
Published: June 08, 2011

r 2011 American Chemical Society 5344 dx.doi.org/10.1021/ma2006443 |Macromolecules 2011, 44, 5344–5351

ARTICLE

pubs.acs.org/Macromolecules

Surface-Grafted, Covalently Cross-Linked Hydrogel Brushes with
Tunable Interfacial and Bulk Properties
Ang Li,† Edmondo M. Benetti,† Davide Tranchida,‡ Jarred N. Clasohm,† Holger Sch€onherr,*,‡

and Nicholas D. Spencer*,†

†Laboratory for Surface Science and Technology, Department of Materials, ETH Zurich, Wolfgang-Pauli-Strasse 10, 8093 Zurich,
Switzerland
‡Department of Physical Chemistry I, University of Siegen, Adolf-Reichwein-Strasse 2, 57076 Siegen, Germany

bS Supporting Information

’ INTRODUCTION

Research activity in the synthesis of functional polymer
brushes for the modification of surfaces has been growing sub-
stantially over the past decade.1�3 The unique characteristics of
these films, such as high polymer grafting density and tunable
physicochemical properties, have allowed them to be extensively
applied in drug-delivery systems,4 sensors,5 antibiofouling surfaces,6

microfluidic devices,7 and lubricant films.8,9

A novel class of hydrogel thin films is represented by surface-
grafted polymer networks (polymer gels or covalently cross-
linked hydrogel brushes), which possess not only some of the
characteristics of polymer brushes but also tunable swelling and
mechanical properties. Polymer gel brushes were previously
prepared either in situ, by surface-initiated polymerization in
the presence of cross-linker,10 or ex situ, by postmodification of
presynthesized polymer brushes.11 These polymer films were
subsequently employed as nanoreactors for the controlled synth-
esis of metal nanoparticles,12,13 as coatings for electrophoresis14

or to fabricate quasi-2D polymer objects.15�17 However, none of
the previous studies demonstrated a systematic influence of the
degree of cross-linking on interfacial and bulk characteristics of
prepared polymer gel brush films.

Hydrogel thin films, covalently grafted on surfaces with vari-
able thicknesses and presenting tunable properties, show great
promise as versatile coating materials.18�20 The precise tailoring
of interfacial, tribological, and mechanical properties of films that
are otherwise chemically analogous would be a highly desirable
asset in the design of novel systems for surface functionalization.

Following this fundamental objective, we report here on
the fabrication and characterization of poly(acrylamide) (PAAm)
covalently cross-linked hydrogel brushes. These polymer films
were prepared by UVLED surface-initiated, iniferter-mediated
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ABSTRACT: Tethering macromolecules to surfaces represents a versatile
approach for functionalizing, protecting, and structuring both organic and
inorganic materials. In this study, thin films of poly(acrylamide) (PAAm) brushes
and covalently cross-linked hydrogel brushes were grown from iniferter-functio-
nalized silicon substrates by UVLED-initiated photopolymerization and their
properties subsequently studied by means of a variety of analytical methods. The
employed photografting method allowed the controlled fabrication of very thick
films (up to 1 μm) in an aqueous environment, over a period of less than 1 h of
polymerization and in the absence of side reactions. PAAm covalently cross-
linked hydrogel brushes were prepared by feeding trace amounts of the cross-
linker bis(acrylamide) (up to 1.0 wt % of monomer solution) into the reaction
vessel. Both bulk and interfacial properties of these polymer films were found to be strongly influenced by lateral cross-linking of the
grafted polymer chains. In agreement with theoretical expectations, the decrease of polymer-brush conformational freedom with
increasing cross-link density resulted in a substantial increase of film wettability with water. The swelling ratio of the hydrogel
brushes, as measured by ellipsometry and atomic force microscopy (AFM), also confirmed the formation of grafted networks and
was found to be directly related to the amount of cross-linker in the monomer feed. In addition, the Young’s moduli and tribological
properties of PAAm brushes and hydrogel brushes were tuned by adjusting the cross-linker concentration. Because of the additional
constraint given by the surface tethering of each chain end, intermolecular cross-linking generated very high mechanical stresses
within the brush structure. Covalently cross-linked hydrogel brushes thus displayed higher Young’s moduli and coefficients of
friction, when compared to the grafted polymer-brush analogues. These hydrogel brushes present an opportunity for readily
tailoring physical properties, especially as they allow tuning of the physical characteristics of surfaces while maintaining the interfacial
chemical composition nearly constant.
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photopolymerization (UVLED-SIMP) on silicon surfaces. PAAm
brushes and hydrogel brushes with different properties were
synthesized by varying the concentration of cross-linker in the
polymerization solution. UVLED-SIMP, which was recently
reported by us21 as a modification of the well-known iniferter-
based photografting method,22,23 enabled controlled grafting of
polymers exclusively from precursor-modified surfaces. The
narrow UVLED emission spectrum, centered at 365 nm, which
does not overlap with the monomer absorption band,24 ensured
selective activation/deactivation of the dithiocarbamate moieties
immobilized on the surface and the avoidance of monomer
autoinitiation in the aqueous solution.

