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ABSTRACT: Surface-initiated Cu(0)-mediated controlled radical polymerization (Si-
CuCRP) can be successfully applied to fabricate poly[(oligoethylene glycol)methyl
ether methacrylate] (POEGMA) brushes in one pot, presenting a grafting-density
gradient across the surface. This is achieved by continuously varying the distance (d)
between a copper plate, used as a source of Cu species, and the initiator-functionalized
substrate. X-ray photoelectron spectroscopy (XPS) analysis of monolayers of Cu'-
selective ligands demonstrates that a higher concentration of activator species diffuses
to the initiating substrate in areas closer to the copper plate, a progressive decrease in
activator concentration being observed upon increasing the distance between the two
surfaces. As confirmed by the SI-CuCRP kinetics measured at different positions along
the gradient, radical-termination reactions between propagating chains limit the
grafting density of POEGMA grafts where the diffusion of activators is favored (ie., at
d — 0). This effect decreases with increasing d, ultimately yielding a gradual variation
of POEGMA grafting density across the substrate. We have investigated the influence
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of grafting-density variation across the gradient on the swelling of POEGMA brushes as well as on their nanomechanical and
nanotribological properties, measured by a combination of variable angle spectroscopic ellipsometry (VASE), colloidal-probe
atomic force microscopy (CP-AFM), and lateral force microscopy (LFM). The results of these tests highlight how loosely grafted
POEGMA chains incorporating a substantial amount of water can be significantly deformed by a shearing AFM probe, exhibit
relatively high friction, and generate friction-vs-load (F—L) profiles that follow a sublinear trend described by a Johnson—
Kendall—Roberts (JKR) model—typical of deformable films of high surface energy. In contrast, more densely packed POEGMA
brushes incorporate less solvent and display very low friction, with F—L data following a linear progression according to

Amontons’ law.

B INTRODUCTION

Polymeric films presenting gradient characteristics have been
largely applied for modulating the chemical, physical, and
morphological properties of surfaces in a spatially defined
fashion and within one single platform.'™ Especially surface
gradients constituted by polymer brushes were employed to
control the interaction with biological media, e.g.,, varying the
adsorption of proteins and the adhesion of cells in a gradual
way across a substrate.’”® In particular, polymer brush
characteristics such as brush thickness (h) and grafting density
(6) determine the steric stabilization of the surface and thus
regulate the interaction with biological entities. These
parameters can be precisely modulated along a brush gradient
by exploiting the intrinsic control granted by surface-initiated
controlled radical polymerizations (SI-CRP) and/or bgr varying
the initiator coverage on the underlying substrate.”'’ Besides
being applied for designing biointerfaces that stimulate a
gradual variation of biological phenomena, polymer brush
gradients are intrinsically interesting as fundamental study
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platforms for dissecting the interfacial physicochemical proper-
ties of grafted polymers presenting variable characteristics.

In this study, we applied Cu(0)-mediated controlled radical
polymerization (CuCRP) to generate structural gradients of
poly[ (oligoethylene glycol)methyl ether methacrylate] (PO-
EGMA) brushes on silicon oxide surfaces and subsequently
investigate their interfacial physicochemical properties by a
combination of surface sensitive techniques and atomic force
microscopy (AFM)-based methods. Noteworthy, POEGMA is
a technologically relevant polymer which combines the
attractive characteristics of poly(ethylene glycol)s (PEGs)
with the versatility of radically polymerizable monomers, and
it was previously applied to fabricate biopassive surfaces and cell
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Scheme 1. (a) SI-CuCRP of OEGMA Using a Tilted Cu Plate Generates a POEGMA Brush Grafting Density Gradient along the
Substrate; (b) Mechanism of SI-CuCRP Follows the SARA-ATRP Process;** Cu(I)X/L Represents All The Cu(1)-Based Species
Irrespective of Their Speciation, Cu(II)X2/L Represents All The Cu(II)-Based Species Irrespective of Their Speciation. (c)

Chemical Compositions of the Initiator Monolayer and the Subsequently Grafted POEGMA Brush; (d) CSL Monolayers on
Silicon Oxide Substrates are Applied in a Setup Similar to the One Used for SI-CuCRP for Immobilizing Cul Species Diffusing

at the Surface from the Cu Plate”
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“XPS is subsequently applied to estimate the surface concentration of Cu' species.

In the first part of the paper, the one-pot fabrication of
grafting-density gradients of POEGMA brushes by SI-CuCRP
is presented. This process exploits very low concentrations of
Cu species generated from a copper plate positioned above an
initiator-functionalized surface to trigger the atom transfer
radical polymerization (ATRP) equilibrium and the consequent
growth of brushes.'* Here we demonstrate that a variation of
the vertical distance between the metallic plate and the
initiating surface (plate tilting) stimulates a corresponding,
gradual variation in brush grafting density due to differences in
the local concentration of activator and deactivator Cu species.

