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Abstract

Cu0-mediated surface-initiated ATRP is a highly versatile, oxygen-tolerant, and extremely 

controlled polymer-grafting technique that enables the modification of flat inorganic surfaces, 

as well as porous organic and polymeric supports of different compositions. Exploiting the 

intimate contact between a copper plate, acting as source of catalyst and reducing agent, and 

an initiator-bearing support, Cu0 SI-ATRP enables the rapid growth of biopassive, lubricious 

brushes from large flat surfaces, as well as from various organic supports, including cellulose 

fibres and elastomers, by using microliter volumes of reaction mixtures, and without the need 

for deoxygenation of reaction mixtures or an inert atmosphere. Thanks to a detailed analysis of 

its mechanism and the parameters governing the polymerization process, polymer brush-

growth by Cu0 SI-ATRP can be precisely modulated and adapted to be applied to 

morphologically and chemically different substrates, setting up the basis for translating SI-

ATRP methods from academic studies into technologically relevant surface-modification 

approaches.
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INTRODUCTION

The synthesis of polymer brushes by surface-initiated reversible-deactivation radical 

polymerization (SI-RDRP), and their subsequent application in a variety of materials 

formulations have been the subjects of a significant number of academic studies over the last 

two decades.1-4 Although “grafted-from” polymer brushes have proven to be extraordinarily 

versatile platforms for the design of sensors,5-10 the functionalization of biomaterials,11-16 or the 

fabrication of lubricious surfaces17-18 and catalytic supports,19-22 the translation of SI-RDRP 

methods into technologically relevant surface-modification techniques still requires some 

intrinsic drawbacks to be overcome. These are mainly related to the low tolerance of SI-RDRP 

methods to oxygen,23-24 which limits the scaling up of such grafting processes for large 

substrates, or those of diverse composition. 

Focusing in particular on the most widely applied version of SI-RDRP, namely surface-

initiated atom transfer radical polymerization (SI-ATRP),25 the need for deoxygenation of 

monomer solutions has been recently circumvented by the introduction of reducing agents26-28 

or oxygen scavengers,29 which consume oxygen that has diffused in from the surrounding 

environment, concomitantly regenerating the active catalyst or act as catalysts themselves,30 

ultimately enabling polymer grafting under ambient conditions. 

Specifically, by exploiting activators regenerated by electron transfer (ARGET) ATRP, various 

waterborne monomers could be successfully polymerized from large polymeric films in the 

presence of oxygen,31 while the application of photocatalysts in light-mediated, metal-free SI-

ATRP enabled the fabrication of micropatterned brushes over entire silicon wafers, with high 

resolution and without the need for deoxygenation of reaction mixtures.30

Apart from the use of organic “additives” to improve the tolerance of SI-ATRP towards 

oxygen, Jordan et al. demonstrated that Cu0-coated plates placed upon initiator-bearing 

substrates within polymerization mixtures could efficiently act as sources of catalyst,32 
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simultaneously consuming oxygen33 and triggering the rapid growth of a variety of 

compositionally different brushes.34 Apart from these initial findings, little has been uncovered 

concerning the mechanism of Cu0-mediated SI-ATRP, and its tolerance towards oxygen, and 

its application has been limited to model, flat substrates. 

While investigating the role played by the copper surface during Cu0-mediated SI-ATRP (Cu0 

SI-ATRP) we recently demonstrated that the composition of the polymerization mixture and 

the separation between the Cu0 surface and the initiator-bearing substrate represent key 

parameters that determine polymer-brush growth and its kinetics.35-36

In this study, we show that Cu0 SI-ATRP enables the highly controlled synthesis of 

technologically relevant polymer brushes from large flat surfaces, as well as from different 

organic supports, including cellulose fibres and elastomers, by using microliter volumes of 

reaction mixtures—either under inert conditions or in the presence of oxygen. In particular, we 

systematically examine the parameters governing Cu0 SI-ATRP, while focusing on the 

synthesis of poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) brushes, which have 

been widely applied for the fabrication of highly lubricious coatings17-18, 37-39 and bio-repellent 

films.40-44 

RESULTS AND DISCUSSION

Mechanism of Cu0 SI-ATRP in Deoxygenated Media

The mechanism of Cu0 SI-ATRP of MPC can be exemplarily investigated by placing a copper 

plate at 1 mm distance from an ATRP initiator-functionalized silicon oxide surface (Scheme 

1), in the presence of a 1 M methanol solution of MPC and 40 mM of 2,2’-bipyridine (bipy). 

