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ABSTRACT: Poly(methacrylic acid) (PMAA) brushes were grafted from Si/SiO2 substrates by means of
immobilized-photoiniferter-mediated controlled radical polymerization. The employed UV setup was based
on ultraviolet light-emitting diodes (UV-LEDs), which allowed for a precise control of the brush height with
irradiation time, as observed by in situ quartz crystal microbalance experiments with dissipation monitoring
(QCM-D). In contrast tomany alternative approaches, it was shown that the novelUV source in combination
with a photoiniferter renders lengthy postcleaning steps of the synthesized brushes unnecessary. Following
characterization of the polymer layers by means of variable-angle spectroscopic ellipsometry (VASE) and
static contact angle measurements, the lubrication properties of the PMAA brushes were investigated in
macroscopic tribological experiments under low-contact-pressure, aqueous conditions. Results indicated
that PMAA brushes have the potential to dramatically reduce sliding friction in an aqueous environment.

Introduction

Surface modifications by means of polymer brushes represent a
very attractive tool for the tailoring and control of interfacial
properties such as adhesion, friction, wettability, or biocompa-
tibility.1-3 Two principal experimental approaches are available to
generate polymer brushes on solid substrates, namely “grafting to”
and “grafting from”.4,5 While both approaches have their own
unique characteristics, “grafting from” methods are known to be
more suited to producing a high grafting density of chains because
the polymers are generated in situ froma surfacewith a highdensity
of initiating species. While “grafting to” approaches are more
experimentally straightforward, they are restricted in terms of
grafting densities, mainly due to the diffusion-limited adsorption
of preformed polymers.6 In recent years, numerous experimental
strategies have been developed for the preparation of polymer
brushes by means of “grafting from” methods.4,7,8 Among them,
controlled radical polymerization (CRP) strategies such as atom-
transfer radical polymerization (ATRP),9 nitroxide-mediated poly-
merization (NMP),10-12 reversible addition-fragmentation trans-
fer polymerization (RAFT),13,14 and photoiniferter-mediated
photopolymerization (PMP)15,16 have gained considerable atten-
tion. The common feature of these methods is that the propagating
chain continuously experiences activation-deactivation cycles to
maintain a low radical concentration, which in turn minimizes
irreversible chain termination. Therefore, CRP methods allow for
the precise control of the polymer molecular weight and usually
yield polymer brushes with low polydispersity. In addition, the
preparation of block copolymer brushes becomes feasible as the
active chain ends are typically preserved when a polymerization
step is interrupted.

In this work, we have adapted the PMP method originally
developed by Otsu et al.15,16 to prepare poly(methacrylic acid)
(PMAA) brushes on silicon surfaces, which are covered with
native SiO2. The PMP method is based on dithiocarbamate

derivatives, which act as initiator, transfer agent, and terminating
species (iniferter). Upon ultraviolet (UV) irradiation, the iniferter
dissociates into a highly reactive radical as well as a noninitiating
counter radical that reversibly terminates the propagation reac-
tion.Advantages of the iniferter concept include the facile control
of the polymerization reaction by means of irradiation time and
UV intensity, the comparatively fast reaction kinetics compared
to other CRP methods, and the fact that the polymerization can
be easily performed at room temperature or below to avoid
thermal polymerization of heat-sensitive monomers. Further-
more, the photoiniferter technique is compatible with aqueous
media, it is suitable for micropatterning,17,18 and it does not
require any sacrificial initiator in the monomer solution. The
latter is significant since it limits the formation of free polymers in
the bulk solution and eliminates the need for extensive cleaning
steps after brush formation.

The UV source employed in this work consisted of a recently
developed, commercial high-power ultraviolet light-emitting
diode,19-22 and it was chosen for its distinct advantages com-
pared to conventional UV sources. The sharp spectrum of these
novel UV-LEDs (which are available in several different
wavelengths) allows for a specific selection of the wavelength
region according to the employed photoinitiating system and the
reactive monomer. In comparison to conventional mercury
lamps, the necessity for optical filters to block irradiation of
undesired regions in the lamp spectrum is greatly reduced. This is
advantageous since such filters frequently reduce the intensity in
the desired wavelength region, leading to very poor energy
efficiency and long irradiation times. The narrow spectrum of
UV-LEDs is highly beneficial for controlled, surface-initiated
polymerization reactions since the low-wavelength region of
unfiltered mercury lamps generally induces polymerization of
the monomer in the bulk solution. As a consequence, free
polymer chains can become entangled within the growing poly-
mer brush, which makes their controlled growth difficult and
lengthy postcleaning processes unavoidable.*Corresponding author. E-mail: nspencer@ethz.ch.
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The polymer brushes prepared bymeans of UV-LED-induced
photopolymerization were intended for the reduction of
interfacial friction in an aqueous environment. While covalently
attached polymer chains are readily removed duringmacroscopic
sliding friction under contact pressures above 300-400 MPa,23

