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ABSTRACT: A facile and universal oxygen-tolerant, capillary microfluidic-derived,
controlled radical polymerization for surface structuring (gradient and patterned polymer
brushes) is reported. A syringe pump and a filter paper sheet are used as capillary
microfluidic to supply the reaction solution (monomer, solvent, and ligand) to a sandwich-
shaped setup by placing a flat copper plate onto an ATRP initiator-modified substrate and
resulting in gradient polymer brush formation with controlled thickness, steepness, and
grafting area, polymers are showing the high chain-end fidelity. Two different polymer
brushes (binary polymer brushes) can be simultaneously grown from both ends of the
initiator modified substrate by using this method, which can be used to study the interfacial
properties of different polymer brushes.

Surface-initiated polymerizations (SIPs) provide a powerful
approach to fabricate novel functional polymer brush

coatings.1−3 However, conventional SIP technologies suffer
from poor monomer efficiency, that is, several grams per mL of
monomer only yield a nanometer-thick polymer brush layer,
and the monomer is hard to purify and reuse, in particular, for
the ionic monomers, which limit the scope of monomers and
hinder their potential applications. To reduce the amount of
monomer, microfluidic techniques have been exploited to
prepare polymer brushes via the conventional atom transfer
radical polymerization (ATRP) method, where a CuΙ/ligand
complex is employed as the catalyst in an inert environment.4

For example, Tomlinson and Genzer prepared polymer
brushes by draining a chamber with the ATRP reaction
solution.5 Beers et al. developed a microchannel-confined
surface-initiated ATRP method to synthesize gradient polymer
brushes under the inert gas protection, gradient statistical
copolymers were prepared via microfluidic techniques by
mixing two monomers and following chamber filling.6,7 These
methods reduced the usage of monomer solution while large
amounts of copper salts are still needed as the catalyst, which
limits its biologic applications due to the toxicity. Moreover,
the use of oxygen-free reaction solutions requires tedious
procedures (freeze−pump−thaw cycle or deoxygenation with
inert gas), which severely limits the application of microfluidic-
assisted polymer brush synthesis.
Among various polymer brush synthesis techniques,8−14

Cu(0)-mediated controlled radical polymerization (CuCRP)
has attracted great attention because of its fast polymerization
rate, highly living nature, and oxygen tolerance.15−19 By taking
the advantages of CuCRP and ATRP method,20−23 we report a
capillary microfluidic surface-initiated CuCRP (capillary μSI-
CuCRP) for the fabrication of structured polymer brushes on
the planar substrate. To realize the capillary μSI-CuCRP, a

syringe pump and a small piece of filter paper are used as
capillary microfluidic to feed the polymerization solution to a
sandwiched setup of the copper plate and the ATRP initiator-
modified substrate. By continuously pumping the polymer-
ization solution into the sandwiched system via the syringe, a
[CuΙ]/[CuΙΙ] concentration gradient along the flow direction
was formed and provided an effective mean in terms of
controlling the polymerization kinetics during CuCRP.20−23

Therefore, gradient polymer brushes with controllable steep-
ness, grafting area, and high end-group fidelity were prepared
by adjusting the flow rate and the reaction time. Binary
polymer brushes composed of two different polymers can be
grown simultaneously from both ends of the substrate to the
crossover when a filter paper was used, which can be used to
study the interfacial properties of different polymer brushes
and directed motility of droplets. By the virtue of paper cutting,
complex polymer brush patterns (curve, array, triangle, Y
shape, and complex logo) can be easily achieved.
Figure 1A shows the scheme of the pump-based capillary