Iniferter-based photopolymerization has already been re-
ported as a very effective and versatile surface-initiated poly-
merization approach to the fabrication of polymer brushes with
well-defined microarchitectures.25 In this paper, UVLED-SIMP
has been applied to acrylamide monomers, which are known
to be challenging in atom transfer radical polymerization
(ATRP).26,27 UVLED-SIMP showed a quasi-living character
for the polymerization of PAAm films and was performed under
mild conditions and for short periods of irradiation.

The chemical composition of the synthesized PAAm films was
investigated by Fourier transform infrared (FTIR) spectroscopy
and confirmed a direct correlation between the amount of cross-
linker in the feed and the properties of the resulting hydrogel
brush layers.

The bulk and interfacial properties of the prepared films were
subsequently investigated by a variety of methods, in order to
determine the influence of cross-linking within the brush. Static
water contact angle measurements (CA), atomic force micro-
scopy (AFM), and ellipsometry were performed to estimate
wettability, Young’s modulus (E), and swelling ratio (Q), respec-
tively, of the grafted PAAm films. Microtribometry was also
employed in order to investigate the tribological properties of the
films at the micrometer scale and the influence of lateral cross-
linking of polymer chains on the films’ lubricating behavior in an
aqueous environment.

Analysis of the results showed a substantial influence of cross-
linking on the properties of the grafted films. A stiffening of
PAAm films due to intermolecular network formation was
enhanced by the mechanical stress induced by the surface
attachment of each polymer chain. Additionally, the reduced
chain conformational freedomwithin hydrogel thin films—when
compared to freely grafted brushes—altered the molecular
behavior controlling wettability28 and friction properties.11,29,30

Covalently cross-linked PAAm hydrogel brushes were shown
to be versatile and chemically stable polymeric films with highly
tunable properties at a nearly constant chemical composition.
We believe that surface functionalization with this class of brush
layer could represent a promising coating approach for indepen-
dently tailoring the chemical and mechanical properties of a
variety of materials.

’EXPERIMENTAL SECTION

Materials. p-(Chloromethyl)phenyltrimethoxysilane (ABCR,Germany),
acrylamide (99þ%, Acros Organics), N,N0-methylenebis(acrylamide)
(>99.0%, Fluka-Chemie AG), tetrahydrofuran (99.5% extra dry, Acros,
Germany), toluene (99.85%, Acros), methanol (Fluka, Switzerland),
triethylamine (>99.5%, Sigma-Aldrich), sulfuric acid (95�97%, Sigma-
Aldrich, Germany), and hydrogen peroxide (30 wt % in water, Merck,
Germany) were used as received. Sodium N,N-diethyldithiocarbamate

(97%, Fluka, Switzerland) was recrystallized from methanol. Water
was deionized with a GenPure filtration system (18.2 MΩ cm, TKA,
Switzerland). HEPES buffer used throughout this study was prepared
by adding 1 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, BioChemika Ultra, Fluka, Switzerland) in Milli-Q water and
adjusting the solution pH to 7.4.
Experimental Procedure. Polymer brushes and covalently cross-

linked hydrogel brushes were synthesized by grafting polymer chains
from the photoiniferter-modified surface under UVLED irradiation. The
photoiniferter N,N-(diethylamino)dithiocarbamoylbenzyl(trimethoxy)silane
(SBDC) was synthesized according to a previously reported route.31