The growth of PMPC brushes is firstly investigated within deoxygenated reaction mixtures, 

while surrounding the reaction system with an N2 atmosphere during the entire polymerization 

process. In the presence of organic ligand (L), CuI/L and CuII/L complexes diffuse from the 
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copper plate towards the initiator-bearing substrate, triggering the polymerization of MPC, 

which proceeds according to the ATRP equilibrium (Scheme 1).36 The growth of PMPC 

brushes could be monitored ex situ by variable-angle spectroscopic ellipsometry (VASE), the 

dry brush thickness (Tdry) being determined for different polymerization times. As shown in 

Figure 1a, Tdry steady increased during the first 40 minutes of polymerization, reaching ~ 20 

nm, after which a plateau was attained, indicating that the grafting process irreversibly stopped. 

This phenomenon was likely due to radical termination between growing grafts, as the 

concentration of CuII-based deactivator solely generated through the ATRP equilibrium at the 

growing-brush front was presumably insufficient to guarantee a low concentration of surface-

grafted radicals.36 

Scheme 1. Mechanism of Cu0 SI-ATRP of MPC from ATRP-initiator-functionalized silicon 
oxide surfaces. (a,b) A polymerization solution (comprising 1 M methanol solution of MPC 
and 40 mM bipy, or 40 mM bipy and 0.2 mM CuBr2) is sandwiched between a copper plate 
and an initiator-bearing substrate (c) When the solution has been previously degassed and the 
grafting process is carried out within an inert atmosphere, CuI/L and CuII/L species diffuse 
from the copper plate (1) and trigger MPC polymerization from the initiator-functionalized 
substrate, which proceeds according to the ATRP equilibrium. However, under ambient 
conditions and without previous deoxygenation of the reaction mixture, the dissolved oxygen 
is consumed by oxidation of Cu0 (2), generating an oxide layer that acts as source of catalyst. 
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Either in the presence or the absence of oxygen, the addition of CuII-based species stimulates 
the formation of CuI/L activators through comproportionation with the Cu0 surface (3). 

The addition of 0.2 mM CuBr2 to the reaction mixture substantially altered the growth kinetics 

of PMPC brushes. In the presence of added deactivator, the PMPC brush thickness 

continuously increased with reaction time, following a nearly linear trend, Tdry reaching nearly 

70 nm after 75 minutes of polymerization (Figure 1a). On the one hand, the presence of 

additional CuII-based deactivator suppressed irreversible termination by radical recombination, 

ensuring the controlled growth of PMPC grafts. On the other hand, following a similar 

mechanism to that previously described for supplemental activator and reducing agent (SARA) 

ATRP,45-47 CuII species comproportionated with the Cu0 surface, constantly (re)generating CuI-

based adducts capable of activating both dormant PMPC grafts and unreacted initiator 

functions at the surface (Scheme 1). The combination of these two cooperative effects led to 

the observed, highly controlled grafting of PMPC brushes.

Figure 1. (a) PMPC brush dry thickness (Tdry) measured by VASE at different polymerization 
times, using a reaction mixture comprising either 1 M methanol solution of MPC and 40 mM 
bipy (empty markers), or 1 M MPC, 40 mM bipy and 0.2 mM CuBr2 (filled markers). (b) Mass 
variation (ΔmCu) of Cu0-coated QCM-D sensors obtained from fitting of the corresponding 
frequency shifts (Δf) with the Sauerbrey equation (Supporting Information). The QCM-D 
sensors were subjected to different polymerization solutions: 1 M MPC and 40 mM bipy 
(empty markers), and 1 M MPC, 40 mM bipy and 0.2 mM CuBr2 (filled markers). 
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Comproportionation between added CuII and the Cu0 surface could be precisely monitored by 

means of a quartz crystal microbalance with dissipation (QCM-D), subjecting a Cu0-coated 

QCM-D sensor to the same polymerization mixtures employed during Cu0 SI-ATRP of MPC, 

while simultaneously monitoring the dissolution of copper species from the metal surface as a 

mass change in the copper-coated sensor (ΔmCu). As highlighted in Figure 1b, the addition of 

0.2 mM CuBr2 caused a more marked desorption of Cu species from the metal-coated sensor, 

presumably mainly comprising CuI complexes generated by comproportionation, when 

compared to the mass loss measured when the sensor was in contact with a solution containing 

only ligand and monomer. 