In the second part of the paper, we focus on the
comprehensive characterization of the interfacial physicochem-
ical properties of the generated brush gradients. A thorough
understanding of how nanoscale swelling as well as mechanical
and tribological properties are determined by the surface
density of a polymer brush has not been fully achieved to date.
Several reports have highlighted that the steric stabilization
provided by hydrophilic brushes is increased by incrementing
grafting density,'' while friction decreases when the packing
of chains is maximized.” Although these initial studies suggested
that the osmotic barrier generated by a densely grafted brush is
responsible for its lubricious properties, an unambiguous
understanding of how a precise tuning of brush structural
parameters translates into variations in the adhesive, mechan-
ical, and frictional properties of the functionalized surfaces is
currently missing. In order to comprehensively investigate the
effects of brush structural variation on interfacial properties, we
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have applied SI-CuCRP to the fabrication of POEGMA brush-
density gradients and provided a full characterization of their
interfacial properties by a combination of variable angle
spectroscopic ellipsometry (VASE), AFM nanoindentation,
and lateral force microscopy (LFM). In particular, the
nanotribological properties of POEGMA brushes, studied by
LFM, were found to correlate with brush swelling, the lateral
deformability of the grafts, and their nanomechanical character-
istics across the gradient surface. Continuum contact-mechanics
models are applied to describe friction-vs-load (F~L) profiles
and how friction varies in response to a modulation of brush
grafting density. Loosely grafted POEGMA brushes swell
profusely in water and do not efficiently passivate the
underlying substrate. In this regime, friction is high because
of the low osmotic pressure within the assembly, while it
increases sublinearly with the applied load, following Johnson—
Kendall-Roberts (JKR) contact-mechanics behavior. An
increase in grafting density along the gradient translates into
a decrease in brush swelling (i.e, more highly stretched and
packed chains) and a concomitant reduction of friction, with
dense brushes showing highly lubricious behavior and
generating linear F—L profiles, in accordance with Amontons’
law.

SI-CuCRP is a powerful and easily accessible synthetic tool
for the fabrication, in one pot, of brush grafting-density
gradients with great precision and high reproducibility.
Exploiting the diffusion of Cu species from a metallic plate
placed at determined distances from the initiating substrate, this
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process features several advantages over the commonly applied
SI-ATRP process: (i) it can be scaled up to large surfaces, (ii) it
can be applied multiple times to produce a large number of
identical gradients, and (iii) it does not require the use of
soluble Cu-based catalysts or other potentially toxic com-
pounds. By employing the most advanced AFM-based
methods, we demonstrate that all these attractive characteristics
make SI-CuCRP an ideal fabrication approach for the
investigation of the influence of brush parameters on the
nanomechanical and nanotribological properties of the
generated polymer surface.

B EXPERIMENTAL SECTION

Materials. Oligo(ethylene glycol) methyl ether methacrylate
(OEGMA, Sigma-Aldrich, M, ~ 475 g mol™) was purified from
inhibitors by passing it through a basic alumina column (¢ = 0.22 ym).
Methanol (Sigma-Aldrich, >99.8%), ethanol (VWR Chemicals,
absolute), dichloromethane (DCM, dry, Acros, >99.8%), acetone
(dry, Merck KGaA, >99.8), triethylamine (TEA, Sigma-Aldrich,
>99.5%), 2-bromoisobutryl bromide (BiBB, Sigma-Aldrich, 98%), 3-
(aminopropyl)triethoxysilane (APTES, Sigma-Aldrich, 99%), dimethyl
sulfoxide (DMSO, VWR Chemicals, 99.6%), 1,1,4,7,7-pentamethyl-
diethylenetriamine (PMDETA, Acros, >98%), 3,7-dithia-1,9-non-
anedithiol (Tokyo Chemical Industry, Japan), N,N-dimethyl-
formamide (Aldrich, Germany), sodium borohydride (98+%, Acros,
Germany), lithium hydroxide hydrate (Sigma-Aldrich, Germany), and
4-(bis(2-chloroethyl)amino)benzaldehyde (Sigma-Aldrich, Germany)
were used as received. Cu plates (Micro Chemicals GmbH, Germany)
with a thickness of 200 nm (purity >99.9%, RMS < 10 nm) were
washed with ultrapure water, ethanol, and DMSO under ultra-
sonication (S min) prior to use. After cleaning, Cu plates were
immediately used for SI-CuCRP. Silicon wafers with an ~300 nm
oxide layer were purchased from Wacker AG (Burghausen, Germany).
Alexa Fluor S46-labeled fibrinogen from human plasma (Thermo
Fischer Scientific, Germany) was mixed with HEPES-2 buffer to yield
150 ug/mL concentration. Water used in all the experiments was
Millipore Milli-Q_grade.

Functionalization of SiO, Surfaces with ATRP Initiator.
Silicon substrates were cleaned with piranha solution (H,0,:H,SO,
= 1:3 v/v, room temperature, 20 min; Caution: piranha solution reacts
violently with organic matter! Please use carefully!), then washed
extensively with Milli-Q water, and dried under a stream of dry
nitrogen. The freshly cleaned substrates were immersed into a 5% (v/
v) aminopropyltrimethoxysilane (APTES) solution in dry acetone and
ultrasonicated under nitrogen for 45 min. After the formation of an
APTES layer, the substrates were rinsed with dry acetone and dried
under nitrogen. The substrates were subsequently immersed in 20 mL
of dry DCM under nitrogen. 0.4 mL of TEA was added to the
solution, followed by dropwise addition of BiBB (2% in DCM) at 0 °C
under nitrogen. The mixture was then stirred at room temperature
overnight. Subsequently, the substrates were rinsed with DCM, water,
ethanol, and acetone and then dried under a stream of nitrogen. The
functionalized silicon oxide substrates were subsequently used for SI-
CuCRP.