The immobilization of SBDC on the surface was performed by placing
the piranha-cleaned silicon wafer (P/B Æ100æ, Si-Mat Silicon Wafers,
Germany) into a freshly distilled toluene solution overnight with 5 mM
SBDC and 2 drops of triethylamine. Piranha solution is prepared by
slowly pouring 30%H2O2 into 70%H2SO4. This solution is very corrosive,
and extreme caution should be taken since it reacts violently with any organic
materials. For the synthesis of polymer brushes or hydrogel brushes,
prior to the polymerization, both the acrylamide (AAm) aqueous solu-
tion (1 M) with a specific amount of cross-linker N,N0-methylenebis-
(acrylamide) (bisAAm) (WbisAAm:Wwater = 0, 0.1, 0.5, and 1.0) and the
flask containing a SBDC-modified wafer were degassed/flushed with N2

for 15min, and the degassedmonomer solutionwas then transferred to the
substrate-containing flask under a nitrogen atmosphere. The polymeriza-
tion was started on the SBDC-modified substrate in an aqueous environ-
ment under the irradiation of the UVLED setup, which was built in-house
and incorporated a LED (NCSU033A, Nichia Corp., Japan) with a narrow
emission spectrum at 365( 5 nm. The setup incorporated a 5Ω resistor in
series with a fan. The use of the LED guarantees polymerization exclusively
on the photoiniferter-modified substrate. An optimized irradiation distance
(25mm)was determined in order tomaintain a uniform exposure over the
entire substrate (20 mm� 20mm). The operating voltage and current for
the UVLED were fixed at 8.5 V and 0.5 A, respectively. After the
polymerization, the polymer-brush- or hydrogel-brush-bearing substrate
was rinsed with copious amounts of Milli-Q water and then immersed
in water for 2 days in order to remove any entangled or weakly bonded
polymers from the surface before further characterization.
Characterization of PAAm Covalently Cross-Linked

Hydrogel-Brush Thin Films. The dry thickness of the polymer
brushes or hydrogel brushes was determined by a variable-angle spectro-
scopic ellipsometer (VASE) (M-2000F, LOT Oriel GmbH, Darmstadt,
Germany) (relative humidity: 28.4%) at three different incidence angles
(65�, 70�, and 75�), under the assumption that the polymer has a
refractive index of 1.45. Three different spots were measured on each
sample, from which the thickness was determined via the analysis of a
three-layer model (software WVASE32, LOT Oriel GmbH, Darmstadt,
Germany). Static water contact angles of the dried samples were
measured by the sessile-drop method, employing a Ram�e-Hart goni-
ometer (Ram�e-Hart Instrument Co., Model-100, Netcong, NJ) for the
polymer brushes or hydrogel brushes with different dry thicknesses. FT-
IR spectra were recorded on the dried samples by employing an infrared
spectrometer (Bruker, IFS 66 V) equipped with a liquid-nitrogen-cooled
MCT detector. Background spectra were collected by scanning a freshly
cleaned bare silicon wafer (P/B Æ100æ, Si-Mat SiliconWafers, Germany).

Morphologies of poly(acrylamide) brushes and hydrogel brushes in a
dry state were measured by a Multimode AFM with a NanoScope IIIa
controller (Veeco, Santa Barbara, CA) in Tapping Mode at room
temperature (24 �C) with a silicon cantilever (Olympus, Japan), which
has a resonant frequency of 300 kHz and a spring constant of 26.1 N/m.
Contact-mode cantilevers (NP-S10, Veeco, Santa Barbara, CA) were
used for the nanoindentation experiments in HEPES buffer, with normal
spring constants in the range 0.139�0.219 N/m and tip radii of 12 (
2 nm. The tip radius was evaluated using calibration samples (NT-
MDT, Moscow, TGT01 and NanoScience Instruments, Phoenix, AZ,
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Nioprobe) and the blind estimation technique (Scanning Probe Image
Processor, Image Metrology A/S, Hørsholm, Denmark). The spring
constant was evaluated with the thermal-noise method (Asylum MFP-
3D, Santa Barbara, CA) and with calibration tipless cantilevers (Applied
Nanostructures, Santa Clara, CA). The deflection sensitivity of the optical
beam-detection system was calibrated on silicon. Loads in the range of
10�50 nN and an indenter rate of 18 μm/s were used in order to
measure the moduli via nanoindentation.