μSI-CuCRP setup. A copper plate and an ATRP initiator-
modified substrate were placed by facing each other and a
commercial tape with a thickness around 260 μm was used to
generate a small gap between the two plates. The polymer-
ization solution contains the monomer and ligand was injected
into the inlet by a syringe. Afterward, the reaction solution
wicked into the sandwiched system, the polymerization was
carried out in the ambient atmosphere without degassing. Cu0

acts as a supplemental activator for the initiator R−X and as a
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reducing agent for the CuΙΙ complex, regenerating the active
CuΙ catalyst though the comproportionation. A CuΙ/ligand
complex is generated in the vicinity of the initiator layer, reacts
with initiator R−X generating radicals, and starts the
polymerization when the reaction solution flows through the
initiator layer.24 The dissolved oxygen around the initiator is
scavenged by CuΙ, while CuΙ is regenerated by the continuous
reduction of CuΙΙ.25,26 It is also possible that the dissolved
oxygen is scavenged via oxygen-consuming corrosion of
metallic copper to form CuxO species and oxidation of CuΙ

into CuΙΙ which act as a source of CuI and CuII. Meanwhile, a
spatiotemporal concentration gradient of [CuI]/[CuII] is
formed as a function of the distance to the electrode and
reaction time to mediate the polymerization kinetics of
CuCRP (Figure 1A), as well as the gradient polymer brushes
formation on the initiator-modified substrate.22,24 At the low
flow rate, that is, a longer diffusion time produced a higher
concentration of [CuI]/[CuII] and a fast polymerization rate.
However, termination reactions limit the maximum growth of
the polymer brushes.27,28

As a proof-of-concept, we investigated the polymerization of
3-sulfopropyl methacrylate potassium salt (SPMA) on the

ATRP initiator-modified Si wafer through the capillary μSI-
CuCRP.15,16 The influence of the flow rate on the morphology
of polymer brushes was studied and the thickness of the
gradient polymer brushes on the substrate was measured by
ellipsometry. An area (or length) with the noncovered
substrate can be observed depending on the respective flow
rate (Figure S1). As shown in Figure 1B, the induction length
(from the inlet to where polymer brushes grow) is 2 mm at the
flow rate of 2 μL/min. As the flow rate increases, the induction
length increases to 12 mm (8 μL/min). Due to the limited size
(around 15 mm) of the wafer used, only a few nanometer-thick
polymer brushes were grafted near the outlet for 8 μL/min.
When the flow rate was above 8 μL/min, no polymer brush
growth was observed. For a flow rate in between (5, 6, and 7
μL/min), gradient polymer brushes with different cover areas
and steepness along with the flow direction were obtained. The
closer the positions to the outlet, the higher the height of the
polymer brushes. However, the profiles of the gradient
polymer brushes prepared at the flow rate 5, 6, and 7 μL/
min are different from flow rate below 5 μL/min, a low flow
rate leads to a high content of CuI species and, hence, heavy
termination reactions can be expected. There is an induction

Figure 1. (A) Schematic view of the experimental setup of μSI-CuCRP by using a syringe as the continuous reaction solution supplier. (B) PSPMA
brush thickness profiles at various positions of different flow rates, polymerization time: 1 h. (C) Time-height dependence of the PSPMA brushes
growth at the selected 13 mm position after the reinitiation. (D) Preparation of gradient P(SPMA-b-METAC) block copolymer brushes via
sequential polymerization of SPMA and METAC. (E) Polymer brush thickness profiles at various positions with different monomers.
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period during which CuΙ is generated, and eventually the
polymerization starts, a faster flow rate corresponds to lower
CuΙ and limits polymer growth, which can be used for
straightforward adjustment of grafting area as well as steepness
of the gradient polymer brushes. We also examined the
difference between capillary microfluidic and static (or stop-
flow) SI-CuCRP of the SPMA monomer (Figure S2a). In
static SI-CuCRP, no fresh oxygen was introduced, which
yielded thicker and homogeneous polymer brushes. Thus,
capillary μSI-CuCRP can be used to guide the design of
continuous reactors for solution-based CuCRP to study the
induction period.29

