parallel to and 360 μm away from electrodes. A
potential was chosen such that no Cu(0) precipitation was
observed; typically, polymerization was carried out for 7 h at
−0.16 V, yielding a homogeneous film of around 250 nm thick
(see SI for XPS and AFM measurements, Figure S2). As shown
in Figure 1a, polymer growth exhibits linear first-order kinetic
increase with time. Linear growth lasts up to 5 h. This is in
contrast to what we have reported16 previously on polymer
grafting from initiator-modified gold working electrodes
(Figure 1a, inset), where polymer growth leveled off after
about 30 min. This is because in previous experiments the
concentration of the deactivating X−CuII/L species was too
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Scheme 1. Schematic Illustration of Using Diffusion to
Control eATRP for Surface Modification
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low to deactivate polymerization,17,18 especially in aqueous
media, where the ATRP equilibrium constant is around 104

times larger than in nonaqueous solvents.19,20 The present
methodology provides a robust way to maintain a constant
CuII/CuI ratio, independent of whether the initiator-modified
substrate is conductive or not. Examples shown in Figure S2
include silicon, polydimethylsiloxane (PDMS), titanium, and
gold, all modified with a suitable initiator (silane, catechol, or
thiol-based, respectively, SI) and grafted with PSPMA brushes.
After polymerization for 7h, only peaks of polymer brushes are
detected by XPS, indicating homogeneous coverage of polymer
brushes. It is worth noting that the diffusion layer is highly
confined between the electrode and the substrate. Diffusion of
CuI to bulk solution is very limited, and no color change in bulk
solution was observed even after 8h polymerization time
(Figure S3).
One of the most attractive features of electrostimulus is the

possibility for reversibly modulating the polymerization. Figure
1b shows the thickness values of 11 samples, where sample 1
was placed at 0.02 V for 1hr (so no polymerization, ‘off’);
sample 2 was placed for 1hr at 0.02 V and then 1hr at −0.16 V
(polymerization ‘on’); sample 3: 0.02 V, 1hr (off); −0.16 V, 1hr
(on); 0.02 V, 1 h (off) and so on for all samples to build the
curve shown in Figure S4. It is seen that the growth of polymers
can be started or stopped by switching the redox states of the
copper catalyst by applying an alternating potential of −0.16
and 0.02 V. Growth kinetics depend on the [CuI]/[CuII] ratio,
which can be adjusted by varying the applied potentials or the
gap d between the platinum working electrode and the sample
surface. When eATRP is carried out at −0.28 V (much lower
than Epc), the more negative potential leads to a higher [CuI],
and therefore the reaction occurs more rapidly but with less
control (Figure 1c, red). When eATRP brush growth was
performed at −0.08 V (higher than Epc) with the same
electrode−substrate gap, “living” character up to 10 h (Figure

1c, dark) was observed because of the smaller CuI/CuII ratio.
The same result can be observed when eATRP was carried out
at a smaller electrode−substrate gap (d = 170 μm) compared to
360 μm (Figure 1d). An enhanced polymerization rate was
observed at the smaller gap (d) but poorer polymer growth
controllability because of higher local CuI/CuII ratio than that
at 360 μm distance. Figure S5 shows plot of PSPMA brushes
thickness vs the sample−electrode gap (d) after 3 h
polymerization at the applied potential of −0.16 V. It is seen
that the larger the gap distance, the smaller the final brush
thickness and so the slower growth rates.
The measurement of molecular weight (Mr) and polydisper-

sity index (PDI) of surface-initiated polyelectolyte brushes is
extremely challenging due to the small amount of material
grafted.21,22 Alternatively, the conformational changes of the
surface-tethered polymer chains (swelling−collapse) in good
solvent are useful tools for estimating the chain length and
density of the brushes. PSPMA brushes prepared via eATRP at
faster reaction rates were found to exhibit a higher swelling
factor f ( f = hswollen/hdry) than those prepared at a slower rate
(Figure S6). For example, 80 nm dry patterned PSPMA
brushes obtained in 0.5 h (E = −0.14 V, d = 170 μm) have a
swelling factor of 3.44, while the same thickness brushes
obtained in 1.5 h (E = −0.16 V, d = 360 μm) have a swelling
factor of 2.75. From Pincus theory,23 the average swollen height
of the polyelectrolyte brushes scales in salt-free solutions
(water) almost linearly with the length of the attached polymer
and is independent of the grafting density. Therefore, brushes
obtained under fast polymerization (h) have higher molecular
weights and degree of polymerization but lower grafting density
σ (σ = hdryρNA/Mr, where ρ is the density of the polymer) than
those obtained via slow polymerization.24,25

