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ABSTRACT: The mechanism of surface-initiated atom trans-
fer polymerization (SI-ATRP) of methacrylates in confined
volumes is systematically investigated by finely tuning the
distance between a grafting surface and an inert plane by
means of nanosized patterns and micrometer thick foils. The
polymers were synthesized from monolayers of photocleavable
initiators, which allow the analysis of detached brushes by size-
exclusion chromatography (SEC). Compared to brushes
synthesized under “open” polymerization mixtures, nearly a
4-fold increase in brush molar mass was recorded when SI-ATRP was performed within highly confined reaction volumes.
Correlating the SI-ATRP of methyl methacrylate (MMA), with and without “sacrificial” initiator, to that of lauryl methacrylate
(LMA) and analyzing the brush growth rates within differently confined volumes, we demonstrate faster grafting kinetics with
increasing confinement due to the progressive hindering of CuII-based deactivators from the brush propagating front. This effect
is especially noticeable when viscous polymerization mixtures are generated and enables the synthesis of several hundred
nanometer thick brushes within relatively short polymerization times. The faster rates of confined SI-ATRP can be additionally
used to fabricate, in one pot, precisely structured brush gradients, when volume confinement is continuously varied across a
single substrate by spatially tuning the vertical distance between the grafting and the confining surfaces.

■ INTRODUCTION

The fabrication of chain-end-tethered polymer assemblies or
polymer “brushes”1,2 within highly confined volumes has been
the subject of considerable attention by researchers from
different fields of chemistry and materials science. Polymer
brushes have been synthesized by surface-initiated controlled
radical polymerization (SI-CRP)3 within the cavities of nano/
mesoporous supports to yield organic−inorganic hybrids,4−6 to
control the transport of liquids and the separation of
biomolecules across nanostructured, inorganic membranes,7−14

and to design synthetic analogues of cellular membranes, with
the aim of tuning the trafficking of ionic species between
separate compartments.15 Additionally, SI-CRP has been
performed from the inner walls of microchannels16,17 and
subsequently employed to fabricate reactors featuring a high
loading of polymer-brush-supported organic and inorganic
catalysts.18,19 Despite the variety of fabrications involving SI-
CRP within confined volumes, featuring micro- or nano-
structured environments, the influence on the polymerization
mechanism of physical boundaries with typical dimensions
ranging from the micrometer scale down to a few hundred
nanometers has never been systematically addressed. Several
reports focusing on the synthesis of polymer brushes from
bidimensional nanopatterns have described how the conforma-
tion of densely grafted chains is determined by the size of the
initiating support.20 However, little has been reported on the

influence of confined volumes on the grafting process.
Especially for SI-CRPwhere the initiating functions are
already confined to a planar surfacewe demonstrate that the
presence of additional physical constraints markedly influences
the entire grafting process, when compared to an “open”
polymerization medium where monomers and catalysts can
freely diffuse and mix together.
A complete understanding of confinement effects on SI-CRP

holds the potential of providing a fundamental advance in this
widely applied surface-modification technique and of expanding
the application of polymer brushes to increasingly sophisticated
micro- and nanofabricated systems.
We particularly focus on surface-initiated atom transfer

polymerization (SI-ATRP)a highly versatile SI-CRP method
with a well-controlled mechanism and compatibility with a wide
range of monomers and solvents.21−23 The systematic
investigation of the effects of volume confinement on SI-
ATRP involves tackling a number of experimental and technical
challenges, which have hitherto impeded a complete under-
standing: (i) it is challenging to precisely evaluate polymer-
brush thickness within spatially confined environments, as in
the cases of nanotubes or nanoporous inorganic substrates; (ii)
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the fine measurement of the molar mass of polymer brushes
generated by SI-ATRP in a confined space is a nontrivial task;
and (iii) it is often difficult to define and control the extent of
volume confinement within micro/nanostructured supports.
In order to circumvent these difficulties, we carried out SI-

