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Abstract: We report herein a facile and generalized approach
to the modification of solid surfaces with polymer brushes
under ambient conditions: filter paper-assisted surface-initi-
ated Cu0-mediated controlled radical polymerization (PSI-
CuCRP). The polymerization solution wetted filter paper is
sandwiched between a copper plate and an initiator-modified
substrate, which allows the creation of a surface-initiated
polymerization (SIP) “band-aid” so that everyone can perform
the surface grafting selectively with good control over the
quality of the polymer brushes employing low concentration
and microliter amounts of the monomer solution. The
versatility of this method is demonstrated by grafting different
homo-, block-, and multicomponent polymer brushes by using
the same activation system and reaction conditions, the
polymerization process can be precisely controlled to yield
uniform polymers and show high chain-end functionality
which is exemplified by in situ tetra-copolymerization. The
combination of photolithography and paper cutting enables to
prepare arbitrary three-dimensional patterned polymer
brushes on the surface.

Polymer brushes showing many interesting physicochemical
properties have been widely explored in a myriad of
applications, such as antifouling,[1] smart materials,[2] bioma-
terials,[3] actuators,[4] and surface adhesives.[5] Surface-initi-
ated reversible deactivation radical polymerizations have
emerged as a viable strategy for the preparation of functional
polymeric surfaces.[6] Surface-initiated atom transfer radical
polymerization (SI-ATRP) is one of the most popular
methods, which allows polymers to be synthesized with
unrivaled chain uniformity, this method is also tolerant to

impurities and even allows the polymerization to proceed at
physiological conditions.[7] Though promising, SI-ATRP is
always based on complicated, high-cost, multi-stage process-
es. Moreover, to conduct a successful SI-ATRP, parameters
such as the type of initiators, added salts, reducing agents and
oxygen removal, need to be optimized to achieve well-defined
polymer brushes on surfaces.[8] This is challenging for the
“experts”, and particularly for nonexperts, as choosing the
appropriate conditions for a successful surface polymeri-
zation can be difficult and time-consuming, which limits its
application in many fields.

To overcome these limitations and gain better control
over the polymerization process, various external stimuli-
mediated ATRP approaches have been developed recently
for surface grafting, including activator regenerated by
electron transfer radical polymerization (ARGET ATRP),[9]

electrochemical-(eATRP),[10] and light stimulus (light
ATRP),[11] as well as Cu0-mediated processes,[12] which
enable the synthesis of polymer brushes with a remarkable
degree of control under less rigorous standards. However, the
choice of an appropriate method depends highly on the
intrinsic nature of the monomers (e.g., structure, chain
propagation rate, solubility), which can also be challenging.
Hence, a universal activation system is highly desirable where
identical components (e.g., catalyst, ligand, solvent, and
temperature) can be used for the surface-initiated polymer-
ization (SIP) of a wide range of monomer families under
environmentally friendly conditions.

Herein, we report a universal method for the surface-
initiated polymerization of various types of monomers based
on filter paper-assisted surface-initiated CuCRP strategy
(PSI-CuCRP) for the fast fabrication of well-defined polymer
brushes under ambient conditions. Filter paper wetted by the
polymerization solution (monomer, ligand and solvent) is
sandwiched between a copper plate and an initiator-modified
substrate. We demonstrate a proof of concept design, SIP
“band-aid”, which makes polymer brush growth on arbitrary
substrates easily achievable. The filter paper is used as
a monomer reservoir for the polymerization while using the
same catalyst, ligand, and solvent. Cu0 acts as the source of
CuI activator and CuII deactivator and the reducing agent for
the CuII complex to generate active CuI species through the
comproportionation (Scheme 1, inset). A [CuI/CuII]/ligand
complex diffused to the vicinity of the initiator layer, reacts
with the initiator as a consequence of producing free radicals
to initiate the polymerization reaction. A wide range of
hydrophobic and hydrophilic monomers including acrylates,
acrylamides, methacrylates, methacrylamides, styrene, and 4-
vinylpyridine were successfully polymerized. The easy setup,
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as simple as a medical band-aid that “everyone” can perform
the surface polymerization accurately and reproducibly.