In order to demonstrate the high end-group fidelity of the
polymers and the “living” nature of the capillary μSI-CuCRP
method, reinitiation of PSPMA was carried out, cycles of 30
min polymerization time were carried out. Thicknesses of the
PSPMA at different positions after each cycle of the reinitiation
exhibited a gradient growth along the flow route (Figure S3),
resulting in controlled steepness of gradient by controlling the
polymerization time. The time-height dependence of the
PSPMA brushes at the 13 mm position was plotted in Figure
1C, the thickness of the polymer brushes at this position
increased linearly with the polymerization cycles, the growth
rate was about 1.05 nm/min. These results demonstrate the
high end-group fidelity of the PSPMA brushes and the “living”
nature of μSI-CuCRP. Additionally, the copper plate can be
reused many times and no decrease in polymer growth rate was
observed. Further analysis at different positions was inves-
tigated to compare the growth rate of PSPMA brushes (Figure
S4). Gradient block copolymer brushes of PSPMA and poly[2-
(methacryloyloxy)ethyl] trimethylammonium chloride (PME-

TAC) were prepared. The thicknesses of PSPMA and
P(SPMA-b-METAC) brushes are shown in Figure 1D, both
the time-height dependence and the block copolymer brushes
verified the “living” nature and air tolerance of the capillary
μSI-CuCRP.
In addition to the anionic SPMA monomer, other types of

monomers such as thermoresponsive N-isopropylacrylamide
(NIPAM), neutral hydrophilic HEMA and hydrophobic
methyl methacrylate (MMA), and cationic METAC were
successfully polymerized using the capillary μSI-CuCRP. The
brush thickness profiles of different gradient polymer brushes
are presented in Figure 1E. METAC and HEMA showed
similar polymerization behavior to SPMA. However, the
thickness of PNIPAM and PMMA was relatively thinner
than PSPMA, PMETAC, and PHEMA, due to the different
polymerization nature of monomers.30 Infrared spectroscopy
(IR; Figure S6) and contact angle measurements (Figure S7)
proved that polymers were successfully grafted onto the
substrates. A wide range of monomers with different properties
is applicable to the capillary μSI-CuCRP. We also compared
the thickness of the polymer brushes between capillary μSI-
CuCRP and the static SI-CuCRP (Figure S2), the different
polymerization kinetics of the two methods can be ascribed to
the amount of air in the polymerization solution. μSI-CuCRP
can also be used to prepare patterned gradient brushes by
prepatterning the initiator on the substrate (Figure S8). The
color changes indicate the different thickness of the polymer
brushes.31

Since the pump-based capillary μSI-CuCRP needs poly-
dimethylsiloxane (PDMS) channels. In contrast, paper as an
easily available material that can wick aqueous fluids without

Figure 2. (A) Schematic view of the experimental setup of paper-based capillary μSI-CuCRP. (B) PSPMA brush thickness profiles at various
positions. (C) Illustration of the distribution of solvent, ligand, and monomer on paper during capillary μSI-CuCRP.
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external power has been widely exploited as microfluidic
devices.32−36 We used paper instead of PDMS channels to
prepare complex polymer brushes on the surface. Figure 2A
illustrates the experimental process of the paper-based capillary
μSI-CuCRP, the filter paper was clamped between the
initiator-modified substrate and the copper plate. Subse-
quently, one side of the paper was immersed in the reaction
solution to replace the syringe pump by the capillary force of
the paper, gradient polymer brushes were obtained after the
polymerization. Counterintuitively, the gradient direction is
different from that obtained by the syringe pump-based
capillary μSI-CuCRP. Figure 2B shows that the thickness of
the gradient decreased from 138 nm to 0 along the flow
direction. Control experiments were conducted, and the results
are illustrated in Figure 2C. After 1 h of the polymerization
time, both the solvent and PMDETA (stained with
phenolphthalein) spread all over the paper. SPMA solution
was oxidized with alkaline KMnO4 solution and showed a
gradient color change that is in accordance with the gradient in
Figure 2B. The SPMA flow and the resulting gradient can be
explained by the polarity mismatch of the eluent (SPMA) and
quasi-stationary phase (cellulose).37 The monomer concen-
tration gradient along the flow direction led to the gradient
polymer brush growth, steeper gradient was observed at longer
polymerization time, while the polymer brush growth at the
same position showed linear growth behavior which is similar
to the traditional ATRP method (Figure S9). The pore size of
the filter paper showed little effect on polymer brushes growth
when it was above 0.8 μm, but very limited polymer growth
was observed (∼40 nm), which is probably due to the low
driving force for the monomer solution and high air content
exists in the pores. Below this value, for example, 0.45 μm, a
faster polymerization rate and thicker polymer layer were
observed (Figure S10).
To further elucidate the advantage of paper-based capillary