Surface-Initiated Cu(0)-Mediated Controlled Radical Poly-
merization (SI-CuCRP). A Cu plate and an initiator-functionalized
substrate were clamped together, maintaining a plastic spacer with a
thickness of 1 mm at one end of the two facing surfaces. A gradual
variation of distance between the two surfaces, i.e., from contact to 1
mm distance, was thus obtained (the setup is depicted in Scheme 1).
The substrate was subsequently immersed in a solution of OEGMA (2
g, 0.1 mmol), solvent (2 mL of Milli-Q water and 1 mL of methanol),
and ligand PMDETA (16.5 pL, 0.08 mmol), which had been
previously deoxygenated by nitrogen bubbling for 30 min. After 1 h
of polymerization at room temperature, the reaction was terminated by
rinsing the silicon substrate with water and ethanol. The substrate was
finally dried in a stream of nitrogen and further analyzed.
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Synthesis of 13-(4-Formylphenyl)-1,4,7,10-tetrathia-13-aza-
cyclopentadecane. The Cu(I)-complexing adsorbate 13-(4-formyl-
phenyl)-1,4,7,10-tetrathia-13-azacyclopentadecane (copper selective
ligand, CSL) was synthesized according to Fahrni et al.'” Namely,
642 mg of 4-(bis(2-chloroethyl)amino)benzaldehyde, 735 mg of 3,7-
dithia-1,9-nonanedithiol, and 360 mg of LiOH were mixed in 100 mL
of DMF and were refluxed for 10 h. The solvent was then removed on
a rotary evaporator, and the residue purified by column chromatog-
raphy using silica gel with DCM and MeOH (v:v = 10:1) as eluent (H
NMR spectrum of the CSL is provided in the Supporting
Information).'® APTES-functionalized silicon oxide substrates wafers
were incubated in 10 mg/mL dichloromethane/methane (v:v = 3:1)
solution of CSL containing S mM NaBH, overnight. Cu plates were
subsequently clamped with the CSL-modified surfaces in a similar way
to the substrates used for SI-CuCRP and later on incubated in a
methanol:water (v:v = 2:1) mixture for an hour. Finally, the samples
were washed with methanol and dried under a stream of nitrogen.

Characterization. The dry and swollen thickness of POEGMA
brushes was measured with a variable-angle spectroscopic ellipsometer
(VASE) from SENTECH Instruments GmbH, equipped with a He—
Ne laser source (4 = 633 nm, J.A. Woollam Co., Lincoln, NE). The
recorded spectra were modeled using SpectraRay 3 software. The film
thickness was measured by recording amplitude (¥) and phase (A)
components as a function of wavelength (275—827 nm) and applying
a three-layer model featuring Si, SiO,, and a Cauchy layer, using the
known refractive indices of Si and SiO, (software WVASE32, LOT
Oriel GmbH, Darmstadt, Germany).lg A Cauchy model, n = A + B/ 22
was used to describe the refractive index of the POEGMA films by
means of two fitting parameters: offset (A = 1.45) and wavelength
dispersion (B = 0.01). Measurements in water were carried out using a
liquid cell containing two windows at a fixed angle of 8 = 70°. The
swollen POEGMA thickness was measured using a graded effective
medium approximation (EMA) model, which was based on a linear
combination of the optical constants of Milli-Q water and the polymer
film.

Colloidal-probe atomic force microscopy (CP-AFM) was employed
to measure pull-off (adhesive) forces and the apparent Young's
modulus (E) of the films, while lateral force microscopy (LFM) was
applied to measure their nanotribological properties. In both cases an
AFM Asylum Research was used (MFP-3D, Santa Barbara, CA).
Colloidal probes were prepared by mounting silica spheres (Kromasil,
Brewster, NY, diameter = 20 pm) onto tipless, Au-coated silicon
cantilevers (Micromash, San Jose, CA) with a homemade micro-
manipulator and a UV-curable adhesive (Norland optical adhesive 61).
The normal spring constant of Au-coated tipless cantilevers (NSC-36,
Micromasch, Estonia) was measured by the thermal-noise method,*
and the torsional spring constant was measured according to Sader’s
method.”’ Both normal and torsional spring constants of the
cantilevers were measured before attaching the silica microspheres.
The elastic and adhesive properties of brush films were measured from
the approaching and retracting profiles of the recorded force-vs-
distance (F—D) curves (30 force curves over 20 ym X 20 ym area, in a
minimum of three spots). The apparent Young’s modulus (E) of the
POEGMA brush gradient films was estimated by using the Hertz
model,”> provided in the instrument software (Asylum Research,
AR12), fitting the approaching profiles of the F—D curves between the
contact point and an indentation depth corresponding to less than
10% of the film swollen thickness, by applying the following equation:

4ER%S§"S
F="— "o
3-3v (1)
where F is the applied force, R is the radius of the colloid used as a
probe, and v is Poisson’s ratio of the polymer (considered as 0.5).
The lateral force calibration was performed according to the method
described by Cannara et al.*® To determine the lateral sensitivity of the
photodetector, a freshly cleaned silicon wafer (1 cm X 1 cm) was glued
“edge-on” to a glass slide. The smooth silicon plane was used as a
“wall” for measuring the lateral sensitivity. A test probe (cantilever
glued with a silica sphere of diameter around 40 ym) was moved
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Figure 1. (a) Dry thickness of POEGMA made by SI-CuCRP, measured by VASE and AFM along the gradient substrate at different separations
between substrate and copper plate, from d ~ 0 to d ~ 1 mm. (b) Comparison of dry thickness, wet thickness, and the swelling ratio measured by

VASE.

laterally into contact with the silicon wall without interacting with the
glass surface below. The slope of the obtained lateral-deflection versus
piezo-displacement curve yielded the lateral sensitivity used for lateral-
force calibration. The friction-force measurements were performed by
scanning the probe laterally and applying different loads at a constant
speed 3 pum s7, in at least four different spots on each substrate,
recording 10 friction force “loops” on each spot. The measurements of
brush lateral deformation were conducted by applying a similar setup
with the exception of the scanning rate, which was set at 0.5 ym s™".