Tribological tests were performed by means of a microtribometer
(BASALT MUST, Tetra GmbH, Germany), equipped with a stainless-
steel cantilever, to which an oxidized PDMS counter surface was attached.
The PDMS elastomer counter surfaces were fabricated by mixing a two-
part liquid component silicone kit (Sylgard 184, Dow Corning Corp.,
Midland,MI) (the weight ratio of base and the curing agent of SYLGARD
184 is 10:1) according to the instruction manual of the manufacturer and
molding in a commercial polystyrene culture cell plate with spherically
curved wells (radius = 3 mm, 96 MicroWell Plates, NUNCLON Delta
Surface, Denmark). The PDMS counter surfaces were extracted in
n-hexane to remove unreacted monomer and afterward plasma treated
for 30 s (Harrick plasma cleaner/sterilizer, Ossining, NY) immediately
prior to further use. The cantilever attached to the counter surface had a
normal force constant of 14.721 N/m and a tangential force constant of
14.752 N/m. The microtribological measurements of PAAm hydrogel
thin films were carried out in HEPES buffer with a sliding speed of
0.1 mm/s and a stroke length of 1 mm. Friction force was acquired from
the friction loops under varying loads (0.5�3.0mN) and the coefficient of
friction calculated according to the slope of the friction force�applied load
plot. Each measurement was carried out over two cycles.

’RESULTS AND DISCUSSION

Synthesis and Characterization of PAAm Brushes and
Covalently Cross-Linked Hydrogel Brushes. PAAm brushes

and covalently cross-linked hydrogel brushes were synthesized
by means of UVLED-SIMP initiated by self-assembled monolayers
(SAMs) of iniferter-bearing silanes on oxidized silicon surfaces
(Scheme 1). Following the incubation of the silicon substrate in a
5 mM solution of (N,N-(diethylamino)dithiocarbamoylbenzyl-
(trimethoxy)silane) in freshly distilled toluene for 24 h, the
formation of uniform SAMs of photoiniferter was confirmed by
static water contact angle measurements (CA) and ellipsometry.
CA values showed an increase from less than 5�, typical for
oxidized silicon substrates, to 70 ( 2� after incubation in SBDC
solutions. This finding is consistent with the formation of dithio-
carbamate-bearing SAMs, as has previously been reported in the
literature.31 In addition, the presence of an organic thin layer with
average thickness of 1.1( 0.1 nm was confirmed by ellipsometry,
also consistent with the formation of uniform SBDC-SAMs.
Surface-initiated, photoiniferter-mediated polymerization (SI-

PIMP) has been reported as a successful approach for the con-
trolled grafting of a wide variety of monomers at ambient
temperature and in aqueous media.23,32,33 The mild conditions
required for this polymerization technique and the fast growth
rates have made SI-PIMP attractive. SI-PIMP is sometimes
preferable to ATRP, which has been shown to be less controllable
in aqueous environments for the polymerization of acrylamide
and often requires high reaction temperatures with the employ-
ment of toxic organic solvents.
In this work, acrylamide (AAm) and N,N0-methylenebis-

(acrylamide) (bisAAm) mixtures were photografted from
SBDC-SAMs employing a UVLED illumination setup with a
narrow emission wavelength (maximum intensity at 365 nm).
We recently reported the SIMP ofmethacrylic acid by UVLED.21

The very narrow emission spectrum of this source assured the
absence of side reactions, such as autoinitiation of the monomer,

Scheme 1. General Scheme for Fabrication of PAAm Brushes and Covalently Cross-Linked Hydrogel Brushes
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in the polymerization solution. This last phenomenon was
recently reported to limit the maximum film thickness achievable
during SIMP and caused gelation of the polymerization medium
after long irradiation times. The absence of self-initiation also
reduces radical recombination, and thus UVLED-SIMP shows
faster film-growth rates when compared to systems employing
UV sources with broader emission spectra.34

The film-growth rates for PAAm brushes and hydrogel brushes
grafted by UVLED-SIMP were investigated by ex situ ellipsometry
after drying. In Figure 1, the dry thickness of PAAm films is plotted
as a function of irradiation time. Different bisAAm feed concen-
trations were used for the polymerization: 0%, 0.1%, 0.5%, and
1.0%, film samples being denoted as PAAm-0, PAAm-0.1, PAAm-
0.5, and PAAm-1.0, respectively. For all feed concentrations
studied, very thick films ranging from 400 to 800 nm could be
obtained within 30 min of irradiation. In all cases, the film growth
rates followed a linear trend while the addition of bisAAm in the
feed solutions led to an increase in the polymerization rates.
Linear film-growth rates confirmed the quasi-living character