Structure and Properties of PMPC Brushes Synthesized by Cu0 SI-ATRP

It is important to emphasize that the progressive brush thickening recorded by VASE was not 

simply due to an increase in the molar mass of PMPC grafts, but also to a simultaneous 

increment in their grafting density (σ). As CuI-based activators progressively diffuse from the 

Cu0 surface towards and through the growing brush layer, an increasing number of initiators 

become activated, subsequently generating PMPC chains that propagate from the surface. 

In order to support this hypothesis, we estimated the swelling ratio (SR) of PMPC brushes 

synthesized after different polymerization times by comparing the values of Tdry with the 

corresponding swollen brush thicknesses (Twet), which could be measured by atomic force 

microscopy (AFM) nanoindentation (Experimental Methods and Figure S1). Since the SR of 

brushes in a good solvent is inversely proportional to σ,48-50 its gradual decrease with the 

polymerization time from 5 to 1 (Figure 2a), indicated a simultaneous increment in brush 

surface coverage, which shifted from ~ 0.2 to ~ 0.7 chains nm-2, between 15 and 75 minutes of 

polymerization. 
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This gradual change in brush structure was mirrored by a significant shift in other interfacial 

physicochemical properties. Besides the amount of swelling solvent, wettability progressively 

decreased due to the rising of inter- and intrachain ionic associations between zwitterions—a 

phenomenon that was previously reported for relatively thick and densely grafted sulfobetaine-

based polyzwitterionic brushes, and which determined their more “hydrophobic” character 

with respect to thinner and less crowded brushes of identical composition (Figure 2a).51 The 

formation of ionic “bridges” between PMPC brushes and the concomitant decrease in SR 

further influenced their lubrication properties, which were characterized by lateral force 

microscopy (LFM) (Experimental Methods).52-53

Figure 2. (a) Values of swelling ratio (SR) measured by a combination of VASE and AFM on 
PMPC brushes synthesized by Cu0 SI-ATRP after different polymerization times under inert 
atmosphere (SR = Twet/Tdry), using a reaction mixture comprising 1 M MPC, 40 mM bipy and 
0.2 mM CuBr2. (b) Static water contact angle (CA) measured on PMPC brushes synthesized 
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after different polymerization times, using the conditions reported in (a). (c) FfL profiles 
recorded by LFM on PMPC brushes, using an AFM colloidal probe with a normal spring 
constant (KN) of 0.3 N m-1, a lateral spring constant (KL) of 5.1 E-9 N m-1, and an 18 μm 
diameter silica colloid. The coefficients of friction (μ) were 0.005, 0.005, 0.008, 0.012, and 
0.015, measured on PMPC brushes synthesized after 15, 30, 45, 60, and 75 minutes, 
respectively. (d) Schematic representation of densely grafted PMPC brushes forming inter- and 
intrachain ionic associations. 

As highlighted by comparing the friction-force-vs-applied-load (FfL) profiles measured on 

PMPC brushes featuring different values of thickness (Figure 2b), friction was generally low, 

with coefficients of friction (μ) lying between 0.015 and 0.005, for 69 ± 3 and 8 ± 1 nm-thick 

brushes, respectively. However, a clear increase in the slope of FfL profiles―and thus a 

consequent increment in μ―was observed with increasing the polymerization time, suggesting 

that the progressive structural transition taking place within PMPC brushes affected mechanical 

energy dissipation when these were sheared by an AFM colloidal probe. 

Figure 3. (a) Variation of Tdry across a PMPC brush gradient (b) synthesized by continuously 
varying the distance between a copper plate and an ATRP initiator-bearing substrate (c), in the 
presence of a polymerization mixture including a 1 M methanol solution of MPC, 40 mM bipy 
and 0.2 mM CuBr2. The reaction mixture was deoxygenated by N2 bubbling prior to Cu0 SI-
ATRP, while the brush gradient was fabricated over 1 hour of polymerization under a N2 
atmosphere. The rate of Cu0 SI-ATRP, which correlated with the slope of the Tdry vs 
polymerization time profiles reported in (d), could be tuned by varying d between the copper 
plates and ATRP initiator-substrates. 