If a substrate is placed at a titling angle with respect to the
working electrode, the CuI/CuII ratio will be different along the
substrate surface. Therefore the polymerization rates will be
different as well, leading to gradient brushes.26,27 The steepness
of the gradient can be easily controlled by changing the tilt
angle between electrode and substrate. Figure 2 displays a linear
continuous increase in polymer layer thickness gradient (dhdry/
dx) along one direction (i.e., x-axis). Thickness gradients with
slopes of 11.2 and 16.7 were obtained in 0.5 and 1 h,
respectively (Figure 2a). The slope of gradient brushes

Figure 1. eATRP of SPMA on initiator covered surfaces with respect
to time. (a) d = 360 μm, E = −0.16 V, gold substrate. Inset is the
patterned PSPMA growth on gold (thiol ester initiator patterned gold
slice as working electrode). (b) d = 360 μm, PSPMA on gold,
switching between active and dormant states is represented by changes
of the applied potential values between −0.16 and 0.02 V (referenced
SCE). (c) PSPMA on silicon substrate, d = 360 μm, E = −0.28 V
(red), −0.08 V (dark). (d) PSPMA on silicon, E = −0.16 V, d = 170
μm (red), 360 μm (dark). Conditions: [SPMA] = 3.25 M, [BBAC] =
0.1 M; [SPMA]:[bipy]:[CuCl2] = 100:2:1, monomer solution was
reused.

Figure 2. Thickness gradient brushes on homogeneous and patterned
surfaces. (a) Ellipsometry thickness gradients vs position and time
(silicon) of two separate samples, the substrate−electrode distance is
170 and 360 μm at each end, Epc = −0.16 V. The ‘zero’ point is
arbitrarily selected. (b) Optical image of a part of patterned gradients
grown on gold surfaces. The substrate−electrode distance is 85 and
360 μm at each end (top and middle), 170 and 360 μm (bottom). Epc
= −0.16 V, the reaction time was 30 min.
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increases with respect of the polymerization time, consistent
with the fast brush growth kinetics found for small gap
distances. If the titling angle was changed, the slope of brush
gradient was changed accordingly (Figure S7). It is noticed that
the change in slope at longer polymerization times is smaller
than expected. This implies that polymerization at the smaller
gap distance is less controlled and exhibits termination and that
the density of the brushes will show a gradient as well (both
along the surface and within the brush layer).
By prepatterning the initiator areas, a “wedge” or “stair”

shaped gradient pattern can be formed (Figure 2b). Gradients
are generally prepared by using initiators with gradient densities
or by slowly immersing substrates into a polymerization
bath28,29 or using lithographic approaches.30,31 The current
approach of using the [CuII]/[CuI] concentration gradients for
tailored gradient slopes can be potentially used to prepare very
complex surface topographies in a straightforward way. In order
to get more insights into the gradient structure, we have
measured the thickness gradient of (patterned) gradient
PSPMA brush swollen in water by AFM from the patterned
PSPMA (Figure S8). The slope of the thickness of the dry
brush is smaller than that of the swollen brush; this can be
attributed to the decrease in grafting density. Where the
polymerization rate is very fast, less control and lower (re-
)initiation efficiency lead to thicker but also less dense brushes.
In conclusion, we have successfully exploited concentration

gradients originating from CuI diffusion from an electrode
surface to initiate ATRP on nonconducting substrates. An
adequate concentration of deactivator CuII in the polymer-
ization can be rationally adjusted by the applied potentials or
the gap d between the two electrodes to ensure a fast rate of
deactivation, thereby suppressing unwanted termination
reactions for many hours and brush growth with significantly
enhanced control. The approach can not only give more
insights into surface initiated ATRP kinetics but also provide
the easiest way for forming surface gradients by simply
changing the sample conformation.
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