the tribological experiments in this work aimed at aqueous
lubrication under low contact pressures, formedical applications,
for example. We have recently shown that strongly attached self-
assembledmonolayers (SAMs) and polymer brushes prepared by
a “grafting to” approach represent promising aqueous lubrica-
tion additives under mild contact-pressure conditions.23 While
the previously employed surface modifications consisted of
neutral, hydrophilic molecules with limited molecular weights
and/or grafting densities, the introduction of charge, bymeans of
weak polyelectrolyte brushes prepared with the PMP method,
was expected to further enhance the lubricating ability of polymer
brushes in an aqueous environment. In comparison to neutral
hydrophilic brushes, polyelectrolyte brushes exhibit a very high
osmotic pressure in aqueous environments of low ionic strengths,
which renders them highly suitable for water-based lubrication
purposes. For this reason,methacrylic acid (MAA)was chosen as
a monomer, since it shows a high affinity toward water and
because direct photopolymerization to PMAAbrushes is feasible
under carefully controlled reaction conditions. The preparation
of PMAAbrushes on Si/SiO2 surfaces has been performedwith a
silane-derivatized dithiocarbamate iniferter developed bydeBoer
et al.24 A number of polyelectrolyte brushes have been synthe-
sized by “grafting from” approaches.2,5,25-30 Since the carboxyl
groups of acrylic acid-basedmonomers are prone to interact with
metal catalysts, the synthesis of polyelectrolyte brushes bymeans
of ATRP usually involves a hydrolysis step after the preparation
of a neutral brush.2,27,29,30 Therefore, the direct polymerization of
polyelectrolyte brushes has typically been limited to either
thermally induced approaches that require thorough cleaning
steps after the brush synthesis, especially if a sacrificial initiator or
free radicals are present in the monomer solution,25,26 or the UV-
induced photoiniferter approach.

In this work, a silane-derivatized dithiocarbamate iniferter was
utilized to prepare PMAAbrushes on Si/SiO2 surfaces under UV
irradiation. The combination of the photoiniferter-mediated
photopolymerization with a UV-LED source appears to be
ideally suited to the direct preparation of polyelectrolyte brushes
with minimal free polymer formation during brush synthesis.
Following characterization of the PMAA brushes by means of
surface-analytical techniques, such as quartz crystal micro-
balance with dissipation monitoring (QCM-D), spectroscopic
ellipsometry, and static contact-angle measurements, the PMAA
brushes were demonstrated to enhance aqueous lubrication of Si/
SiO2 under low-contact-pressure conditions.

Experimental Section

Materials. p-(Chloromethyl)phenyltrimethoxysilane (ABCR,
Germany), tetrahydrofuran (THF, 99.5% extra dry, Acros,
Germany), methanol (Fluka, Switzerland), 2-propanol (Fluka,
Switzerland), sulfuric acid (95-97%, Sigma-Aldrich, Germany),
and hydrogen peroxide (30wt% inwater, VWR,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), and methacrylic acid (98%, Fluka,
Switzerland) was first distilled under vacuum and subsequently
passed through an alumina column (Sigma-Aldrich, Germany).
The aqueous buffer solution employed for tribological experi-
ments was prepared by adding 1 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES, BioChemika Ultra,
Fluka, Switzerland) in pure water, and the solution pH was
adjusted to a value of 7.4 by the addition of sodium hydroxide

(NaOH, Fluka, Switzerland). The buffer is abbreviated as
HEPES 0 throughout this article.