ATRP from a flat, initiator-functionalized SiO2 substrate, such
that the dry thickness of the synthesized brush could be
precisely measured by variable-angle spectroscopy ellipsometry
(VASE). In addition, we applied a photocleavable SI-ATRP
initiator, such that the molecular weight and polydispersity
index (PDI) of the polymer brushes detached from the grafting
surface could be conveniently measured by size-exclusion
chromatography (SEC).24,25 Tuning of the volume confine-
ment was achieved by positioning a bare silicon surface over the
initiating substrate and varying the vertical distance between the
two planes (d) by means of vapor-deposited chromium patterns
or thin, stainless-steel foil shims presenting uniform thickness
(Figure 1), while the lateral boundaries of the volume are
effectively defined by the rates of diffusion and kinetics of the
reactions. In this way, the polymerization volume above the
initiating surface can be varied between a highly confined space,
with d of a few hundred nanometers, to an open polymerization
environment. SI-ATRP of methyl methacrylate (MMA) and
lauryl methacrylate (LMA) showed remarkably faster kinetics
upon increasing confinement (i.e., reducing d), generating
brushes with nearly a 4-fold higher molar mass compared to the
analogous grafts synthesized under an “open” polymerization
volume, when the confining plane was positioned at a few
hundred nanometers from the grafting surface. A significantly
higher grafting rate is attributed to the slower diffusion of CuII-
based deactivator species, which are bulkier than CuI-based
activators, across viscous bulk polymerization mixtures, thus
stimulating the formation of active chain ends at the brush
growing front. The constrained-volume effect was especially
evident when the viscosity of the polymerization mixtures was
increased, as in the cases of bulk SI-ATRP of MMA performed

in the presence of sacrificial initiator or that of LMAa high-
molar-mass methacrylate featuring an order-of-magnitude
higher bulk viscosity than that of MMA. By combination of
such conditions with highly confined volumes, ultrathick
brushes can be generated within relatively short polymerization
times.
The systematic analysis of confinement effects on SI-ATRP

illustrates how their influence can be precisely modulated by
simply tuning the polymerization volume, i.e., by a careful
design of the reaction setup. Following a similar strategy, brush
thickness gradients can be synthesized over a single substrate,
demonstrating how an understanding of spatially confined SI-
ATRP not only might be useful for multiscale fabrications but
also can provide a synthetic tool for the precise structuring of
polymeric platforms.

■ EXPERIMENTAL SECTION
Materials. Acetovanillone, ethyl 4-bromobutyrate, glacial acetic

acid, acetic anhydride, N,N-dicyclohexylcarbodiimide (DCC), 4-
(dimethylamino)pyridine (DMAP), 2-hydroxyethyl 2-bromo-2-
methylpropanoate, sodium borohydride (NaBH4), ammonium chlor-
ide (NH4Cl), N,N′-disuccinimidyl carbonate, and copper(II) bromide
(CuBr2) were purchased from Sigma-Aldrich (Germany) and used as
received. 4,4′-Dinonyl-2,2′-bipyridyl (dNbpy) was purchased from
ABCR Chemicals (Germany). Methyl methacrylate (MMA) and lauryl
methacrylate (LMA) were purchased from Sigma-Aldrich and purified
from inhibitors by passing them through basic alumina columns. CuBr
was purchased from Sigma-Aldrich and purified by stirring overnight in
glacial acetic acid, filtered, washed several times with diethyl ether and
ethanol, and finally dried under vacuum.

NMR spectra were recorded using a Bruker AV300 spectrometer in
suitable deuterated solvents using TMS as internal standard (Bruker,
Germany). The molecular weights of the detached brushes were
determined by a Viscotek size exclusion chromatograph (SEC,
Malvern, Germany) using a Viscotek 302 TDA detector module
(triple detector array comprising RI, light scattering, and viscosity
detectors) with an additional UV detector (Viscotek 2500, λ = 254
nm). The separation of the polymers was achieved using two columns