For the AFM step-height measurements, plastic tweezers were used
to mechanically remove the polymer films, exposing the underlying
silicon oxide surface below. Following the film’s removal, tapping-
mode AFM (Bruker Dimension Icon, cantilever used BL-AC40TS-C2,
Olympus, Japan, k = 0.09 N m™, f = 110 kHz in air, tip radius <10
nm) was used to scan areas on the samples where both the scratched
region and intact polymer film were present.

The swelling properties of POEGMA brushes were confirmed by
step-height AFM measurements, performed in dry state and in Milli-Q
water. The swelling ratio of POEGMA brushes was thus calculated as
the difference between dry and swollen thickness, divided by the dry
thickness.

The I;4OEGMA brush grafting density (6) was estimated according
to eq 2:

o= pohdryNA((O'227(Twet>L5(’I:iry (AZ))_O'S)MO)_I (2)
where p, is the dry density of POEGMA (140 g cm™), N, is
Avogadro’s number, M, is the monomer molecular weight (475 g
mol™!), and 0227 is a constant related to the excluded volume
parameter (w =7 A3), a constant v = (az/ 3)_1, where g represents the
Kuhn length of the monomer unit (10.5 A for POEGMA).>® The dry
and swollen thicknesses were measured by VASE under dry conditions
or in Milli-Q water, respectively.

Static water-contact-angle (WCA) measurements were performed
with a drop-shape analysis system (DSA 10, Kriiss). For each sample,
individual measurements at three different areas were performed and
averaged. Contact-angle measurements were performed at room
temperature with Milli-Q water, and the contact angles were obtained
using the tangent method fitting.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a Theta-Probe X-ray photoelectron spectrometer
(ARXPS, Thermo Fisher Scientific, Waltham MA), equipped with a
monochromatic Al Ka source and a beam diameter of 300 ym. The
pass energy was 100 eV for the high-resolution spectra of sulfur,
copper, nitrogen, carbon, and oxygen elemental analysis, while the pass
energy of the survey spectrum was 200 eV. An electron-argon-ion
flood gun was used to compensate for the charging occurring at the
surface. Eight spots along the wafer, with an average distance of 1 mm
from each other, were measured, in the standard lens mode with an
emission angle of 53° to the surface and an acceptance angle of +30°.

Protein Adsorption on POEGMA Brush Gradients. The
antifouling properties of POEGMA films were studied by fluorescence
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microscopy (using Axio IMAGER MIm, Zeiss, Oberkochen,
Germany), monitoring the adsorption of fluorescently labeled
fibrinogen (Fgn). Image] software (open source from www.imagej.
net) was used to measure the relative intensity of the fluorescence
micrographs. The amount of protein adsorbed was evaluated by
subtracting the fluorescence intensity recorded on each film before
incubation in the protein solution from that recorded following
protein adsorption.

B RESULTS AND DISCUSSION

POEGMA Brush-Gradient Synthesis and Character-
ization. POEGMA brush gradients were fabricated by SI-
CuCRP, following the experimental procedure that was already
described by Jordan and co-workers.'* Namely, a Cu plate was
placed in proximity of the initiator-functionalized substrate by
clamping the two surfaces together. The introduction of a glass
spacer (1 mm in height) at one side of the clamped substrates
allowed a gradual variation of distance (d) between the Cu
source and the initiating surface. The diffusion of Cu species in
the solution containing OEGMA and PMDETA enables the
ATRP equilibrium and the subsequent polymerization from the
initiator-functionalized substrates.'**® The mechanism of
CuCRP proceeds according to the supplemental activator and
reducing agent ATRP (SARA ATRP). This process involves
mainly the activation/deactivation equilibria of Cu'/Cu"
species, determining the formation of active radicals and their
concentration, with a contribution of Cu’ both as reducing
agent for Cu" (comproportionation to regenerate CuI, as
depicted in Scheme 1) and as supplementary radical
activator.””~>? The versatility of SI-CuCRP allows the
preparation of brushes from a broad variety of monomers
such as acrylates, methacrylates, and acrylamides (Scheme
1).""% When this process was carried out from initiators
immobilized on a flat surface, the distance between the Cu
source and the grafting substrate determines the polymer film
thickness.”® This could be gradually varied across a single
substrate to yield a brush gradient by simply positioning a Cu
plate antiparallel with respect to the initiating surface.