of UVLED-SIMP, which has been previously observed for
iniferter-mediated polymerization.31 According to Metters et al.,35

who studied the kinetics of SIMP in the case of methyl metha-
crylate, film-growth rates were proportional to the propagation
rate constant, the monomer concentration, and the local con-
centration of surface-attached macroradicals. The linear trends
observed for UVLED-SIMP of AAm/bisAAm systems thus
implied negligible termination and chain-transfer reactions dur-
ing the studied time period. Since the concentration of both
monomer and growing radicals could be considered to be
constant during polymerization, the faster film-growth kinetics
upon addition of bisAAm are ascribed to a higher reactivity of the
cross-linker, in comparison to acrylamide.36

FTIR analysis of PAAm brushes and hydrogel brushes was
performed in order to determine the chemical composition of
the films upon variation of AAm/bisAAm feed ratios. The FTIR
spectra profiles displayed in Figure 2a�d for PAAm brushes
and hydrogel brushes with 0.1, 0.5, and 1.0% of feed bisAAm
were found to be very similar in all cases. The strong bands at
3338 and 3200 cm�1 are related to N�H asymmetric and
symmetric stretching of the NH2 repeat unit, respectively. The
strong peaks originating from the amide I band after Lorentz
fitting were found at 1655, 1672, and 1688 cm�1, and the amide

II band37,38 was found at 1609 cm�1 (see Supporting Informa-
tion for details).
Besides the characteristic absorption peaks of PAAm, addition

of bisAAm in the feed with consequent cross-linking of the brushes
was revealed by the appearance of a small absorption peak at
1520 cm�1, which corresponds to the N�H bending (amide II
band) of secondary amide in the cross-linker. The intensity of this
peak increased with the relative concentration of bisAAm in the
films. In order to estimate the cross-linker content inside the films
with respect to the corresponding concentration in the feeds, the
area of the 1520 cm�1 peak was compared to the areas of the
signals between 1560 and 1760 cm�1. The ratio of integral area of
amide II of cross-linker to the sum of the integral area of amide I
and II bands of monomer and cross-linker was used to obtain a
calibrationmaster curve, which finally allowed extrapolation of the
relative content of bisAAm in the films. For each feed concentra-
tion, the corresponding bisAAm content in the brush films was
thus derived (see Supporting Information for details). As expected,
due to the higher reactivity of bisAAm, compared to AAm, a
preferred incorporation of cross-linker in the films was found in all
cases. The bisAAm content varied linearly from 0.4 to 4.8% for
feed bisAAm concentrations ranging from 0.1 to 1.0%.
It could be concluded that due to the similar chemical

structures of AAm and bisAAm, the degree of cross-linking of
PAAm hydrogel thin films could be tuned without significantly
changing the overall chemical composition.
Interfacial Properties of Covalently Cross-Linked PAAm

Hydrogel Thin Films. Variation of the degree of cross-linking in
surface-grafted PAAm films was expected to strongly influence
the interfacial and bulk properties of the fabricated films. In order
to investigate whether the lateral network of the grafted chains
affected interfacial characteristics of polymer brush surfaces,
AFM and static water-contact-angle (CA) analyses were per-
formed, revealing changes in morphology and wettability, re-
spectively, as a function of degree of cross-linking.
Surface morphologies of PAAm brushes and covalently cross-

linked hydrogel-brushes with varying amounts of cross-linking
were determined by tapping-mode AFM in the dry state. PAAm
brush surfaces showed a uniformly smooth morphology and

Figure 1. Growth kinetics of PAAmbrushes and covalently cross-linked
hydrogel brushes. Trends of polymer growth were obtained by linear
least-squares fitting. Cross-linker concentration in the feed was varied
from 0% to 1.0%.

