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ABSTRACT: Cu0-mediated surface-initiated ATRP (Cu0 SI-ATRP) emerges as a versatile,
oxygen-tolerant process to functionalize three-dimensional (3D), microporous supports
forming single and multiple polymer-brush gradients with a fully tunable composition. When
polymerization mixtures are dispensed on a Cu0-coated plate, this acts as oxygen scavenger
and source of active catalyst. In the presence of an ATRP initiator-bearing microporous
elastomer placed in contact with the metallic plate, the reaction solution infiltrates by
capillarity through the support, simultaneously triggering the controlled growth of polymer
brushes. The polymer grafting process proceeds with kinetics that are determined by the
progressive infiltration of the reaction solution within the microporous support and by the
continuous diffusion of catalyst regenerated at the Cu0 surface. The combination of these
effects enables the accessible generation of 3D polymer-brush gradients extending across the
microporous scaffolds used as supports, finally providing materials with a continuous variation
of interfacial composition and properties.

The development of surface-initiated reversible deactiva-
tion radical polymerization (SI-RDRP) techniques that

are tolerant to oxygen has enabled the translation of the
synthesis of polymer brushes into fabrication processes that
could potentially lead to industrial applications.1

SI-RDRP methods that are compatible with ambient
conditions typically encompass the application of oxygen
scavengers. These prevent the need for performing long and
tedious deoxygenation processes prior to the application of
polymerization mixtures on initiator-bearing supports, and thus
permit the syntheses of polymer brushes from extremely large
substrates.2−4 Recently applied oxygen scavengers include
transition metal complexes coupled to visible/UV light5 or
appropriate reducing agents,6 enzymes,7,8 photosensitizers,9,10

or zerovalent-metal surfaces.11−14

The application of zerovalent-metal (Mt0) plates for surface-
initiated atom transfer radical polymerization (Mt0 SI-ATRP)
has been recently demonstrated to enable the rapid fabrication
of polymer-brush coatings, on both inorganic and organic
surfaces under ambient conditions, and to employ just
microliter volumes of reaction mixtures.15−17

During Cu0-mediated SI-ATRP (Cu0 SI-ATRP), the most
widely applied Mt0 SI-ATRP, a polymerization mixture,
including monomer (M), solvent, and transition metal
complex-based catalyst in its highest oxidation state (CuII/L,
where L is a generic ligand), is sandwiched between an
initiator-bearing substrate and a Cu0-coated plate. The Cu0-
coated surface consumes oxygen dissolved in the polymer-
ization medium, generating a CuxO layer that acts as the
source of CuII/L and CuI/L species. Simultaneously, CuII/L

species diffusing from the CuxO layer and those that were
externally added constantly (re)generate CuI-based activators
through comproportionation with Cu0. When the catalyst
diffusing from the metallic plate reaches the ATRP initiator-
functionalized substrate, the growth of polymer brushes
according to the ATRP equilibrium is eventually triggered.18

Following this general mechanism, SI-ATRPs mediated by
Cu0 and, recently, Zn0 plates were used to fabricate
compositionally diverse brushes from model, flat substrates,
and different organic supports, including microporous
cellulose, elastomers, and hydrogels.16,17,19 In addition, the
growth of polymer brushes under cytocompatible conditions
was demonstrated in the case of Fe0-mediated SI-ATRP.20

Through a comprehensive understanding of its mechanism,
the groups of Jordan and Benetti demonstrated that Mt0 SI-
ATRP can be additionally applied to fabricate structured
coatings across large substrates. For instance, by continuously
varying the vertical distance between an ATRP initiator-
bearing surface and a Mt0-coated plate (i.e., by tilting the Mt0-
coated plate), coatings featuring multiple gradients in brush
composition and properties could be obtained.13,14,18 More-
over, micropatterned brush films presenting different polymer
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compositions could be synthesized with the aid of micro-
fluidics.21