Incubation of the Cu plate coupled to the initiating substrate
for 60 min in a water/methanol solution of OEGMA and
PMDETA resulted in a POEGMA brush film presenting a
gradient of dry thickness ranging from 11 + 1 nm (at d ~ 0) to
162 + 3 nm (at d ~ 1 mm), as reported in Figure la. The
variation of the brush swollen thickness along the gradient was
proportionally less marked, T, varying from 84 + 2 atd ~ 0 to
301 + 4 nm at d ~ 1 mm, as measured by VASE and confirmed
by AFM step height in Milli-Q water (Figure lab). By
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comparing the values of Ty, and T, at each measured position
across the gradient, we could derive the variation in swelling
ratio (S,) (Figure 1b). The values of S, progressively increased
with decreasing the distance d between the Cu plate and the
grafting surface. This result suggested that the POEGMA
grafting density was not constant across the gradient
substrate.*”

To further investigate the effect of the distance between the
Cu plate and the initiator-modified wafers (d), four polymer-
ization sets were designed, in which SI-CuCRP was carried out
keeping constant d at four different values (Table 1). After 1 h

Table 1. Dry (T,,) and Swollen Thickness (T,,.), Swelling
Ratio (S, (%) = 100(S, — D,)D,™"), and Estimated ¢ of
POEGMA Brushes Synthesized by SI-CuCRP Keeping d
Constant

d (mm) T4y (nm) T (nm) S, (%) ¢ (chains nm™2)
contact point 30 £2 100 = S 233 £ 25 0.12
0.2 60 + 4 149 £ 5§ 148 £ 20 0.19
0.5 166 + 10 303 + 12 84 + 15 0.31
1 279+ S 420 + 7 49+ S 0.42

of immersion in a polymerization medium similar to that
applied for gradient fabrication, POEGMA brushes charac-
terized by large deviations of thickness and S, were obtained.
Generally, the results of the control experiments confirmed the
swelling behavior of POEGMA brushes recorded across the
gradient samples, where small values of d led to thinner films
that presented higher values of S. In particular, decreasing d
from 1 mm to quasi-contact between the two surfaces (d ~ 0)
translated into a more than 3-fold increment in S, (Table 1).
The estimate of ¢ according to eq 2 (see Experimental Section
for details) resulted in values ranging from 0.12 to 0.42 chains
nm™> (Table 1) and thus confirmed how a decrease of d was
accompanied by a substantial reduction of tethered-chain
density, as also indicated from the values of ¢ calculated along
the POEGMA brush gradient (Table 2).

Table 2. Dry (Tdry) and Swollen Thickness (T,.), Swelling
Ratio (S, (%) = 100(S, — D,)D,™"), and Estimated &
Measured at Different Points along a POEGMA Brush
Gradient Synthesized by SI-CuCRP

grafting density

d (mm) Ty, (nm) T, (nm) S, (%) (chains nm™?)
contact 30+2 120 £ § 300 + 25 0.09
point
0.1 4S5 +2 151 £S5 231 £ 20 0.12
0.4 96 + 3 248 £ 12 158 + 1§ 0.19
0.6 120 + 4 278 + 10 129 + 1§ 0.22
1 162 + 3 301 £ 10 85 + 12 0.31

A change in ¢ was necessarily correlated with a different
diffusion of Cu species to the surface-immobilized initiators as a
function of d and consequently with the influence of their local
concentration on the grafting process. Keeping in mind that no
Cu salts were added to the polymerization mixture and that the
major source of activation was derived from Cu'/PMDETA
complexes originated from the Cu plate, the accumulation of
activators in the vicinity of the alkyl-halide-bearing monolayer
and its dependency on d regulated the surface concentration of
propagating chains. This is especially valid in aqueous media,
where low control over the ATRP process is achieved. Under
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these conditions, the large value of the ATRP equilibrium
constant caused a high concentration of radicals and a relatively
low “effective” concentration of Cu'-based deactivating
complexes.”” Thus, a higher local concentration of Cu'
activators in areas of the initiating surface closer to the Cu
plate (i.e, at smaller d values) would lead to a relatively high
concentration of radicals.”® Because of the confinement of the
propagating radicals on a bidimensional surface, the occurrence
of radical termination between neighboring chains is expected
to become dominant, ultimately affecting o. In particular, we
believe that the occurrence of radical termination reactions is
especially relevant during the first stages of the SI-CuCRP
process, when the active chain ends of relatively low-molar-
mass grafts are close enough to react between each other. As a
general consequence, a gradual variation in the local
concentration of Cu' species along the initiating substrate
(which was enabled by a progressive change of d) led to the
formation of a gradient of ¢ (as estimated in Table 2).

To demonstrate this hypothesis, a silicon oxide substrate
functionalized with a monolayer of silane-based copper-
selective ligand (CSL)'” was clamped with a tilted Cu plate
(Scheme 1), in a similar setup as the one applied for CuCRP,
and subsequently incubated for 1 h in the same polymerization
mixture used for the gradient fabrication (without OEGMA).
The surface concentration of Cu' species immobilized at the
monolayer was later on evaluated at different positions across
the substrate (at different d) by X-ray photoelectron spectros-
copy (XPS) (Figure 2 and Supporting Information).

As shown in Figure 2, the XPS elemental analysis indicated
that the highest surface concentration of Cu' (I¢,) was recorded
at d ~ 0, i.e., in areas of quasi-contact between the Cu plate and
the substrate. In addition, an increase of d was accompanied by
a progressive decrease of I¢,. It is noteworthy that the recorded
surface concentration profile of Cu' species along the substrate
followed closely the variation of S, measured across a
POEGMA brush gradient fabricated by SI-CuCRP using a
similar setup (and thus the variation of o) (Figure 1b).