Synthesis of the Photoiniferter, SBDC. The photoiniferter
employed in this work (Figure 1) was synthesized according to
a previously described protocol.24 Briefly, p-(chloromethyl)-
phenyltrimethoxsilane (CMPTMS) (1.48 g, 6 mmol) and
sodium N,N-diethyldithiocarbamate (STC) (1.02 g, 6 mmol)
were dissolved separately in 10 mL of dry THF before the STC
solution was added slowly to the dissolved CMPTMS solution.
After 3 h of stirring at room temperature, the solution was
passed through a glass filter to remove the white NaCl pre-
cipitate, andTHFwas evaporated under reduced pressure. Prior
to use, the photoiniferter (SBDC) was connected to a vacuum
line for further drying (p=10-2 mbar, 4 h) and stored at-20 �C.
The purified photoiniferter was obtained as a yellow viscous
liquid and was characterized by 1H NMR, and the data were in
accordance with the values obtained by deBoer et al.24

Ultraviolet-Visible (UV-vis) Spectroscopy. The UV absorp-
tion spectra of both the SBDC photoiniferter and methacrylic
acid were measured with a Cary 1 UV-vis spectrophotometer
(Varian, Germany). The obtained spectra were taken as a
reference for the selection of the spectral UV range in order to
ensure effective initiation while avoiding polymerization of the
monomer in solution.

Vapor Deposition of the Photoiniferter onto Si/SiO2. Silicon
wafers (P/B Æ100æ, Si-Mat Silicon Wafers, Germany) were cut
into 20 mm � 20 mm pieces and ultrasonicated in 2-propanol
twice for 15 min each time. Surface hydroxyl groups were
generated on the silicon substrates by immersing the samples
in a solution of concentrated sulfuric acid and 30wt%hydrogen
peroxide (H2SO4:H2O2=7:3), also known as piranha solution,
for 60min. (WARNING: piranha solution is very corrosive and
must be handled with extreme caution; it reacts violently with
organic materials and may not be stored in tightly closed
vessels.) After rinsing the substrates with copious amounts of
deionized water, they were dried with N2 gas and immediately
employed for surface modification.

In order to deposit the SBDC photoiniferter on the hydroxy-
lated Si/SiO2 substrates from the vapor phase, a 10 μL drop of
the photoiniferter was placed in a desiccator, which was evac-
uated for 60 s with a rotary vane pump to evaporate residual
solvent. Thereafter, the freshly cleaned Si/SiO2 substrates were
placed around the SBDC drop, and the desiccator was evacu-
ated again, this time for 60 min (p ≈ 10-2 mbar). After closing
the valve to the vacuumpump, the photoiniferter was allowed to
adsorb onto the silicon oxide substrates for >48 h until atmo-
spheric pressure was reached. Prior to UV-induced polymeriza-
tion reactions, the photoiniferter-modified substrates were
ultrasonicated in toluene for 2 min to remove physisorbed
initiator before the initiator layer was characterized by variable
angle spectroscopic ellipsometry and static contact-angle mea-
surements.

This deposition method was chosen because the formation of
a homogeneous SBDC layer, which is essential for the controlled
and uniform growth of polymer brushes over large areas, is
more readily achievable by the vapor-deposition approach than
by adsorption from solution.31

Controlled Radical Photopolymerization by Means of a UV-

LED. The grafting solution consisted of 10 vol % MAA in
distilled water. Prior to polymerization, the solution was de-
gassed in a glass flask by three alternating ultrasonication

Figure 1. Chemical structure of the synthesized N,N-(diethyl-
amino)dithiocarbamoylbenzyl(trimethoxy)silane (SBDC) photoiniferter.
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(5 min) and vacuum (5min) cycles. The photoiniferter-modified
substrates were placed in a round-bottom Schlenk flask
and continuously purged with N2 gas for 5 min. Then, the
previously degassed monomer solution was transferred to the
sample-containing glass flask via a syringe under nitrogen
atmosphere.

The high-power UV-LED (NCSU033A, NICHIA Corp.,
Japan) with a narrow emission spectrum at 365 ( 5 nm was
mounted onto a printed circuit board (PCB) in series with a 5Ω
resistor and operated with a laboratory power supply. During
operation, two axial fans were placed in front of theUV-LED to
avoid a thermally related lifetime degradation of the diode. The
distance from the LED surface to the sample was typically
25 mm, and the intensity at 365 nm was measured with a
radiometer (UVX radiometer with UVX-36 sensor, UVP,
Upland, CA). The LED-to-sample distance of 25 mm was
determined by the size and the angle-dependent light intensity
of the UV-LED to ensure a uniform exposure over the whole
sample area (20 mm � 20 mm). As previously mentioned, the
optical power output of the LED is conveniently related to the
forward current. We applied a voltage of 8.5 V, resulting in a
fixed forward current of 500 mA, which is the maximum for
long-term operation recommended by the manufacturer. The
photopolymerization reaction was initiated by turning the
power supply up to this maximum value.