Motivated by the versatility and the widespread applicability
of Mt0 SI-ATRP for the chemical and morphological
structuring of polymer brush coatings on two-dimensional
(2D) substrates, in this work, we concentrated on applying this
technique for functionalizing three-dimensional (3D) supports
in a spatially controlled fashion.
The 3D supports used as starting platforms for the growth of

chemically different brushes are microporous elastomers
obtained by cross-linking poly(high internal phase emulsion)s
(polyHIPEs).22 These were obtained by vigorously mixing an
apolar phase, which contained the ATRP inimer 2-(2-
bromoisobutyryloxy)ethyl methacrylate (BIEM; 17 mol %),23

hexyl methacrylate (HMA, 63 mol %), ethylene glycol
dimethacrylate (EGDMA, 4 mol %), and poly(ethylene glycol)

sorbitan monooleate (PEGSM, 16 mol %), with an aqueous
phase containing CaCl2 (90 mM) and the free radical initiator
potassium persulfate (KPS, 7.4 mM; Figure 1a).
Free radical polymerization (FRP) and cross-linking of the

generated emulsion were induced by heating at 80 °C
overnight to yield a highly porous, elastomeric 3D structure
(Figure 1a), which included ATRP initiator functions (Figure
S2).
The obtained polyHIPEs were subsequently used as

supports for Cu0 SI-ATRP. Following a typical polymer
grafting process, which is depicted in Figure 1b,c, 125 μL of a
polymerization mixture containing ligand, CuIIBr2, monomer,
and solvent was dispensed on a Cu0 plate, which was
previously “activated” by chemically removing the oxide layer
that spontaneously formed on it (Supporting Information). A
cylindrical polyHIPE with a height of 8 mm and a base of 13

Figure 1. (a) Fabrication of an ATRP initiator-bearing polyHIPE. The HIPE was prepared by mixing an apolar (oil) phase containing HMA (63
mol %), EGDMA (4 mol %), BIEM (17 mol %), and PEGSM (16 mol %), with an aqueous phase including CaCl2 (90 mM) and the free radical
initiator KPS (7.4 mM). The ATRP initiator-bearing polyHIPE was obtained through FRP and cross-linking of the HIPE, followed by Soxhlet
extraction with acetone, solvent exchange to water, and freeze-drying. (b) A polymerization mixture containing monomer (M), solvent, ligand (L),
and CuIIBr2 was dispensed on an activated Cu0-coated surface, and the polyHIPE was placed in contact with it. Complete infiltration of the
polymerization mixture through the polyHIPE required ∼16 min. (c, d) Mechanism of Cu0 SI-ATRP from ATRP initiator-bearing polyHIPEs. (1)
Oxygen is consumed by the Cu0 surface through the formation of a CuxO layer, which acts (2) as the source of catalyst; (3) CuI/L activators are
continuously (re)generated by comproportionation between Cu0 and CuII/L species; the growth of polymer grafts (4) within the pores proceeds
according to the ATRP equilibrium.
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mm2 was subsequently placed in contact with the polymer-
ization solution, and the whole Cu0 SI-ATRP setup was
immediately positioned within a closed desiccator connected
to a balloon full of Ar, in this way, generating an environment
presenting a limited amount of oxygen.
The polymerization mixture rapidly infiltrated into the

microporous structure of the polyHIPE due to capillary
forces.24 Simultaneously, direct contact between the reaction
mixture and the Cu0 plate led to the consumption of O2 and
the concomitant formation of a CuxO layer on the metallic
surface.
Within this setup (Figure 1c,d), CuI/L-based activators are

generated both by diffusion of CuI species from the newly
formed oxide layer in the presence of complexing L15,18 and
due to comproportionation between CuII/L species and
Cu0.25−28 CuI/L species are transported with the polymer-
ization solution through the microporous scaffold and trigger
the growth of polymer brushes from initiator sites that are
exposed on the surface of pores, which proceeds according to
the ATRP equilibrium (Figure 1d).
Generally, two main parameters are expected to regulate the

formation of a brush gradient within the 3D supports via Cu0

SI-ATRP. On the one hand, the progressive and relatively
quick infiltration of the reaction mixture determines different
polymerization times within a polyHIPE. On the other hand,
the presence of a Cu0 plate that is left in contact with one side

of the microporous support triggers the formation of CuI/L
activators and their slow diffusion, as it was described in detail
previously.18