Hence, we could conclude that a variation of d affected the
local concentration of Cu' species at the initiating substrate, to
an extent such that the contribution of radical termination
reactions to ¢ progressively varied along the surface. This was
also proved by monitoring the thickening rates of POEGMA
brushes measured at different positions across the brush
gradient substrates. As reported in Figure 3, the rate of SI-
CuCRP (indicated by the slope of the Tg,-vs-time profiles)
steadily decreased by decreasing d, suggesting that radical
termination reactions influenced the grafting process to a larger
extent when the Cu plate approximated the initiating
surface.*>*¢

Interfacial Properties of POEGMA Brush Gradients.
Having established how CuCRP could be conveniently applied
to fabricate grafting density gradients of POEGMA brushes, we
subsequently investigated their interfacial physicochemical
properties along the gradient direction. First, we confirmed
the formation of gradients of POEGMA grafts by testing the
adsorption of proteins across the substrates. POEGMA brushes
have been largely applied to synthesize biopassive coatings that
efficiently hinder the adsorption of proteins on the function-
alized surfaces.”’ " As a prerequisite for reaching sufficient
biopassivity, the grafting density of POEGMA brushes must be
high enough to guarantee efficient screening from the
adsorbing proteins, a reduction of POEGMA grafting density
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Figure 2. (a) Cu 2p peak signals measured with XPS along a CSL monolayer on silicon oxide; the arrow indicates the increase distance (d) from the
Cu plate. (b) Area of Cu'-related peaks (I,) measured by XPS at positions presenting different d values. I, at each point was normalized by the
atomic sensitivity factor of Cu 2p for a X-ray source at 54.7°. The corresponding values of S, for POEGMA brushes are also provided.

O Contact point (0)
15040 0.14
o 0.28
O 0.42
o 0.57
= 100
g o 0.71
- O 0.85
J O 1 mm
= 50
O-I T T 1
0 20 40 60

polymerization time (min)

Figure 3. POEGMA brush thickening rates along the gradient as
measured by VASE.

enabling the interaction of biomolecules with the underlying
substrate and their subsequent “primary” adsorption.*’

In order to test protein adsorption on POEGMA gradients,
we used fluorescently labeled fibrinogen (Fgn) as a protein
source and monitored its adsorption along the gradient by
fluorescence microscopy (see Experimental Section for details).
Specifically, POEGMA brushes were incubated in a 150 ug
mL™" solution of Fgn for 2 h, with the fluorescence intensity
subsequently being measured at several positions along the
gradients. As reported in Figure 4, the highest fluorescence
intensity of adsorbed proteins was measured on POEGMA
brushes corresponding to small values of d (i.e, where the
estimated ¢ was low). In contrast, the intensity of the adsorbed
proteins progressively decreased along the POEGMA gradient,
following the increment of d applied during the SI-CuCRP

o
o

o o
[N

Relative intensity

o
o

A
o ot o g7 o2
Grafting density (hainsnm?)

Figure 4. Relative fluorescence intensity of Fgn adsorbed along the
POEGMA brush gradient. The corresponding estimated values of &
are indicated in the x-axis.
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synthesis. This result confirmed how the increase of ¢ across
the POEGMA brush substrate translated into a concomitant
decrease in protein adsorption due to the increasingly efficient
shielding of the underlying substrate by denser POEGMA
brushes.

The nanomechanical and nanotribological properties of
POEGMA brush gradients were subsequently investigated by
a combination of colloidal-probe atomic force microscopy (CP-
AFM) and lateral force microscopy (LFM). We especially
focused on how the progressive variation of brush grafting
density determined adhesion, brush stiffness, and friction.

From the retraction profiles of the recorded force-vs-distance
(F—D) curves, the adhesion force between the colloidal probe
and the POEGMA brushes could be measured. Moving across
the POEGMA brush gradient from areas characterized by low o
toward regions with higher ¢, a gradual decay in adhesion from
12 + 2 to 1 & 0.5 nN was measured (Figure 5). The relatively
high adhesion measured for low-grafting-density POEGMA
brushes was likely due to two contributions. On the one hand,
loosely grafted chains did not efficiently passivate the
underlying substrate, and thus the presence of surface defects
on the brush assembly could be sensed by the retracting probe
as an increase of adhesion. On the other hand, diluted grafts
interacting with the silica probe via hydrogen bonding and van
der Waals forces could be stretched out by the retracting probe
from their equilibrium, coiled conformation to a larger extent if
compared to more densely packed brushes.*"** Remarkably,
the normal stretching of loosely grafted POEGMA chains by
the retracting probe was recorded across several hundred
nanometers. We believe that these long-range, adhesive
interactions were mainly caused by polymer bridging between
longer grafts within an intrinsically polydisperse assembly and
the AFM probe.

It is important to emphasize that the grafted-chain length
(degree of polymerization, DP) of POEGMA brushes is also
expected to vary across the gradient surfaces due to the
different kinetics of the CuCRP process. However, the
contribution of a variation of DP is presumably much less
relevant compared to the much steeper deviation of ¢, which
affects to a large extent the resistance toward protein
adsorption, the underlying substrate screening, and the osmotic
pressure within the brush.