The distance (d) between the copper plate and the initiator-bearing substrate represented an 

additional parameter governing the growth of PMPC brushes by Cu0 SI-ATRP. When a 

continuous variation of d was applied across a single, initiator-functionalized substrate, by 
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“tilting” the copper plate (Figure 3a-c), the diffusion time for activator species gradually 

changed along the surface, and a PMPC brush-gradient was obtained.35-36 In particular, in the 

presence of 0.2 mM CuBr2 and after 1 hour of polymerization, the PMPC brush thickness 

progressively varied between 70 and 120 nm across a 1.5 cm-long substrate. 

Alternatively, when the copper plate and the initiating surface were maintained parallel to each 

other, the rate of polymerization could be subsequently tuned by varying d, while keeping the 

other polymerization conditions constant. As reported in Figure 3d, polymer-brush-thickening 

rates increased with decreasing d, and the thickness of PMPC brushes synthesized after 2,5 

hours of Cu0 SI-ATRP could be varied from ~ 180 to almost 300 nm by reducing the distance 

to the copper plate from 0.9 to 0.2 mm (Figure 3d).

Functionalization of Large and Compositionally Different Substrates by Cu0 SI-ATRP 

under Ambient Conditions 

Cu0 SI-ATRP of MPC performed without deoxygenation of monomer mixtures and under 

ambient conditions followed a very similar mechanism to that observed for oxygen-free 

polymerizations carried out within an inert atmosphere. 

When the reaction mixture is sandwiched between the copper plate and the initiator-

functionalized substrate, while a constant pressure of 3 g cm-2 is applied, the distance between 

the two surfaces corresponds to ~ 10 μm. Under these conditions, the area of air-liquid interface 

at the edges of the overlying substrates is small enough to guarantee limited diffusion of oxygen 

from the surrounding atmosphere (Scheme 1c). The Cu0 surface consumes the oxygen 

dissolved in the reaction mixture, generating a CuOx layer that acts as source of catalyst. In the 

presence of L, CuI/L and CuII/L species diffuse to the initiating surface and trigger the grafting 

of PMPC brushes, which proceeds according to the ATRP process. 
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Figure 4. (a) Cu0 SI-ATRP of MPC performed without deoxygenation of monomer mixtures 
and under ambient conditions, using 1 M methanol solution of MPC and 40 mM bipy (empty 
markers), or 40 mM bipy and 0.2 mM CuBr2 (filled markers). During these experiments, d was 
kept at 10 μm by applying a constant pressure of 3 g cm-2 on the sandwiched assembly. (b) 
PMPC brushes synthesized by Cu0 SI-ATRP in the presence of oxygen from ~ 50 cm2 silicon 
oxide substrate previously functionalized with ATRP initiator and covered by a copper plate 
with d = 10 μm. By using a polymerization mixture comprising 1 M MPC, 40 mM bipy and 
0.2 mM CuBr2 uniform PMPC brushes with a dry thickness of ~ 120 nm were synthesized after 
60 minutes of reaction. (c,d) Brush-thickness profiles recorded by VASE across the large 
substrate reported in (b).

Similarly to what was previously observed while using deoxygenated mixtures and an inert 

atmosphere, the addition of CuII strongly influenced the growth kinetics of PMPC brushes by 

Cu0 SI-ATRP in the presence of oxygen. As shown in Figure 4a, in the absence of externally 

added CuII, PMPC brush growth proceeded steadily during the first 60 minutes of 

polymerization until ~ 100 nm of film thickness was reached. After this time, the brush-

thickening rate slowed down and reached a plateau, presumably due to irreversible termination 

by radical combination/disproportionation.

In contrast, the addition of 0.2 mM CuBr2 enabled a progressive brush growth, which followed 

a quasi-linear trend and indicated rapid and highly controlled polymerization. Under these 

conditions, ~ 130 nm-thick PMPC brushes could be synthesized in just 60 minutes of 

polymerization, while no sign of termination was observed.