Scheme 1 shows the procedure for the preparation of the
surface grafted polymer brushes via PSI-CuCRP. A piece of
filter paper wetted by the polymerization solution which
contains monomer (e.g., methacrylates, methacrylamides,
acrylates, acrylamides, styrene (St) or 4-vinyl pyridine
(4VP)), ligand N,N,N’,N’,N’-pentamethyldiethylenetriamine
(PMDETA), and solvent (water/methanol, v/v = 2:1) was
placed onto the ATRP initiator-modified substrate
(Scheme S1), a thin and flat copper plate (200 nm-thick)
was covered onto the filter paper to form a sandwiched
structure with the initiator-modified substrate. The copper
plate acts as the source of CuI and CuII complexes in the
presence of ligand. CuII complex was reduced by Cu0 to form
the catalytic CuI species through the comproportionation,
spatiotemporal distribution of [CuI]/[CuII] as a function of the
distance between the paper and the copper plate mediated the
polymerization kinetics. As a proof-of-concept, we demon-
strated the polymerization of the thermo-responsive N-
isopropylacrylamide (NIPAAm) on the initiator-modified
silicon substrate (see the details of the initiator immobiliza-
tion in SI) by using our method, a filter paper (15 mm � 8 mm,
75 mm-thick with the average pore size around 0.45 mm) was
wetted by 15 mL of the monomer solution (2.36 M, 4 mg/
15 mL) and was placed on the top of the initiator-modified
substrate, the copper plate was covered onto the filter paper,
the polymerization occurred in the small compartment
between the “band-aid” and the substrate. The growth of
PNIPAAm brushes on the substrate was confirmed by FT-IR
(Figure S1a). The amide stretch and bend of PNIPAAm at
1640 and 1540 cm�1 can be assigned to the amide groups of the
PNIPAAm, indicating the successful grafting of PNIPAAm
brushes. The growth kinetics of PNIPAAm on the substrate
was tracked by ellipsometry. Even in the presence of air, no

induction period was observed due to the fast consumption of
limited amounts of oxygen in the system. One can see in
Figure 1a that the polymerization is very fast and PNIPAAm
reaches the maximum growth at around half an hour with
a thickness around 440 nm (average growth rate:
14.7 nm min�1). The grafting density is about 0.29 chain/nm2

(estimated from the swelling ratio of the dry and swollen
thickness of PNIPAAm, Table S1).[13] We also compared the
PNIPAAm brush growth via other SIP methods such as SI-
CuCRP (4.7 or 3.2 nm min�1 in the presence of air or oxygen-
free),[14] SI-photo ATRP (1.6 nmmin�1),[15] SI-sa-ATRP
(1.7 nm min�1),[16] and eATRP (0.33–2.1 nm min�1)[17]

(Table S2) and our method gave the fastest growth rate. The
fast polymerization rate was observed due to the fast
reduction reaction of CuII to CuI so as to a high concentration
of [CuI]/[CuII], while fast termination reactions occurring at
the same time limit the chain propagations.[8a] Additionally,

Scheme 1. Schematic view of polymer brush grafting through PSI-
CuCRP under ambient conditions. The filter paper acts as a polymeri-
zation solution reservoir and a spacer to separate the copper plate and
the initiator-modified substrate.