Figure 1. Spatially confined SI-ATRP reaction setups were fabricated by placing a PC-functionalized substrate at different distances (d) from a bare
SiO2 surface (confining surface) (a). A schematic depicting the polymer brush growing within the confined reaction volume is shown in (b). The
chemical composition of the PC-based initiator layer is shown in (c). SEC elugrams of detached PMMA brushes synthesized under different
confinements are shown in (d).
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(PLGel Mix-B, PLGel Mix-C, from Agilent) and chloroform as eluent
at 35 °C with a flow rate of 1.0 mL min−1. The molecular weight of all
the polymers was estimated by a universal calibration with polystyrene
(PS) standards. The dry thickness of the brush films grafted from SiO2
substrates was measured using a variable-angle spectroscopic
ellipsometer (VASE, M-2000F, LOT Oriel GmbH, Darmstadt,
Germany) at an incident angle of 70°. The dry film thickness was
measured by recording amplitude (Ψ) and phase (Δ) components as a
function of wavelength (275−827 nm) and applying a three-layer
model featuring Si, SiO2, and a Cauchy layer, using the known
refractive indices of Si and SiO2 (software WVASE32, LOT Oriel
GmbH, Darmstadt, Germany).26 A Cauchy model, n = A + B/λ2, was
used to describe the refractive index of the PMMA/PLMA films by
means of two fitting parameters: offset (A = 1.45) and wavelength
dispersion (B = 0.01).
Synthesis of ATRP Initiators. The photocleavable (PC) ATRP

initiator was synthesized according to the previously described
procedure24,25 as reported in detail in the Supporting Information.
Fabrication of Chromium Patterns on SiO2 Substrates.

Chromium patterns with a thickness varying between 200 and 900
nm were deposited on SiO2 substrates by vapor deposition using a Bal-
Tec MED 020 sputter coater equipped with a quartz crystal
microbalance, operating at 3.8 × 10−6 bar, using an additional SiO2
substrate as a mask to protect the central part of the substrate (Figure
S2). Chromium deposition was carried out at a rate of 1 nm s−1 to
ensure uniform metal film formation.
Functionalization of SiO2 Substrates with PC Initiator. Si

(100) wafers were cut into three 4.0 cm2 pieces and cleaned with
piranha solution (H2O2:H2SO4 = 1:3 v/v, room temperature, 20 min;
caution: piranha solution reacts violently with organic matter!), then
washed extensively with Milli-Q water, and dried under a stream of
nitrogen. The substrates were subsequently functionalized with (3-
aminopropyl)triethoxysilane (APTES) by vapor deposition, subse-
quently washed with toluene and ethanol, and dried under a stream of
nitrogen. PC initiator was reacted with the NH2-functionalized
substrates by immersing them in a 10 mL 10 mg mL−1 solution of
PC in dry THF overnight under N2 gas. Finally, the wafers were
washed by sonication in THF and dried under a stream of nitrogen.
SI-ATRP of MMA and LMA. The SI-ATRP of MMA and LMA

was carried out using a similar protocol, an exemplary procedure for
MMA being reported here. A mixture of 0.164 g (0.4 mmol) of 4,4′-
dinonyl-2,2′-bipyridyl (dNbpy) and 35 mL (0.33 mol) of MMA was
degassed by four freeze−thaw cycles (15 min each) to remove oxygen.
The degassed solution was transferred to a flask containing 26.8 mg of
CuBr (0.187 mmol) and 4.4 mg of CuBr2 (0.019 mmol), which was
kept under N2 gas. The mixture was subsequently stirred for 30 min
and then transferred to a flask containing the PC-functionalized
substrates and 24.0 mg (0.048 mmol) of “sacrificial” free initiator 2-
((2-bromo-2-methylpropanoyl)oxy)ethyl4-(4-acetyl-2-methoxy-5-
nitrophenoxy)butanoate (see Supporting Information). The flask was
later immersed into an oil bath set at 90 °C, and the polymerization
was carried out for 1 h. Then, the functionalized substrates were taken
out from the polymerization mixture, washed with chloroform, and
subjected to Soxhlet extraction for 48 h in order to remove
physisorbed polymer from the surface.
Spatially confined SI-ATRP was carried out using a polymerization

mixture with the same composition (with and without sacrificial
initiator) by covering the PC initiator-functionalized substrates with a
bare SiO2 surface and varying the vertical distance (d) between the two
planes (degree of confinement) by Cr patterns that had been
previously deposited at the sides of the initiating surface or by inserting
stainless steel foils of different thicknesses (10, 30, 50, and 100 μm)
between the two substrates (Figure S3 and Figure 1).
The effect of monomer concentration on confinement during SI-