Following this procedure, homogeneously thick PMPC brushes could be grown from large 

substrates, after just 1 hour of polymerization, without the need for degassing monomer 

mixtures, and by employing just 8 μL cm-2 of polymerization solution. 
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An example of the applicability of Cu0 SI-ATRP for the functionalization of large substrates 

under full ambient conditions is provided in Figure 4b, which shows 120-nm-thick PMPC 

brushes grafted from a 50 cm2 silicon substrate. PMPC brush thickness was homogenous across 

the entire surface (Figure 4c and 4d), with the exception of its edges, where unavoidable oxygen 

diffusion terminated the polymerization, resulting in a localized reduction in film thickness. 

Figure 5. (a, b) Uniform PMPC brush-films can be successfully grown from cellulose sheets 
previously functionalized with ATRP initiator functions (Supporting Information) by Cu0 SI-
ATRP in the presence of oxygen. The reaction mixture comprised 1 M methanol solution of 
MPC, 40 mM bipy and 0.2 mM CuBr2 and the polymerization time was set to 1 hour. (c) 
Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR FTIR) confirmed 
the successful grafting of PMPC brushes, SEM further demonstrated the formation of an 
uniform PMPC brush film on cellulose fibres (d-g). Cu0 SI-ATRP can be further applied for 
the modification of the outer surface of a PBA-based elastomer, by placing the stamp in contact 
with a copper plate previously covered by few drops of reaction mixture (h,i). The formation 
of PMPC brushes was confirmed by ATR FTIR spectroscopy (j) and wettability measurements 
(k, l).
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In order to further demonstrate the suitability of Cu0 SI-ATRP for the rapid and efficient 

modification of a variety of materials, beyond flat, model substrates, similar PMPC brushes 

were subsequently grafted from micro- and nanoporous supports, including cellulose sheets 

and poly(butyl acrylate) (PBA)-based elastomers (Figure 5 and Figure S5). It is noteworthy 

that structurally similar supports are widely applied for the fabrication of medical devices, such 

as wound dressings and catheters, where the highly hydrophilic, biopassive and lubricious 

properties of PMPC brushes18, 41, 43-44, 54-55 could substantially improve their performance when 

placed in contact with tissues and/or body fluids.

When microporous cellulose sheets previously derivatised by ATRP initiator functions 

(Experimental Methods) and soaked with few tens of μL of monomer mixture were sandwiched 

between an inert silicon substrate and a copper plate, thick PMPC brushes were successfully 

grown in 60 minutes of reaction (Figure 5a and 5b), as evidenced by a combination of 

attenuated total reflectance Fourier-transform infrared spectroscopy (ATR FTIR) and scanning 

electron microscopy (SEM). In particular, ATR FTIR confirmed the successful grafting of 

PMPC brushes, through the appearance of the signal at 1730 cm−1, corresponding to C=O 

stretching in the polymer repeating unit, the band centered at 1240 cm−1, corresponding to -O-

P-O-, and that at 970 cm−1 referring to -N+(CH3)3 (Figure 5c). SEM further demonstrated the 

formation of an uniform PMPC brush film on cellulose fibres, by comparing the micrographs 

recorded on pristine sheets (Figure 5d and 5f) with those obtained after Cu0 SI-ATRP of MPC 

(Figure 5e and 5g).

Alternatively, Cu0 SI-ATRP could be applied for the modification of the exposed surface of a 

PBA-based elastomer, where uniform PMPC brushes were grafted by simply placing the 

elastomeric stamp in contact with a copper plate, which was previously covered by few drops 

of polymerization solution. Also in this case, the reaction mixture was not deoxygenated, and 

the modification of the elastomer was performed without the presence an inert atmosphere, but 
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simply on a petri dish exposed to air. After 1 hour of polymerization, the growth of PMPC 

brushes was confirmed by ATR FTIR spectroscopy (Figure 5j), through the appearance of the 

signals at 1240 cm−1 (-O-P-O-), 1080 cm−1 (-P-O-C), and 970 cm−1 (-N+(CH3)3), characteristic 

of the PMPC repeating unit. Wettability measurements further demonstrated the formation of 

a hydrophilic PMPC film on the elastomer, the static water contact angle (CA) shifting from 

83 ± 2° (Figure 5k) to 40 ± 1° (Figure 5l).