Figure 2. FT-IR spectra of dried PAAm brushes and covalently cross-
linked hydrogel brushes with varying amounts of feed cross-linker: (a)
PAAm-0 brushes, (b) PAAm-0.1, (c) PAAm-0.5, and (d) PAAm-1.0
hydrogel brushes. Dry thicknesses for PAAm-0, PAAm-0.1, PAAm-0.5,
and PAAm-1.0 are 150, 100, 260, and 250 nm, respectively.
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presented an average rms roughness of 0.4 nm (calculated over
an area of 5 μm� 5 μm, Figure 3a). The addition of cross-linker
led to a clear roughening of the dry film surface, presumably due
to spatial variations in cross-linking density during polymeriza-
tion, leading to clustering of the growing chains. Similar cluster-
ing effects have been observed upon cross-linking in cast films.39

The roughness of PAAm-0.1 brush films reached 0.7 nm while in
the cases of PAAm-0.5 and PAAm-1.0, values of rms roughness of
3.2 and 5.7 nm, respectively, were found.
In addition to the effects on the surface morphology, the

increase of cross-linking also strongly affected the wettability
of the resulting polymer films. Surfaces modified with polymer
brushes usually show finite contact angle values even when
wetted by good solvents. This phenomenon has been reported
as being due to a “bridging effect” of the grafted polymer chains at
the solvent�vapor interface, which generates partial wetting and
nonzero surface pressure.28 The lateral cross-linking of surface-
grafted chains is assumed to strongly hinder chain conforma-
tional freedom, thus inhibiting the bridging effect and causing
an increase in wettability. To the best of our knowledge,
this study experimentally shows, for the first time, the removal
of the “bridging effect” by covalent cross-linking of polymer
brushes.
By varying the cross-linker concentration in the feed from 0.1

to 1.0% (Figure 4) and monitoring the CA values of the PAAm
hydrogel-brush films formed, the breaking of the “bridging effect”
could be studied. Un-cross-linked PAAm brushes showed a CA
of 22�,26,27 while addition of cross-linker led to a continuous
decrease of CA which, for a bisAAm concentration in the feed
of >0.6%, reached below 5�. Thus, “bridging effects” by grafted
polymer chains were found to be completely absent above a
certain bisAAm content in the films (∼2.8 mol %) and the
hydrogel-brush surfaces showed greatly increased wettability
compared to freely grafted brush films. For bisAAm feed con-
centrations in the range 0�0.6%, the surface wettability was
precisely tunable as a function of the degree of cross-linking (and
thus conformational freedom of brushes) in the prepared films.

It is well-known that the wetting of solid surfaces is influenced
by the roughness;40 however, in this study the significant decrease
of the contact angle upon cross-linking cannot be attributed to
the small increase of surface roughness (0.4�5.7 nm) according
to the predictions of the Wenzel equation (see Supporting
Information for details).
Mechanical and Swelling Properties of Covalently Cross-

Linked PAAm Hydrogel Thin Films. In order to study how the
mechanical and swelling properties of PAAm brushes and cova-
lently cross-linked hydrogel brushes were influenced by the lateral
cross-linking of grafted chains, an AFM-based nanoindentation
technique was employed.41,42 As shown in Figure 5, PAAm brush
films with different amounts of cross-linker in the feed were
indented by an AFM tip, and the characteristic load�penetration
depth profiles recorded for all samples, while immersed in buffer
solution. PAAm brushes and hydrogel brushes presenting similar
dry thicknesses (around 35 nm, as measured by ellipsometry)
showed markedly different load�penetration curves, due to the
different degrees of swelling for films with different levels of cross-
linking. From these profiles, the hydrated thicknesses of PAAm
films could be measured as a depth difference between tip�brush
contact point (the distance at which the measured force first
rises above the baseline) and the region where the underlying
substrate was sensed upon further compression (as indicted by a
the pronounced increase of the slope of the applied load against
penetration depth, since the AFM tip cannot indent the stiff
silicon substrate). Since the dry films were shown in independent
measurements to possess elastic moduli of ∼10 GPa, the
compressed (dehydrated) films may have been too stiff to be
indented at large penetration depths, thus leading to an under-
estimate of the true film thickness and an underestimate of the
swelling ratio (see below). PAAm brushes presented a hydrated
thickness of 880 nm, while hydrogel brushes, as expected,
showed lower values of 300, 190, and 90 nm in the case of
PAAm-0.1, PAAm-0.5, and PAAm-1.0, respectively.

Figure 3. AFM images of dried PAAm brushes and covalently cross-
linked hydrogel brushes with varying amounts of feed cross-linker: (a)
PAAm-0 brushes, (b) PAAm-0.1, (c) PAAm-0.5, and (d) PAAm-1.0
hydrogel brushes. (a) and (b) share the same height scale bar
(0�20 nm); (c) and (d) share the same height scale bar (0�50 nm).