ATRP process was studied by using mixtures of MMA:anisole with
ratios of 50:50 and 30:70 vol %, while keeping the molar ratio of
monomer to catalyst constant (MMA:dNbpy:CuBr:CuBr2 =
1:0.82:0.47:0.05) compared to previous experiments. The detailed
procedure for SI-ATRP using 50:50 vol % MMA:anisole is as follows:
a mixture of 17.5 mL of MMA, 17.5 mL of anisole, and 0.82 g (0.2

mmol) of dNbpy was degassed four freeze−thaw cycles. The degassed
solution was transferred to a flask containing 13.4 mg (0.094 mmol) of
CuBr and 2.2 mg (0.010 mmol) of CuBr2 kept under N2 gas. This
solution was stirred for 30 min and finally transferred into the flask
containing the functionalized substrates and 24 mg (0.048 mmol) of
sacrificial initiator.

Photocleavage of Polymer Brushes. Detachment of polymer
brushes was carried out following a previously reported method.24,25

PC includes a dialkoxy nitrobenzyl group that can cleave under UV
irradiation, generating amine, dioxide, and ketone groups (Figure 1).27

The photocleavage reaction of the initiator functions was carried out
by exposing polymer-brush-functionalized substrates to UV light with
λmax = 366 nm and a power density of 2.8 mW cm−2 for 1 h. The
irradiated substrates were washed three times with 1 mL of
chloroform, and the obtained polymer solutions were concentrated
until reaching ∼0.5 mg mL−1 and subsequently analyzed by SEC. The
dry thickness of the polymer brushes was measured before and after
UV irradiation, confirming a decrease in film thickness of 85%.25

■ RESULTS AND DISCUSSION

The influence of spatial confinement on SI-ATRP was
investigated in the exemplary case of MMA, polymerized in
bulk at 90 °C from self-assembled monolayers (SAMs) of the
photocleavable 2-((2-bromo-2-methylpropanoyl)oxy)ethyl 4-
(4-(1-((((2,5-dioxopyrrolidin-1yl)oxy)carbonyl)oxy)ethyl)-2-
methoxy-5-nitrophenoxy)butanate (PC) initiator (Figure 1),
and in the presence of a sacrificial initiator dissolved in the
polymerization medium, which features a chemical composition
comparable to the surface-immobilized analogue (see Support-
ing Information for details). The use of PC initiator to
synthesize brushes and detach them from the grafting surface
by UV irradiation is particularly advantageous when compared
to other methods that involve the application of hazardous
chemicals (e.g., HF treatment) and subsequent purification or
long reaction times assuring the complete degrafting of brushes.
The UV cleavage of PC anchors is relatively fast (∼1 h of UV
irradiation), allows the detachment of 85−90% of the brush
film, and is reproducible and scalable to large substrates.
Variation of volume confinement above PC-functionalized

substrates was achieved by placing an inert substrate at a fixed
vertical distance (d) from the initiating surface, by means of
vapor-deposited Cr patterns and stainless steel foils of various
thicknesses (Experimental Section). PC-modified substrates
featuring different volume confinement (which we will simply
express with the corresponding value of d) were incubated for
60 min in the reaction mixture, subsequently carefully washed
by Soxhlet extraction, and finally analyzed by VASE to estimate
the dry thickness of the generated PMMA brushes. The same
brushes were detached from the grafting substrates by
exploiting the cleavage of the dialkoxy nitrobenzyl groups
within the PC functions upon irradiation with UV light (λmax =
366 nm)25 and later analyzed by SEC (Figure 1).
As shown in Figure 2a, at relatively large volume confine-

ments (d ≥ 30 μm) the dry thickness of PMMA brushes
remained nearly constant and corresponded well to the
thickness of PMMA brushes synthesized under an open
polymerization mixture (d = ∞). In contrast, a significant
increase in brush thickness was recorded for d < 20 μm,
reaching ∼200 nm at the highest volume confinement tested in
this study (d = 400 nm), which is among the highest PMMA
brush dry thicknesses ever obtained by controlled radical
polymerization. The corresponding molar mass of the detached
brushes exhibited a similar trend, with almost a 4-fold
increment in Mn when d was decreased from several tens of
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micrometers to 400 nm and a steep increase in tethered chain
length for d < 20 μm (Figure 2b and Table 1). The marked rise