The vertical distance between a specific pore and the Cu0

plate (where the reaction mixture is initially dispensed)
determines the contact time between the mixture and the
reactive sites. Hence, ATRP initiators that are closer to the
plate are in contact for longer times with the polymerization
solution and, thus, can generate brushes with relatively higher
molar masses compared to those grown from sites further away
from the bottom of the microporous scaffold.
Simultaneously, the concentration of CuI/L activators

progressively decreases with the distance from the metallic
plate, where these are constantly (re)generated through
comproportionation. This phenomenon induces a local
increase of [CuI/L]/[CuII/L] close to the metallic surface
and, thus, an increment in the polymerization rate,29 which is
expected to follow a progressive decay across the polyHIPE
when this is fully infiltrated by the mixture.
The combined effects of progressive variations in polymer-

ization time and rate resulted in the formation of a polymer-
brush gradient across the polyHIPE. However, it is important
to emphasize that the infiltration of polyHIPEs by the reaction
mixtures and the diffusion of CuI/L species continuously
(re)generated at the Cu0 plate are phenomena taking place at
different time scales. In the first case, complete infiltration

Figure 2. (a) ATR-IR spectra of polyHIPE recorded at positions that were kept at different distances (1, 3, 5, and 7 mm) from the Cu0 plate during
Cu0 SI-ATRP of OEGMA. (b) Relative content (wt %) of POEGMA brushes recorded at different positions across the polyHIPE following Cu0 SI-
ATRP. (c) ATR-IR spectra recorded at different positions across a polyHIPE (1, 3, 5, and 7 mm) from the Cu0 surface during Cu0 SI-ATRP of
NIPAM. (d) Relative content (wt %) of PNIPAM brushes across a brush-functionalized polyHIPE.
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requires just minutes. In the second case, diffusion of the
catalyst within the already infiltrated polyHIPEs is much
slower, typically occurring at rates <1 mm h−1.18

Hence, considering that at the typical polymerization rates
attained by Cu0 SI-ATRP in organic solvents, brush growth
proceeds at 10−20 nm h−1, the relatively fast infiltration
process is expected to play a non-negligible, but minor role in
determining the formation of brush gradients. In contrast,
diffusion of activators, which occurs at time scales similar to
those relevant for brush growth, is expected to be the major
determinant for the formation of graded brushes across the
supports.
The formation of a single 3D gradient of poly-

[(oligoethylene glycol) methacrylate] (POEGMA) brushes
within an ATRP initiator-bearing polyHIPE is exemplarily
described.
A polymerization mixture (125 μL) containing OEGMA

(25% v/v) in dimethylformamide (DMF), 10 mM tris(2-
pyridylmethyl)amine (TPMA), and 10 mM CuIIBr2 was
poured on a freshly activated Cu0 plate. A polyHIPE

presenting a cylindrical shape was immediately placed on the
drop of this reaction mixture, and the entire setup was closed
inside a desiccator connected with a balloon filled with Ar. The
progressive infiltration of the polymerization mixture, which
presented a pale green color, within the colorless, microporous
structure could be clearly visualized, and it was typically quick,
with the entire support getting filled up within just ∼16 min
(Figure 1b). To generate a POEGMA brush gradient, the
polyHIPE was incubated on the Cu0 plate for an overall time of
5 h, after which the support was extensively rinsed by Soxhlet
extraction in acetone, later swollen in ultra-pure water, and
finally freeze-dried.
The formation of a 3D POEGMA-brush gradient was

verified by attenuated total reflection infrared (ATR-IR)
spectroscopy, which was used to record the composition of
the microporous elastomer at different positions along its main
axis, namely, 1, 3, 5, and 7 mm away from the contact area with
the Cu0 plate (Figure 2a).
All ATR-IR spectra were normalized with respect to the

band at 1728 cm−1 correlated to the stretching of CO

Figure 3. (a) SEM micrographs of the polyHIPE before (dashed black frame) and after functionalization with POEGMA (green frame) and
PNIPAM (red frame) brushes. The micrographs were recorded at different positions across the main axis of the supports, namely, at 0, 2, 4, and 6
mm of the distance from the Cu0 plate. Pore size distributions within polyHIPEs following the growth of (b) POEGMA and (c) PNIPAM brushes.
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groups, which are included both in the repeating units of the
polymer forming the support and in POEGMA brushes.
Following Cu0 SI-ATRP, the appearance of the band at