Figure 4. Static contact angles of dried PAAm brushes and covalently
cross-linked hydrogel brushes with varying amounts of feed cross-linker.
Sessile drops on three different surfaces shown in inset: (a) PAAm
brushes, dry thickness: 128 nm with 0% feed cross-linker; (b) PAAm
hydrogel brushes, dry thickness: 181.9 nm with 0.3% feed cross-linker;
(c) PAAm hydrogel brushes, dry thickness: 146.1 nm with 1.0% feed
cross-linker.



5349 dx.doi.org/10.1021/ma2006443 |Macromolecules 2011, 44, 5344–5351

Macromolecules ARTICLE

Because of the confinement of surface-attached polymer net-
works, the effective swelling of the films could be considered as
being mainly perpendicular to the surface43,44 and has previously
been observed to be larger than themonodimensional swelling of
bulk networks at constant cross-linking density.43 We define the
swelling ratio as:

Q ¼ Vsw=Vdry ¼ dsw=ddry ð1Þ

whereVsw andVdry are swollen and original volume of unconstrained
hydrogel; dsw and ddry are wet and dry thickness of PAAm hydrogel
thin films, respectively, measured by AFM and ellipsometry.
PAAm brushes were thus shown to swell profusely when

immersed in a good solvent (Q = 25.9 ( 1.0). The lateral cross-
linking of the hydrogel brushes effectively decreased the hydra-
tion of PAAm films, as previously reported by the groups of R€uhe
and Hilt.44,45 The presence of even a small degree of cross-
linking, e.g. for PAAm-0.1, led to a 70% decrease in the swelling
ratio of the PAAm brushes (Q = 7.7 ( 1.0). Further addition of
cross-linker turned the films into rather rigid structures, which
were far less capable of incorporating water into their structures.
PAAm-0.5 and PAAm-1.0 showed very low values ofQ: 4.3( 1.0
and 2.9 ( 1.0, respectively.
The Young’s moduli (E) of PAAm brushes and hydrogel

brushes were evaluated according to Sneddon’smodel42 from the
region of the force curves corresponding to penetration depths
smaller than 10 nm, in order to avoid substrate effects. The values
of E are reported in Figure 6, where they are correlated with the
corresponding swelling ratios Q of the films. In general, the
elastic moduli of PAAm brush and hydrogel-brush films were
found to lie within the range 20�700 kPa, comparable with
reported moduli for bulk PAAm hydrogels.46�48

The Young’s moduli for the different brush films could be
precisely tuned by varying the amount of cross-linker in the
formed films. While PAAm brushes behaved as very compliant
films mainly constituted of water, a considerable stiffening of the
PAAm hydrogel brushes was observed upon increasing the
concentration of bisAAm in the feed.

In the case of isotropic bulk polymeric networks, different
Young’s moduli have been obtained by varying the equilibrium
polymer volume fraction when immersed in a good solvent.
According to de Gennes and Candau,49,50 Young’s modulus E
and the swelling ratio Q (the reciprocal of the equilibrium
polymer volume fraction) scale with an exponent equal to
�2.25. However, in contrast to this 3D swelling, the anisotropic
1D swelling of the covalently cross-linked PAAm thin films in this
study shows a scaling exponent of �1.57 (Figure 6). It should
also be borne in mind that for the un-cross-linked brushes the
point of contact is difficult to detect precisely, while for the
PAAm hydrogel brushes with a high degree of cross-linking the
compressed hydrogel brushes may have become dehydrated,
resulting in such a substantial stiffening that the soft AFM
cantilevers used could not indent the film completely.
Microtribological Properties of Covalently Cross-Linked

PAAm Hydrogel Thin Films. In view of their different physical
and morphological properties, PAAm brushes and hydrogel
brushes are expected to display different tribological character-
istics as the degree of cross-linking is changed. Thus, in order to
investigate the influence of cross-linking on the frictional proper-
ties of PAAm films, microtribological tests were performed.51,52

Microtribological measurements were carried out in aqueous
buffer by operating a microtribometer setup with a hydrophilic,
oxidized poly(dimethylsiloxane) (Ox-PDMS) spherical counter
surface53 glued to a cantilever with known normal and tangential
force constants. The coefficients of friction for PAAm brushes
and hydrogel brushes were thus obtained by sliding the cantilever
in contact with the films’ surfaces at normal loads ranging from
0.5 to 3.0 mN. As shown in Figure 7, the friction coefficient of
PAAm hydrogel brushes sliding against a hydrophilic counter
surface increased dramatically upon increasing the degree of
cross-linking in the films.
The range of contact pressures in the microtribological studies