μSI-CuCRP, polymerization of multiple monomers on a single
surface without using PDMS channels was carried out (Figure
3 top). A piece of paper was placed between the substrate and
the copper plate, the two sides of the paper were immersed in

different polymerization solutions (e.g., SPMA and NIPAM),
binary polymer brushes were grafted on the same substrate
after 1h. Contact angle measurements were used to character-
ize the wettability of the mixed polymer brushes. In the
PNIPAM region, the contact angle (CA) was 62 ± 1°, and the
CA was below 10° in the PSPMA region (Figure 3, middle).
Interestingly, in the middle where PNIPAM and PSPMA meet,
directed water flow from PNIPAM to PSPMA (Figure 3,
bottom) was observed, the driving force for the droplet can be
attributed to the different hydrophilicity of two polymer
brushes. Capillary μSI-CuCRP provides a simple way to study
the interfacial properties of different polymer brushes and to
prepare substrates with directed motility of droplets.38

Furthermore, patterned polymer brushes were also prepared
via paper-based capillary μSI-CuCRP. In combination with
other patterning technologies (e.g., photolithography),39

patterned polymer brushes with different shapes and micro-
scale size were fabricated (Figure 4A−C). AFM image of the

patterned polymer brushes shows the pattern formation with
well-defined structures (Figure S11). As the solution flows
along the paper driven by the capillary force, the shape of the
paper determines the shape of the polymer brush pattern
without prepatterning the surface with the ATRP initiator.
Various shapes (curve, polymer brush array, triangle, Y shape,
or complex logo) of polymer brushes on homogeneous
initiator layers were created by simply cutting the paper into
desired shapes (Figures 4D and S12). Thus, paper-based
capillary μSI-CuCRP provides a very easy way to fabricate the
polymer brush arrays. Within the polymer brush array, the
color change indicates the thickness of the polymer brushes.
In conclusion, a facile and universal capillary microfluidic-

assisted polymer brush synthesis and surface structuring

Figure 3. Illustration of simultaneous preparation of two polymer
brushes via paper-based capillary μSI-CuCRP (top), the mixed
polymer brush gradients and wettability at different positions
(middle), as well as the mobility of water in the middle of the
substrate, where two mixed polymer brushes grafted (bottom), pore
size of the filter paper: 0.45 μm.

Figure 4. (A) Illustration of negative patterning of PSPMA brushes
via paper-based capillary μSI-CuCRP, the pore size of the filter paper:
0.45 μm. (B, C) Optical micrographs of patterned PSPMA brushes.
(D) Preparation of patterned polymer brushes by using different
shaped paper cutting and the resultant patterns of the PSPMA
brushes on a Si wafer (scale bar: 5 mm).
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technology, capillary μSI-CuCRP was developed. Gradient
polymer brushes with controllable steepness, thickness, and
grafting area can be easily obtained via μSI-CuCRP by
adjusting the flow rate and the polymerization time. In
addition, time-height dependence and block copolymer brush
gradients demonstrated the high chain-end group fidelity of the
polymers and the “living” nature of capillary μSI-CuCRP.
Complex polymer brush patterns were successfully fabricated
by combining paper cutting and lithography technologies.
Binary polymer brushes were also grown simultaneously from
both ends of the same paper strip, which might be used to
study the interfacial properties of different polymer brushes
and study the droplet motility on the gradient surface. This
surface polymerization method opens a new way for surface
structuring.
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Universitaẗ Dresden, 01069 Dresden, Germany

Erik Wegener − Chair of Macromolecular Chemistry, Faculty of
Chemistry and Food Chemistry, School of Science, Technische
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