of Mn by PMMA brushes synthesized under confined volumes
was also accompanied by an increment in their PDI, which
grew from ∼1.1 when SI-ATRP was performed under an open
medium to ∼1.5 for d = 10 μm, finally reaching ∼2.2 at the
lowest d value of 400 nm (Table 1).
These results collectively suggest that SI-ATRP of MMA

proceeded at a higher rate within highly confined volumes,
generating thicker films after a given polymerization time. The
increment of molar mass by PMMA brushes with increasing
confinement was also accompanied by an increase in the PDI,
suggesting a progressive loss of control over the polymerization
process when the reaction volume is decreased. The measured
grafting density (σ) remained nearly constant, irrespective of
confinement, with just a slight increment from 0.28 chains
nm−2, for d = ∞, to 0.35 chains nm−2, for d = 400 nm. This
small variation could be explained by considering that the effect
of the higher PDI of brushes synthesized under increasing
confinement was not taken into account in the estimate of σ.
We recently reported how irreversible radical recombination

reactions between growing chains in the case of surface-
initiated Cu(0)-mediated radical polymerization (SI-CuCRP)
performed in the presence of a spatially confining Cu(0)-coated
surface, significantly affected the grafting density of the
synthesized brushes.28 However, in the present study, an
increment of volume confinement during SI-ATRP substan-
tially affected the molar mass of the synthesized brushes and
their PDI, while the brush architecture remained unaltered
overall. The following experiments have provided a rationale as
to how the SI-ATRP mechanism was influenced by high
degrees of volume confinement.
In the absence of sacrificial initiator, the SI-ATRP of MMA

performed under comparable experimental conditions showed

analogous results, the thickness of the PMMA brushes steadily
increasing when d was decreased below 10 μm. However, the
dry thickness of PMMA brushes was in all cases nearly an order
of magnitude lower than that obtained by complementing the
polymerization mixture with sacrificial initiator (Figure 3a).

This result could be due to a loss of control and the
consequent occurrence of radical termination/transfer reactions
caused by the reduced concentration of deactivator CuII-based
species.29−32 Yet, grafting-kinetics experiments performed
applying the same polymerization conditions and monitoring
the brush thickening rates over 2 h of reaction did not show any
signs of termination, linear thickness-vs-time profiles suggesting
the controlled grafting of PMMA chains from the surface
(Figure 3b). Interestingly, the brush thickening rates reported
in Figure 3b highlight how SI-ATRP of MMA under
confinement showed higher growth rates when compared to
an open process performed under the same reaction conditions,
confirming the faster kinetics provided by the presence of a
confining surface placed in the proximity of the grafting plane.
This evidence suggests that the faster kinetics for SI-ATRP of

MMA and thus the significantly higher thickness (molar mass)
of PMMA brushes synthesized under confinement were
probably due to viscosity-induced effects, altering the polymer-
ization mechanism within a spatially constrained reaction
volume.33 In the presence of sacrificial initiator, the viscosity of
the polymerization solution steadily increased during the course
of the reaction, due to the free polymer forming in the medium
in contact with the growing brushes. Simultaneously, the
equilibria at the growing brush front determined the polymer-
ization rate and ultimately the brush parameters. At a given
polymerization time, the concentration of active radicals at the
above-mentioned front is kept low, as determined by the ATRP
equilibrium constants, with a large majority of tethered chain-
ends being in their dormant state.34 Upon the progressive
increase in viscosity of the polymerization medium, the CuI-
based activator species could diffuse more readily to the brush
front than the bulkier CuII-based deactivators,35 which were
significantly hindered within a restricted reaction volume. This
phenomenon, coupled with the low rate of irreversible
termination, led to a higher surface concentration of active
chain-ends compared to the open SI-ATRP, generating high-
molar-mass grafts within a relatively short polymerization time.
Diffusion-controlled deactivation36−38 was enhanced when
sacrificial initiators were added to the polymerization mixture,
playing a similar role to the well-known Trommsdorff effect,
which brings about an increase in the polymerization rate for
free-radical polymerization at high conversions.37,38

Figure 2. Dry thickness measured by VASE of PMMA brushes
synthesized by 60 min of SI-ATRP under different degrees of
confinement and in the presence of sacrificial initiator (a). The
corresponding values of Mn for detached PMMA brushes were
measured by SEC (b).