The approaching profiles of the F—D curves were
subsequently analyzed to estimate the stiffness of POEGMA
brushes across the o gradient (see Experimental Section for
details). As shown in Figure 6, the approaching curves showed
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Figure 7. (a) A representative friction loop recorded by LFM on a swollen POEGMA brush applying a scanning rate of 1 ym s™'. X and X, indicate
the scanning distances corresponding to the brush lateral deformation (tilting and stretching) and steady sliding, respectively. Point S indicates the
transitions between these two regimes, and the scanning direction is shown by the arrows on both trace and retrace profiles. (b) Lateral force-vs-time

during the recording of the same friction loop shown in (a).*

an increasing steepness after contact, upon decreasin§ the brush
density. As previously observed by Sui et al,* this was
presumably due to the underlying substrate effect, the
heterogeneous polymer coverage not efficiently screening the
grafting surface in the case of low 0. As a consequence, the
estimated, apparent Young’s modulus (E) progressively
increased with the decrease of grafting density, ranging from
364 + 45 kPa at 6 = 0.09 to 182 + 23 kPa for ¢ = 0.31 (see
Experimental Section for details).

Later on, we applied LEM to scrutinize the nanotribological
properties of POEGMA brushes and the way in which these
would be influenced by variation in the value of ¢ along the
gradient substrates. We first evaluated the lateral deformability
of POEGMA grafts, this quantity being measurable through the
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analysis of the friction force loops recorded by LEM.**** When
swollen polymer brushes are subjected to a shearing AFM
probe during LFM, the subsequently recorded friction force
loops showed a tilted profile upon scanning-direction reversal
(Figure 7). This tilt originates from brush bending and
stretching along the scanning direction and is correlated to the
tethered chain length and brush swelling."* Following the
friction force trace recorded during a loop, the swollen brush is
initially deformed until the spring force of the bent brush
reaches a maximum and overcomes the static friction, after
which steady sliding is finally attained (point S in Figure 7).
When the maximum lateral deformation of the brush (X in
Figure 7) is normalized by its equilibrium swollen thickness
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(T\et), the brush lateral strain or the lateral deformability can be
calculated.

The lateral strains of POEGMA brushes plotted as a function
of the recorded lateral force, and measured at different
positions along the grafting density gradient, are reported in
Figure 8. It is worthy of note that values of lateral strain >1
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Figure 8. Brush lateral strain-vs-lateral force measured along the
POEGMA brush gradient by LEM. The lateral strain is measured by
normalizing the tilted section of the corresponding friction loop (Xy)
by the equilibrium swollen thickness of the same brush (T,).

indicated that POEGMA brushes under shear could be laterally
deformed well beyond their unperturbed, equilibrium exten-
sion, which was in accordance with previous experimental and
simulation studies.*”**

As reported in Figure 8, the lateral deformability of
POEGMA brushes substantially increased with decreasing
brush grafting density, implying that loosely grafted chains
can be laterally deformed to a larger extent compared to more
densely packed brushes. At low values of o, the grafts are not
stretched from the grafting surface and rather resemble polymer
coils attached to the surface. In this configuration, the shearing
AFM probe was capable of laterally bending and stretching
them to more than 6 times their equilibrium swollen thickness
before sliding occurred. In contrast, the maximum lateral
deformability of dense brushes (¢ = 0.31 in Figure 8) was no
more than ~10% of their fully stretched length, suggesting that
densely packed grafts were just slightly deformed before sliding
of the colloid was reached.””**

In order to further explore the frictional properties of
POEGMA brush gradients, friction force-vs-applied load
profiles (F—L) were recorded at different positions across
the substrates. The F—L plots measured for POEGMA grafts
with ¢ = 0.09, 0.12, 0.19, 0.22, and 0.31 chains nm™ were
subsequently compared (Figure 9).

Densely grafted POEGMA brushes (¢ = 0.22 and 0.31)
showed low friction and linear F—L profiles, following
Amontons’ law for macroscopic friction: Fy = pL, where y
represents the coefficient of friction, which was calculated as
0.20 and 0.15, respectively, and L the applied normal load.

The progressive decrease of ¢ along the POEGMA brush
gradient was accompanied by an increase of friction, with F—L
plots recorded on POEGMA brushes characterized by lower
grafting densities, and following sublinear trends (Figure 9).

The influence of grafting density on the frictional behavior of
POEGMA grafts could be interpreted by considering the
relationship introduced by Busuttil et al."’ and Nikogeorgos et
al.> In particular, friction was described as the sum of a load-
dependent term, which was associated with “molecular
plowing”, and derives from the energy dissipation generated
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Figure 9. F—L data recorded at different positions (corresponding to
different o, as indicated) along the POEGMA brush gradient. The
friction force was obtained by averaging the measured lateral force on
trace and retrace from friction loops recorded under different applied
normal loads (friction = (trace — retrace)/2). Each F—L profile
resulted from averaging 10 measurements in several positions
presenting the same brush grafting density. F—L data were recorded
in the load range included between 9 and 153 nN. Each F—L profile
was fitted with the generalized transition equation (GTE) equation
(vide infra): for o = 0.09 chains nm™ Fy = 3.9 X 10~%, @ = 1 + 0.1, and
F,=1.1x107% for 6 = 0.12 chains nm > F, =2.5 X 10, & =1 + 0.1,
and F, = 8 X 1077 for 6 = 0.19 chains nm > F, = 1.5 X 1078, @ = 0.5 +
0.1, and F, = 5 X 107% for ¢ = 0.22 and 0.31 chains nm™ Amontons’
law was applied. During LFM measurements a colloidal probe with
normal spring constant of 1 N m™, torsional spring constant of 1.7 X
1077 N m, and radius of 8 ym was used.