Figure 1. Thickness evolution of PNIPAAm brushes on silicon sub-
strate against the polymerization time, [NIPAAm]= 2.36 M (a) and, the
thickness vs. the concentration of NIPAAm, polymerization time,
30 min (b). c) Thickness characterization of 11 different polymer-
coated surfaces (polymerization time, 30 min). d) Copolymerization of
two different monomers, [DMAEA]= 1.65 M, [HEA]= 2.18 M,
PDMAEA-b-PHEA-b-PDMAEA-b-PHEA via PSI-CuCRP.
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when a polymerization mixture is placed between a flat
copper plate and an initiator-modified substrate, the vertical
distance between these two overlaying surfaces determines
the tolerance of the grafting process toward the oxygen, at
a very small distance between the copper plate and the
initiator-modified surface, the oxygen dissolved in the solu-
tion is rapidly scavenged by CuI or through the oxidation of
the metallic substrate, while CuI was (re)generated by the
continuous reduction of CuII and made the whole process
cycle. In the presence of ligand, CuI species diffuse to the
initiator surface and trigger the polymerization. Hence, the
CuI (re)generation rate, together with the intrinsic property of
the monomer which is related to the activation process (kact)
of ATRP determines the growth rate of polymer brushes.[18]

Since the initiator forms a monolayer on the surface, the
monomer consumed in the polymer growth can be ignored in
comparison to that in the bulk solution.[19] However, a high
concentration of monomer solution is still required to get the
maximum growth of the polymer brushes,[17] but it is hard to
recycle, in particular for ionic monomers and very expensive
ones. Moreover, the recycling process can be time-consuming.
The new method reports here allows the polymer brushes to
be prepared at low monomer concentration and microliter
volumes of the polymerization solution. PSI-CuCRP of
NIPAAm at various concentrations was conducted and the
relationship between the thickness and monomer concentra-
tion was shown in Figure 1b. We observed that the PNIPAAm
brush growth showed a “quasi-linear” growth with the
monomer concentration below 2 M. Maximum growth of
the PNIPAAm growth (440 nm) was observed at the concen-
tration of 2.36 M, and 13 nm of PNIPAAm was observed
when the concentration was as low as milligram per milliliter
(mgmL�1), which offers an alternate way to tune the polymer
growth on the surface. The versatility of this universal method
was demonstrated by the controlled polymerization of differ-
ent monomer families, such as methacrylamides, acrylamides,
acrylates, and methacrylates, these monomers were success-
fully polymerized and the thicknesses of the corresponding
polymer brushes were shown in Figure 1c. However, struc-
tural differences of these monomers yielded different poly-
merization kinetics even if the same catalytic system was
chosen.[20]

The “living” nature and the end-group fidelity was
exemplified by in situ sequential re-initiation of 2-(Dimethy-
lamino)ethyl acrylate (DMAEA) and 2-hydroxyethyl acry-
late (HEA), after 4 times of polymerization, the polymers are
still showing the “living” end functionality. The thickness of
each block was characterized by AFM and showed 40, 35, 45,
and 30 nm in thickness for each block (Figure 1d, Figure S2).
We compared the polymer growth with other SIP methods
such as SI-CuCRP (in the presence of air or oxygen-free
condition) and SI-ATRP, by testing the polymerization of
different types of monomers, zwitterionic [2-(methacryloy-
loxy)ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide
(SBMA), hydrophobic St and 4VP by using the same
monomer concentration. The results are shown in Fig-
ure S1b–d and Table S2 in supporting information, and the
thicknesses of PSBMA, PS, and P4VP brushes via PSI-
CuCRP are 80, 31, and 61 nm, respectively. PSI-CuCRP

method yielded the highest polymer thickness, while there are
almost no polymer brushes observed by SI-CuCRP or SI-
ATRP. The results demonstrate our method reported here is
more universal.

To elucidate the role of the filter paper in PSI-CuCRP, we
designed three control experiments (Figure S3). The arrange-
ment of the filter paper in between the copper plate and the
initiator surface controls the polymerization kinetics, the filter
paper that is close to the initiator surface showed the highest
polymer brush growth. Thus, we believe the filter paper
provides a microenvironment for the polymerization with
a relatively high amount of active cuprous species but with
less oxygen in the polymerization medium. In addition, the
filter paper was characterized by the scanning electron
microscope (SEM) before and after the polymerization, no
obvious morphology or pore size change was observed
(Figure S4).