Table 1. Dry Thickness, Mn, PDI, and Grafting Density of
PMMA Brushes Synthesized under Different Degrees of
Confinement by SI-ATRP

degree of
confinement (d, μm)

thickness
(nm)

Mn
(kDa) PDI

grafting density
(chains nm−2)

0.4 196 ± 16 390 2.20 0.35
10 92 ± 10 200 1.59 0.31
30 49 ± 4 125 1.23 0.27
50 49 ± 3 122 1.12 0.28
open (∞) 48 ± 5 121 1.11 0.28

Figure 3. Dry thickness obtained by VASE of PMMA brushes
synthesized by 60 min of SI-ATRP without sacrificial initiator under
different degrees of volume confinement (a). The corresponding brush
thickening rates, recorded over 120 min of SI-ATRP (b).
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It is noteworthy that a faster rate of SI-ATRP, reminiscent of
that observed here, was previously observed when the grafting
of polystyrene (PS), PMMA, and block copolymer brushes was
performed from nanoclay sheets or graphene layers.41−44

Although in most of these works the faster ATRP kinetics
were ascribed to the active involvement of the inorganic/
organic nanostructures in the polymerization process, Behling
et al., while studying the influence of initiator coverage on the
SI-ATRP of styrene within nanoclay tactoids, suggested that the
higher polymerization rate could be due to a slower diffusion of
deactivator species within these highly confined interstitial
layers.33 In the present study, we systematically demonstrate
that within confined reaction volumes SI-ATRP produces
ultrathick PMMA brushes, while the polymer grafting rate can
be precisely tuned by varying the degree of confinement. It is
also relevant that faster kinetics led to a progressive increase in
PDI (Table 1). An increment of grafted-chain polydispersity
upon a decrease in d was likely due to an inhomogeneous
growth of PMMA brushes, not all the grafts being subjected to
uniform activation/deactivation at the brush front when this is
facing an increasingly confined space. Under these conditions, a
large number of propagating polymer chains in their active state
are likely to experience radical recombination and transfer
reactions, which contribute to the broadening of the grafted-
chain-length distribution.
In order to confirm that viscosity-controlled deactivation

determines the grafting kinetics within confined reaction

volumes, we performed SI-ATRP of LMA, this monomer
having a reactivity comparable to MMA although with an order-
of-magnitude higher bulk viscosity (ηLMA = 6.0 mPa·s compared
to ηMMA = 0.5 mPa·s at 20 °C43). PLMA brushes were
synthesized by SI-ATRP under comparable polymerization
conditions to those applied for PMMA analogues in the
absence of sacrificial initiator and applying different degrees of
volume confinement, with d ranging from a few tens of
micrometers to 400 nm (see Experimental Section for details).
Remarkably, SI-ATRP of LMA generated much thicker brushes
compared to PMMA grafted under similar conditions and
under comparable confinement. Namely, ∼170 nm thick
PLMA brushes were synthesized within 60 min of polymer-
ization with d = 400 nm (Figure 4a), corresponding to a nearly
4-fold increase of Mn compared to that resulting from an open
polymerization mixture (Figure 4b). In addition, also in the
case of PLMA, brush PDI progressively increased with
increasing confinement, confirming the loss of control already
observed in the case of PMMA brushes. As displayed in Figure
4c, the synthesis of thicker PLMA brushes was correlated to
faster brush growth. Hence, the viscous polymerization mixture
generated by LMA strongly altered the SI-ATRP kinetics, in a
similar way to that previously observed for PMMA grafted in
the presence of soluble free initiator.
The faster grafting kinetics of SI-ATRP under confinement

might have a significant impact on systems involving polymer
growth within nano/microstructured environments and can be

Figure 4. (a) Dry VASE thickness of PLMA brushes synthesized by 60 min of SI-ATRP within different confined volumes. (b) GPC traces of
detached PLMA brushes synthesized by SI-ATRP within differently confined volumes. For d = ∞: Mn = 97 000 Da, Mw = 101 000 Da, PDI = 1.04.
For d = 50 μm, Mn = 113 000 Da, Mw = 147 000 Da, PDI = 1.30. For d = 400 nm, Mn = 415 000 Da, Mw = 1 300 000 Da, PDI = 3.13. (c) PLMA
brush thickening rates recorded by ex situ VASE over 120 min of polymerization.