by a variation of the polymer conformation at the surface, and a
shear term, which correlates to the shear strength 7:

RL +E) T
S

E=u(L+E)+1w
4)
where F, is the adhesion force, R is the radius of the AFM
colloidal probe, and E is the apparent modulus of the film. In
the case of negligible adhesion, as for densely grafted POEGMA
brushes, the second term of eq 4 can be ignored, and the
recorded friction follows Amontons’ law. A decrease of the
values of ¢ along the gradient was accompanied by a
concomitant increase of F,, making the second term of eq 4
not negligible and thus determining a sublinear regression in
the F—L profiles. In these circumstances, the F—L profiles
could be interpreted taking into account the continuum contact
mechanics models aspplied for describing single-asperity
contacts in AFM,**' summarized with the generalized
transition equation (GTE) introduced by Carpick et al,>
which suggests the type of model better describing AFM
probe—brush interactions.
]2/3

a _[oc+,/1+L/FA
%o ©)

l1+a
where a and g, represent the contact radius and the contact
radius at zero load, respectively, and « indicates the “transition
parameter”. Namely, @ = 1 refers to the Johnson—Kendall—
Roberts (JKR) model, which generally applies to materials with
high surface energy and undergoing large elastic deforma-
tions.”* @ = 0 correlates to the Derjaguin—Miiller—Toporov
(DMT) model, which is usually applied to stiffer and less
deformable materials characterized by low surface energy.’>*
Finally, 0 < a < 1 indicates a transition regime between the two
models. The obtained Fi—L data could be fitted with the GTE
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equation by replacing the occurrence of a with \/E (continuous

lines in Figure 9),> finally determining the values of « for the
low grafting density POEGMA brushes.

Remarkably, on POEGMA brushes characterized by the
lowest grafting densities & was 1 = 0.1 both for 6 = 0.09 and
0.12, indicating JKR contact mechanics. This result was in
agreement with the characteristics of loosely grafted POEGMA
chains along the gradient, which showed a relatively high
content of swelling water (Figure 1) and which could be
significantly deformed by the shearing AFM probe (Figure 8).
In contrast, POEGMA brushes presenting an “average” grafting
density of 0.19 were characterized by @ = 0.5 + 0.1, a value that
indicated a transition regime between JKR and DMT models.
Hence, the analysis of F—L profiles confirmed that the
progressive increase in ¢ across the POEGMA gradient induced
a simultaneous reduction of brush deformability and swelling.
Denser POEGMA brushes produced a more eflicient entropic
barrier and thus provided negligible adhesion and low friction
compared to their less dense counterparts.

B CONCLUSION

Surface-initiated CuCRP has been revealed as a powerful tool
to fabricate grafting density gradients of brushes across a single
substrate in one pot. This was demonstrated for POEGMA
brushes, which are highly relevant surface modifiers for the
design of biopassive coatings and cell-sensitive platforms. A
gradual variation in the distance between the initiator-bearing
substrate and a Cu plate immersed in the polymerization
mixture spatially regulated the local concentration of activator
species at the propagating chains. This phenomenon, verified
by analyzing the concentration of activators near the grafting
surface by means of a monolayer of Cu'-selective ligands,
determined the contribution of radical-termination reactions
between growing grafts, ultimately generating a grafting-density
gradient of POEGMA brushes across the substrate. This
distinctive mechanism was also confirmed by monitoring the
grafts’ thickening rates at specific positions across the sample,
the areas closer to the metallic surface showing relatively slow
polymer growth compared to regions characterized by larger
separations.

The interfacial physicochemical properties of the generated
POEGMA brushes could be subsequently investigated along
the grafting-density gradient, especially focusing on the
swelling, nanomechanical, and nanotribological properties of
the grafts. A combination of VASE, AFM nanoindentation, and
LEM provided a full characterization of the effects of grafting-
density variation on brush swelling, adhesion, stiffness, lateral
deformability, and friction. Loosely grafted POEGMA grafts
showed high water content and could be significantly deformed
by the shearing AFM probe. Friction recorded by LFM was
relatively high, and the F—L profiles could be interpreted
assuming a JKR contact-mechanics model, which is character-
istic of compliant materials that display high surface energy. In
contrast, the progressive increase of grafting density across the
gradient translated into less swollen and more packed
POEGMA grafts, which showed higher resistance toward
lateral deformation and relatively low friction. In the case of
POEGMA brushes presenting the highest grafting density along
the fabricated gradient, F—L profiles showed a linear
progression in accordance with Amontons’ law and a coefficient
of friction of 0.18.

2444

The proposed fabrication approach and the subsequent
characterization highlight how SI-CuCRP is a highly versatile
method for synthesizing polymer brushes with precisely defined
structural parameters in a relevantly easy and reproducible
fashion. When applied to the synthesis of POEGMA grafts, this
method yielded gradient brush platforms that allowed a
thorough understanding of how brush structural modification
translates into variations of physicochemical properties that are
highly relevant for the subsequent application of the fabricated
coatings. We believe that the accessible, further modulation of
catalyst diffusion, e.g. by employing different solvents or by
varying the temperature of the polymerization medium, could
realistically enable the application of SI-CuCRP for the
synthesis of more complex polymer architectures, ranging
from polymer brush double gradients to multiblock copolymer
films.
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