CONCLUSIONS

Cu0 SI-ATRP has been demonstrated to be an efficient, highly versatile and extremely 

controlled grafting technique, which is compatible with flat inorganic surfaces, as well as with 

porous organic supports of different compositions. The intrinsically confined nature of Cu0 SI-

ATRP, which exploits the intimate contact between a copper plate, acting as source of catalyst 

and reducing agent, and an initiator-bearing support, determines its many attractive features. 

This process enables the rapid growth of technologically relevant polymer brushes, over very 

large and morphologically different substrates, using microliter volumes of reaction mixtures, 

and without the need for their deoxygenation or an inert atmosphere. These unique 

characteristics, which were highlighted here for the case of the synthesis of PMPC brushes, 

demonstrate that the application of Cu0 SI-ATRP for surface modification can translate SI-

RDRP methods from academic studies into technology, opening a plethora of possible 

applications in materials science.  

EXPERIMENTAL METHODS

Materials. Silicon wafers were purchased from Si-Mat (P/B ⟨100⟩, Si-Mat Silicon Wafers, 

Landsberg, Germany). Copper plates were obtained by coating silicon wafers with 200 nm of 

Cu0 by  magnetron sputtering (Paul Scherrer Institute, Villigen, Switzerland). 
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3-(Aminopropyl)triethoxysilane (APTES, 99%, Acros), 2-bromoisobutryl bromide (BiBB, 

98%, Sigma-Aldrich), triethylamine (TEA, ≥99%, Merck), dichloromethane (DCM, dry, 

≥99.8%, Acros), 2-methacryloyloxyethyl phosphorylcholine (MPC, 97%, Sigma-Aldrich), 

methanol (> 99%, VWR Chemicals), 2,2'-bipyridine (>=99%, Sigma-Aldrich), diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (TPO, Sigma-Aldrich, 97%), 2-methacryloyloxyethyl 

phosphorylcholine (MPC, Sigma-Aldrich, 97%), and copper(II) bromide (CuBr2, 99.99%, 

Aldrich) were used as received. Butyl acrylate (BA, 99%, Acros Organics), 

hydroxyethylmethacrylate (HEMA, 98%, Sigma-Aldrich) and poly(ethylene glycol) 

dimethacrylate (PEGDMA, Mn ~ 550) were purified from inhibitors by filtration through a 

basic alumina column. All the other chemicals were purchased from Sigma-Aldrich. Water 

used in all the experiments was Millipore Milli-Q grade. 

Quartz Crystal Microbalance with Dissipation (QCM-D). QCM-D was used to monitor the 

dissolution of Cu species from Cu0-coated sensors, when immersed in different polymerization 

mixtures, using an E4 instrument (Q-Sense AB, Göteborg, Sweden) equipped with dedicated 

Q-Sense AB software. Cu-coated crystals (LOT-Oriel AG) with a fundamental resonance 

frequency of 5 MHz were used as substrates. Before the experiment, the sensors were cleaned 

by 15 minutes sonication in toluene and 2-propanol, and finally immersed in a 2:1 v/v mixture 

of methanol and 37% HCl, in order to remove CuxO layer. After cleaning, the crystals were 

dried under a stream of N2. In order to measure the desorption of Cu species, Cu0-coated sensors 

were mounted in the QCM-D chamber and subsequently subjected to different polymerization 

mixtures. The recorded frequency shift (Δf) was correlated to the decrease of mass of the Cu 

layer on the sensor, by applying the Sauerbrey relation,56 using the sensitivity factor Cf = −17.7 

ng Hz-1 cm-2. 

Variable-Angle Spectroscopic Ellipsometer (VASE). The values of dry thickness of the 

different brush films (Tdry) were measured using a M-2000F Woollam variable angle 
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spectroscopic ellipsometer (J.A. Woollam Co. U.S.). The values of Ψ and Δ were acquired as 

a function of wavelength (275−827 nm) using focusing lenses at 70 ° from the surface normal. 