Figure 5. SI-ATRP setup applied for the fabrication of PMMA brush gradients exploiting a variable volume confinement (a). The subsequently
obtained PMMA brush gradient (b) presented a variation of dry thickness across the substrates, as recorded by VASE measurements (c). The
steepness of the brush gradient can be tuned by diluting MMA with anisole during the SI-ATRP: bulk (red trace), 50:50 vol % (blue trace), and
70:30 vol % (green trace) anisole:MMA.
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exploited to structure polymer interfaces with high precision
and reproducibility. Although efforts have been increasingly
spent by us and others in proposing accessible methods for the
fabrication of nanostructured polymer brushes46−59 and brush
gradients60−63 by SI-CRP, these often rely on sophisticated and
sometimes tedious multistep, surface-modification protocols,
which frequently suffer from a lack of reproducibility. An
experimentally simple demonstration of the intrinsic applic-
ability of confined SI-ATRP to synthesize nanostructured
polymeric platforms is provided by the fabrication of polymer-
brush gradients, utilizing an initiating substrate presenting a
confining surface, positioned at a variable distance (“tilted”
confining plane, as schematically depicted in Figure 5a). As
highlighted in Figure 5, two spacers of thickness 400 nm and 10
μm were placed at each end of an ∼2 cm long, initiator-
functionalized SiO2 substrate. This was covered by a bare SiO2
surface (confining plane), thus generating a continuous
variation of confinement degree across the initiating surface
(Figure 5a). SI-ATRP of MMA performed within this setup
produced a relatively steep brush thickness gradient following 1
h of reaction, with the dry PMMA brush thickness ranging from
almost 90 nm (at high confinement) to ∼30 nm (at low
confinement) (Figures 5b and 5c) across ∼1.5 cm.
As a further confirmation of the synergistic action of

increased viscosity and volume confinement to yield higher
brush-growth rates, we fabricated analogous brush gradients by
applying diluted polymerization mixtures, comprising 50:50
and 70:30 vol % anisole:MMA mixtures. As shown in Figure 5c,
PMMA brush gradients presenting much less variation of
thickness across the substrates were obtained. These results
indicated that a reduction of viscosity within the polymerization
mixture markedly reduced the effect of volume confinement,
producing just a slight increase of PMMA brush thickness when
the inert plane was in close proximity to the grafting surface.
Alternatively, the modulation of brush-gradient morphology by
dilution of the polymerization mixtures demonstrates how
brush surfaces with different gradient-like structures could be
easily generated by tuning the extent of confinement and the
composition of the reaction solution.

■ CONCLUSIONS
We have systematically investigated the SI-ATRP of common
methacrylates within confined environments, demonstrating
that a progressive increment of the polymerization rates with
increasing confinement is due to a hampering of radical
deactivation within viscous and spatially hindered reaction
volumes. Photocleavable ATRP-initiator-functionalized surfa-
ces, allowing the convenient detachment and SEC analysis of
the synthesized brushes, were positioned at a variable distance
(d) from a confining, inert surface by micropatterned or thin-
foil spacers. At a high degree of volume confinement with d =
400 nm and in the presence of sacrificial initiator, the SI-ATRP
of MMA generated a 4-fold increase in the brush molar mass
compared to that obtained by applying an open polymerization
setup. A similar increment of brush growth-rate could be
observed for the more viscous LMA, in the absence of free
initiator, confirming how faster grafting kinetics resulted from
the progressive hindering of bulkier CuII-based deactivators
toward the brush growing front when the polymerization was
performed within a highly constrained reaction volume.
Besides being fundamentally relevant for the synthesis of

polymer brushes from micro- and nanostructured platforms,
confined SI-ATRP could be a powerful tool for fabricating

brush gradients with high precision, by simply varying the
distance between the initiating and the confining surfaces
within a single polymerization setup.
These findings highlight how fine spatial control over a

robust and reliable polymerization process such as ATRP can
translate into a highly accessible tool for tuning the properties
of polymer brushes, finally providing an attractive approach that
could be widely applied in polymer and materials science.
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