1109.4 cm−1, corresponding to the CO stretching of the
ether moieties along the OEGMA side chains, confirmed the
successful growth of POEGMA brushes. The relative intensity
of this specific signal gradually decreased with increasing the
distance from the Cu0 plate, indicating that the pores closer to
the metallic plate were functionalized with higher-molar-mass
brushes compared to those further away from it (Figure 2a)
and, thus, confirming the formation of a brush gradient across
the elastomer. Calibration of the ATR-IR data (Figure S3)
enabled to quantitatively estimate the relative amount of
POEGMA brushes across the polyHIPE, which varied between
0 and 7 wt % across 7 mm of distance from the Cu0 plate
(Figure 2b).
Chemically different 3D brush gradients could be easily

fabricated by varying the composition of the polymerization
mixture. Following a similar procedure as the one reported
above, poly(N-isopropylacrylamide) (PNIPAM) brush gra-
dients were obtained by placing an ATRP initiator-bearing
polyHIPE on a Cu0 plate previously wetted with 125 μL of a

mixture comprising 3 M NIPAM in DMF, 10 mM TPMA, and
10 mM CuIIBr2.
After 4 h, during which the infiltrated support was left in

contact with the Cu0 plate, the functionalized elastomer was
thoroughly rinsed by Soxhlet extraction in acetone, swollen in
ultra-pure water, and freeze-dried. ATR-IR revealed the
presence of PNIPAM grafts, through the appearance of a
clear band at 1646 cm−1, which originated from the CO
stretching of the amide groups of the polymer. Opportune
calibration (Figure S4) enabled the quantification of the
relative content of PNIPAM brushes, which varied between 2
and 4 wt % across the functionalized support. The amount of
PNIPAM brushes progressively decreased between the portion
of the elastomer that had been in contact with the metallic
plate and the volumes that had been at ∼7 mm of vertical
distance from it during Cu0 SI-ATRP.
The generation of POEGMA and PNIPAM brush gradients

within polyHIPEs was further confirmed by analyzing scanning
electron microscopy (SEM) images recorded across function-
alized supports at positions that were kept at different distances
from the metallic surface during Cu0 SI-ATRP. Because Cu0

SI-ATRP induced the growth of brushes within the pores, the

Figure 4. (a) ATR-IR spectra of polyHIPE before (black trace) and after (green trace) the growth of POEGMA brushes (yielding polyHIPE-
POEGMA). The spectrum of polyHIPE-POEGMA was recorded on the side of the elastomer that was in contact with the Cu0 plate during Cu0 SI
ATRP. (b) ATR-IR spectra of polyHIPE-POEGMA before (black trace) and after (blue trace) Cu0 SI-ATRP of HEMA (which yielded polyHIPE-
POEGMA-PHEMA). (c) SEM micrograph of unfunctionalized polyHIPE. (d) SEM micrograph of polyHIPE-POEGMA, recorded on the side of
the elastomer that was in contact with the Cu0 plate during Cu0 SI ATRP of OEGMA. (e) SEM micrograph of polyHIPE-POEGMA-PHEMA,
recorded on the portion of the elastomer that was in contact with the Cu0 plate during Cu0 SI ATRP of HEMA.
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formation of brush gradients could be monitored through a
simultaneous, gradual variation in the pore-size distributions
across the supports.
As reported in Figure 3a, both POEGMA and PNIPAM

brushes almost completely filled the pores of the elastomeric
structures where these were in direct contact with the Cu0

plates (positions 0 mm, as indicated in Figure 3a).
Assuming that any change in porosity after Cu0 SI-ATRP

was exclusively due to the growth of polymer grafts, the
presence of brushes at a given vertical distance from the Cu0

plate >0 mm could be recorded as a change in pore size with
respect to the pristine, unfunctionalized support.
As reported in Figure 3, following Cu0 SI-ATRP, pore-size

distributions progressively shifted toward a greater relative
incidence of small pores due to the growth of POEGMA
(Figure 3b) and PNIPAM (Figure 3c) brushes. The presence
of smaller pores is especially highlighted in positions that were
close to the metallic plate during Cu0 SI-ATRP (2 and 4 mm of
vertical distances), while the porosity of functionalized
polyHIPEs gradually approximated that recorded on pristine
supports at a distance of 6 mm.
In the case of POEGMA, the brush gradient extended within