Fitting of the raw data was performed based on a three-layer model, using bulk dielectric 

functions for Si, and SiO2. The polymer brush layers were analyzed on the basis of the Cauchy 

model: n = A + B λ-2, where n is the refractive index, λ is the wavelength and A and B were 

assumed to be 1.45 and 0.01, respectively, as values for transparent organic films.57

Atom Force Microscopy (AFM). Force-vs-separation (FS) analysis and lateral force 

microscopy (LFM) on PMPC brushes was performed using a MFP3D AFM (Asylum Research, 

Oxford Instruments, Santa Barbara, USA) under 10 mM of 4-(2-hydroxyethyl)-1-piperazine-

1-ethane- sulfonic acid (HEPES) buffer (pH = 7.4). The normal (KN) and torsional spring (KT) 

constants of tipless cantilevers were measured by the thermal-noise58 and Sader’s method,59 

respectively, resulting KN = 0.296 N m-1 and KT = 5.1 E-9 N m. The “wall method” reported by 

Cannara et al.,60 was used for calibration of friction force. 

Silica microspheres (EKA Chemicals AM, Kormasil) having a diameter of 18 μm were glued 

to the end of the calibrated cantilevers by a home-built micromanipulator, using an epoxy glue 

(Araldite® Standard). The cantilevers were cleaned by UV-ozone treatment for 30 min prior 

to the measurements.

Friction values were obtained by averaging 10 “friction loops” recorded on each brush surface 

over three different positions for each sample. The friction loops were acquired by laterally 

scanning over a line on each brush film at a given applied normal load. A scanning distance of 

5 µm and a scanning rate of 1 Hz were applied during the measurements. The values of 

coefficient of friction (µ) were obtained from the slope of the recorded friction force-vs-applied 

load (FfL) profiles, assuming the Amontons law of friction: Ff = µ L. 

Approximately 20 FS profiles were recorded on each PMPC brush by applying a Z-piezo 

distance of 500 nm and a ramping rate of 1 Hz (Figure S1). The swollen thickness of the brushes 
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(Twet) was obtained by estimating the separation included between the contact point at the brush 

interface (in correspondence of which the measured force deviates by more than 5% from the 

horizontal line corresponding to F = 0 nN) and the complete brush compression (Figure S1). 

From the values of Tdry, obtained by VASE, and those of Twet, the brush swelling ratio (SR) 

could be calculated as Twet/Tdry. The grafting density (σ) of PMPC brushes was estimated 

according to the previously reported method, using Equation 1:36, 48-50

     (1)σ =  ρ0TdryNA ((0.227 (Twet)1.5(Tdry (Å2)) ―0.5)M0)
―1

 

where ρ0 is the dry density of PMPC (1.30 g cm−3), NA is Avogadro’s number, M0 is the 

monomer molecular weight (295 g mol−1),  0.227 is a constant related to the excluded volume 

parameter (ω =7 Å3), a constant ν = (a2/3)−1, where a represents the Kuhn length of the 

monomer unit (15 Å for methyl methacrylate). 

Water-Contact-Angle Measurements. A Ramé-Hart goniometer (model-100, Netcong, NJ) 

was used to measure the static water contact angle (CA) on the different PMPC brush surfaces. 

Three individual measurements were performed with a drop-shape analysis system at room 

temperature. The contact-angle values were obtained by using the tangent-fitting method.

ATRP Initiator-Functionalized Silicon Oxide Substrates. Silicon wafers used as substrates 

for Cu0 SI-ATRP were cleaned for 30 minutes in “piranha” solution (3:1 v/v mixture of 99.9% 

H2SO4 and H2O2, CAUTION: piranha solutions react violently with organic compounds, and 

may result in explosion or skin burns if not handled with extreme caution), and subsequently 

rinsed with ultrapure water and ethanol. ATRP initiator layers were subsequently deposited 

using a two-steps protocol. APTES was first immobilized through vapour deposition during 3 

hours. After this, the substrates were incubated for 2 hours in a dichloromethane solution of 

BiBB and TEA, subsequently washed with chloroform and dried under a stream of N2.