Besides, PSI-CuCRP also provide a facile and economic
way for fabrication of functional and patterned surfaces. As
Figure 2a shows, a dual-functional surface with hydrophobic
and hydrophilic brushes on the same substrate by using the
same initiating conditions. Half of the substrate was grafted
with the hydrophobic poly(1H,1H,2H,2H-nonafluorohexyl
methacrylate) (PFHMA) brushes, and another half of the

Figure 2. a) Illustration of the synthesis of dual-functional binary
polymer brushes. b) SEM image and c) EDS fluorine (belongs to the
functional group of FHMA) distribution map and d) contact angle
analysis of binary PFHMA and PSPMA brushes. e) Fabrication of
polymer brush arrays via PSI-CuCRP without using PDMS mask and
the thickness of the as-prepared polymer brushes. f) Preparation of
patterned polymer brushes via a combination of PSI-CuCRP and paper
cutting (Scale bar: 5 mm).
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substrate was grafted with the hydrophilic poly(3-sulfopropyl
methacrylate potassium salt) (PSPMA) brushes. SEM image
(Figure 2b) and EDS of fluorine distribution map (Figure 2c)
clearly show the boundary between the PFHMA and PSPMA
brush regions. The static water-contact angles were 116� 28
for PFHMA surface and < 108 for PSPMA surface (Fig-
ure 2d). Following this strategy, multiple polymer brush
patterns can be easily created on the same substrate by the
simple paper cutting without using other lithography methods
(Figure 2e). In addition, different patterns can be fabricated
by using different-shaped SIP “band-aid” (Figure 2 f). More-
over, various patterns (negative, positive, and binary patterns)
with smaller sizes can be also obtained by taking the
advantage of the photolithographic technology (Figure S5).
Thus, PSI-CuCRP offers an efficient and facile way to prepare
various patterned polymer brushes with different function-
alities.

Usually, to conduct the surface modification on a solid
substrate, the substrate needs to be completely immersed into
the monomer solution to achieve homogeneous polymer
growth, and the polymerization solution requires careful
degassing prior to polymerization, which makes the SIP
methods not ideal to modify large and irregular shaped
substrate, in some cases, is practically impossible. Further-
more, it is challenging to modify a certain area of interest
instead of the whole surface. While, with the PSI-CuCRP

method, surface-attached polymers can be prepared on
substrate of irregular shape selectively yet using microliter
amounts of polymerization solution as long as the “band-aid”
covers the surface of interest. In Figure 3a,b, we made
a conceptional “band-aid” to conduct surface grafting on
large and irregular-shaped surfaces, one can observe the
wetting property change of the glass vial surface after grafting
with polystyrene. As shown in Figure 3c,d, surfaces grafted
with hydrophilic PSPMA brushes show good antifog and anti-
icing properties, the modified areas of the glass surface exhibit
very good fidelity under high humidity and low temperature
(�20 8C), which have wide applications such as producing
antifog and anti-icing coatings for the glass windows of ships
that sail in foggy or icy weather conditions.

In conclusion, PSI-CuCRP was successfully explored to
fabricate different types of polymer brushes by using the same
reaction conditions (same catalyst/ligand, solvent) with low
concentration and microliter volumes of monomers under the
ambient atmosphere, enables the synthesis of multifunctional
polymer brushes on arbitrary substrates with a remarkable
degree of control over modification areas on-demand without
inert atmosphere protection nor deoxygenation process. The
polymer brushes on the surface show high living nature, which
has been demonstrated by stepwise block copolymerization.
The versatile nature of this method, together with readily
commercially available reagents, will greatly expand the
access and availability of polymer brushes to “everyone” but
not limited to researchers only. We envision that polymer
brushes will be widely used both in scientific research fields
and in our daily life.
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