(22.3�40.5 kPa) was too small to produce any wear track that
could be discerned by optical microscopy. Thus, it is believed that
the dramatic increase in the coefficient of friction is mainly due to

Figure 6. Young’s modulus versus swelling ratio for PAAm brushes and
covalently cross-linked hydrogel brushes with varying amounts of feed
cross-linker. Dashed line denotes E � Q�1.57 (1D swelling); solid line
denotes E � Q�2.25 (3D swelling); dry thicknesses for PAAm brushes
and hydrogel brushes with 0.1%, 0.5%, and 1.0% feed cross-linker are
33.9, 38.9, 44.5, and 30.8 nm, respectively.

Figure 5. Applied load versus penetration depth curves for PAAm
brushes and covalently cross-linked hydrogel brushes in HEPES buffer
with varying amounts of feed cross-linker. Dry thicknesses for PAAm
brushes and hydrogel brushes with 0.1%, 0.5%, and 1.0% feed cross-
linker are 33.9, 38.9, 44.5, and 30.8 nm, respectively.
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the changes in the structure of the thin films upon cross-linking,
rather than dissipative processes associated with wear.
We also expect the microtribological properties of PAAm films

to be related to the extent to which mobile, brush-forming
polymer chains are present in the outermost layer of the films.
As the degree of cross-linking increases, the chains are less available
for the formation of the highly hydrated brush architecture that has
been widely reported to facilitate sliding.8,9 The decrease in free
surface chain concentration has already been discussed above in
the context of the wettability results. The degree of swelling is also
related to the presence of the brush-forming, free chains: The
PAAm-0 brush films presented a swelling ratio value of Q = 25.9,
which corresponds to 96.1% of water inside a completely brushlike
structure. The increase of cross-linking for PAAm-0.1, PAAm-0.5,
and PAAm-1.0 films led to a decrease in the water content inside
the hydrogel thin layers (water content: 87.0%, 76.7%, and 65.5%,
respectively). As the brush formation became less pronounced
upon cross-linking, brush-induced lubrication was hindered, lead-
ing to an increase of friction coefficient. A similar contrast in
macroscopic lubrication behavior for gels with and without brush
termination has been reported by Gong.29,30

’CONCLUSIONS

Poly(acrylamide) (PAAm) brushes and covalently cross-
linked hydrogel brushes with various amounts of cross-linker
were successfully synthesized by UVLED surface-initiated in-
iferter-mediated photopolymerization (UVLED-SIMP) from
SAMs of photoiniferter immobilized on oxidized silicon surfaces.
The employment of a UVLED guaranteed that photopolymer-
ization occurs exclusively at the photoiniferter-modified surfaces.
Addition of cross-linker dramatically increased both the film-
growth rate and the dry roughness without significantly altering
the chemical composition of the hydrogel thin films. Lateral
cross-linking of the PAAm brushes was demonstrated to strongly
determine the interfacial properties of the fabricated films to an
extent that was directly related to the amount of cross-linker in

the monomer feed. A marked increase in wettability for hydrogel
brushes was attributed to the lateral networking of grafted
polymer chains, which eliminated their “bridging effect” at the
solvent�vapor interface.

The bulk properties of the PAAm brush films could also be
tailored by varying the amount of cross-linker in the feed.
Young’s moduli and swelling ratios of the PAAm hydrogel thin
films, measured by AFM, varied from the typical values for pro-
fusely swollen and compliant brushes to values characteristic of
“stiff” bulk gels, as the lateral cross-links were introduced. Finally,
microscale tribological measurements demonstrated that fric-
tional properties of PAAm films were modified by the addition of
cross-linker. PAAm brushes behaved as highly effective lubricat-
ing films when immersed in an aqueous environment. In con-
trast, hydrogel brushes showed an increase in the coefficient of
friction with increasing amounts of cross-links due to the
progressive elimination of the lubricious brush structure coupled
with the reduction of the water content of the films.

In conclusion, a fine control over wettability, water content,
and mechanical and tribological properties of PAAm hydrogel
brushes was demonstrated. A relatively straightforward fabrica-
tion method based on UVLED-SIMP provides an attractive
polymeric platform displaying the advantages of a polymer brush
layer together with the versatility of bulk gel materials.
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