Cu0 SI-ATRP Using Deoxygenated Reaction Mixtures. In order to fabricate PMPC brushes 

with homogeneous thickness ATRP-bearing initiator substrates were clamped to Cu0-coated 
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surfaces while maintaining a fixed distance (d) of 1 mm between the two surfaces, by means 

of a glass slide (Figure S2). PMPC brush gradients were prepared with a similar setup, but by 

tilting the ATRP initiator-bearing surface with respect to the Cu0-coated substrate, as depicted 

in Figure S2. The clamped substrates were laid in a sealed flask and degassed with Ar for 30 

min. A degassed methanol mixture of MPC (1M) and bipy (40 mM), with and without CuBr2 

(0.2mM), was transferred into the flask containing the substrates, and left standing for the 

desired time. After this, the samples were rinsed extensively with water and ethanol and finally 

dried in a stream of N2.

Cu0 SI-ATRP of MPC under Ambient Conditions. Cu0-coated substrates were washed with 

isopropanol under sonication (5 min), followed by activation protocol in a 2:1 v/v mixture of 

methanol and 37% HCl. A polymerization mixture including MPC (1 M), bipy (40 mM), with 

or without CuBr2 (0.2 mM) was dropped on the activated Cu0 surface, and immediately covered 

with ATRP initiator-functionalized substrate, while a constant pressure of 3 g cm-2 was applied 

between the sandwiched substrates. The volume of the polymerization mixture applied was 8 

μL cm-2. After the desired polymerization time, the substrates were thoroughly washed with 

water and ethanol and dried in a stream of N2.

Functionalization of Cellulose Sheets with ATRP Initiator. Cellulose sheets were 

functionalized with ATRP initiator using the already reported method.61 Cellulose sheets were 

washed with acetone and tetrahydrofuran (THF) and subsequently immersed in a mixture 

containing BiBB (230 mg, 1.0 mmol, 50 mM), TEA (111 mg, 1.1 mmol, 55 mM), and a 

catalytic amount of DMAP in THF (20 mL). The reaction was conducted for 2 hours, after 

which the cellulose substrates were washed with dichloromethane and methanol thoroughly, 

and dried under N2 stream. 

Cu0 SI-ATRP from Cellulose Sheets. 50 µL of a solution of MPC (1M), bipy (40 mM), and 

CuBr2 (0.2 mM) was poured on a cellulose sheer previously placed on a Cu0-coated substrate, 
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and immediately covered by a freshly cleaned silicon substrate. After the desired 

polymerization time, the reaction was terminated by rinsing the filter paper with water and 

methanol and dried under a stream of N2. The modified cellulose sheet was subsequently 

analyzed by attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) 

and SEM.

Synthesis of PBA-Based Elastomers. PBA-based elastomers were synthesized via photo-

initiated radical polymerization (Figure S5). Mixtures including butyl acrylate (0.153 mol, 4.78 

M), HEMA (0.016 mol, 0.5 M) and PEGDMA (1.69 mmol, 52.8 mM) were degassed in 10 ml 

toluene for 20 min, after that, TPO (0.2 mM in toluene) was added. The polymerization was 

conducted under UV light (λ = 365 nm, 1.2 mW cm−2) using a Stratalinker UV crosslinker 

2400 (Stratagene, La Jolla, CA, USA) at room temperature for 60 min. PBA elastomers were 

de-moulded from reaction vials, followed by washing thoroughly with toluene. ATRP initiators 

were generated on PBA-based elastomers by vapour deposition of BiBB (Figure S5), followed 

by rinsing with chloroform and toluene.

Cu0 SI-ATRP from PBA-Based Elastomers. 0.5 mL of a polymerization solution including 

MPC (1M), bipy (40 mM), and CuBr2 (0.2 mM) were poured on a previously activated Cu0-

coated substrate and immediately covered with an ATRP-initiator functionalized PBA-based 

elastomer. After the desired polymerization time, the sample was rinsed with methanol and 

water, and finally dried under a stream of N2. Elastomers presenting PMPC brushes were 

subsequently analyzed by ATR-FTIR and CA.

Scanning Electron Microscope (SEM). PMPC brush-functionalized cellulose sheets were 

sputter coated (CCU-010 Compact coating unit; Safematic) with 3 nm of platinum, in order to 

avoid surface charging during imaging. A scanning electron microscope (SEM, Thermo 

scientific, ultradry) equipped with a LEO 1530 operating instrument (Zeiss GmbH, Germany), 

was used to record the micrographs. 
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