the scaffold across ∼4 mm from the contact with the Cu0 plate.
In contrast, the PNIPAM brush gradient seemed to develop
through the whole volume of the polyHIPE, with pores
relatively far away from the Cu0 surface still being function-
alized with PNIPAM grafts.
Hence, the combination of ATR-IR and SEM analyses

demonstrated the formation of POEGMA- and PNIPAM-
brush gradients within microporous polyHIPEs. In the former
case, brush gradients presented a “steeper” morphology, with a
more marked variation in brush-molar mass across relatively
small distances. In the latter case, PNIPAM brush gradients
showed a less pronounced variation in brush properties, and
extended across the entire support. This phenomenon was
presumably due to the faster kinetics of Cu0 SI-ATRP of
NIPAM, which determined the formation of high-molar-mass
grafts already after relatively short incubation times in the
reaction mixture.15

The application of Cu0 SI-ATRP on initiator-bearing
polyHIPEs additionally enabled the fabrication of multiple
brush gradients within the same support. This is especially
relevant, as 3D polymeric matrices including brushes featuring
graded variations in functionalities and properties could be
employed as suitable supports for a variety of applications,
including cell-culture platforms, tissue engineering supports,
and fully synthetic prostheses.30

Multiple brush gradients could be easily generated if the
general functionalization procedure described for a single
brush gradient was repeated, for example, by turning upside
down a brush-functionalized polyHIPE after a first Cu0 SI-
ATRP step and subjecting it to the diffusion of a reaction
mixture containing a different monomer.
For instance, a polyHIPE featuring a POEGMA brush 3D

gradient (polyHIPE-POGEMA) was subjected to an additional
Cu0 SI-ATRP step to generate a second brush gradient of
poly(2-hydroxylethyl methacrylate) (PHEMA) in the opposite
direction along the main axis of the elastomeric support
(yielding polyHIPE-POEGMA-PHEMA; Figure 4).
Following a similar protocol as that reported above, 125 μL

of polymerization mixture containing 25% v/v HEMA in DMF,
10 mM TPMA, and 10 mM CuIIBr2 was dispensed on an
activated Cu0 surface. A previously prepared polyHIPE-

POEGMA was turned upside down and placed on the dropped
solution, with the side that was left unfunctionalized during the
first Cu0 SI-ATRP step now facing the metallic plate. The new
reaction mixture was left diffusing inside the polyHIPE-
POEGMA for 2 h, after which the support was rinsed by
Soxhlet extraction in acetone, swollen in ultrapure water, and
again freeze-dried.
ATR-IR and SEM confirmed the formation of a double

brush gradient. As reported in Figure 4a, following Cu0 SI-
ATRP of OEGMA, the appearance of a strong band at 1109.4
cm−1, corresponding to CO stretching, confirmed the
presence of high-molar-mass POEGMA grafts at one side of
the polyHIPE. This was confirmed by SEM (Figure 4d), which
highlighted how POEGMA brushes nearly completely filled
the pores of the polyHIPE where this was contacting the Cu0

plate. After Cu0 SI-ATRP of HEMA, the ATR-IR spectrum
recorded on the opposite side of the polyHIPE showed the
appearance of the bands at 1074.7 cm−1 from CO stretching
and 3480 cm−1 from OH stretching, confirming the
successful growth of PHEMA brushes (Figure 4b). This result
was corroborated by the SEM micrographs recorded on the
same areas of the polyHIPE, which suggested the presence of
brushes covering the pores of the support (Figure 4e).
These results demonstrated that Cu0 SI-ATRP represents an

efficient process not only to generate structured polymer
brushes from 2D substrates31 but also to functionalize 3D
supports in a controlled fashion, forming single and multiple
brush gradients with a fully tunable composition. It is
important to emphasize that even when applied on 3D
supports, Cu0 SI-ATRP could be performed without the need
for deoxygenation of the polymerization mixtures and enabled
the controlled growth of brushes also in the presence of a
limited content of oxygen. These attractive features further
confirmed the versatility of this polymerization process for the
synthesis of polymer brush coatings from multidimensional
materials and the possibility to translate it into upscalable
functionalization techniques.
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Materials, ETH Zürich, CH-8093 Zurich, Switzerland;
orcid.org/0000-0003-3965-6974

André R. Studart − Complex Materials, Department of
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