After the polymerization reaction, the samples were taken out
of the monomer solution, rinsed with water for 60 s, and blown
dry with N2 gas before they were characterized by means of
surface-analytical techniques.

Characterization of PMAA Brushes. The brush thickness in a
dry state was determined with a variable-angle spectroscopic
ellipsometer (VASE) (M-2000F, LOTOriel GmbH,Darmstadt,
Germany) at three different angles of incidence (65�, 70�, 75�). In
order to ensure the formation of homogeneous polymer brushes
over the whole sample area of 400mm2, five different spots were
measured on each sample, from which the thickness values
were determined via the analysis of a three-layer model
(softwareWVASE32, LOTOriel GmbH,Darmstadt,Germany).
The spectral range considered was from 370 to 995 nm, and the
dry film thickness of the PMAAbrush layer was assumed to have
a refractive index of 1.45.

Static water contact angles were determined by the sessile-
drop method employing a Ram�e-Hart goniometer (Ram�e-Hart
Instrument Co., Model-100, Netcong, NJ) at all stages of the
surface-modification process, i.e., after cleaning of the SiO2

substrates, after vapor deposition of the photoiniferter, and
after photopolymerization of the PMAA brushes.

The photopolymerization kinetics of PMAA brushes on SiO2

surfaces were monitored in situ by means of quartz-crystal
microbalance experiments with dissipation monitoring (QCM-
D) using a Q-Sense E4 instrument (Q-Sense, V€astra Fr€olunda,
Sweden). As substrates, AT-cut quartz crystals (fundamental
resonance frequency=5 MHz) with a sensor area of 1.54 cm2

and a 50 nm silicon dioxide top layer (QSX 303, Q-Sense, V€astra
Fr€olunda, Sweden) were employed. The flexibility of the UV-
LED setup allowed for the positioning of the LED at a 20 mm
distance from the QCM cell with a transparent quartz glass
window. The photoiniferter-modified quartz crystal resonator
was immobilized inside the cell, and the sample-to-LED dis-
tance was maintained at 25 mm. The degassed monomer solu-
tion was injected into the QCM cell with a syringe.

Macroscopic tribological experiments were performed by
recording the coefficient of friction (μ) at different sliding speeds
with a conventional pin-on-disk tribometer (CSM Instruments,
Peseux, Switzerland). The sliding partner of the PMAA brush-
bearing substrates was a spherical-ended elastomeric poly-
(dimethylsiloxane) (PDMS) pin (Young’s modulus=1.4 MPa)
with a diameter of 6 mm. Its high elasticity, its physio-
logical inertness, and the straightforward fabrication make
cross-linked PDMS ideally suitable as a model elastomer. In

addition, it represents a technologically important material
which displays a hydrophilic SiOx surface layer after a 60 s
air-plasma treatment (Harrick plasma cleaner/sterilizer,
Ossining, NY).32,33 The plasma-treated and thus oxidized
PDMS pins are denoted as “ox-PDMS” pins throughout the
article. The basic frictional properties of the PMAA brushes
were tested at sliding speeds ranging from 0.25 to 10 mm/s. For
each tribopair, 20 rotations were carried out at six different
sliding speeds on a fixed sliding track (radius= 6 mm). The
normal load was kept constant at 1 N. In order to analyze the
stability of PMAA brush-bearing substrates under tribological
stress, long-term pin-on-disk experiments (1000 rotations) were
performed under 1 N normal load and at a sliding speed of 1
mm/s (Hertzian contact pressure ≈ 0.28 MPa).

Results and Discussion

Ultraviolet-Visible (UV-vis)Absorption of Photoiniferter
and Monomer. Figure 2 shows the UV-vis absorption
spectra recorded from the SBDC photoiniferter as well as
from as-received and cleaned methacrylic acid. While 10 μL
of SBDC was dissolved in 1 mL of acetone and measured
against an acetone reference, MAA was measured against
air. As can be seen from Figure 2, significant UV absorption
of the inhibitor-free, clean MAA starts around 300 nm,
which is significantly lower than that of the as-received,
stabilizedMAAat around 320 nm.The SBDCphotoiniferter
shows an absorption maximum at ∼340 nm. Importantly,
the monomer and the SBDC photoiniferter have distinct
regions of UV absorption that do not overlap significantly,
which is considered essential for a controlled surface-
initiated polymerization process. In order to avoid polymeri-
zation of the monomer in solution, the spectral region of the
UV source has to be matched with the absorption band of
both the photoiniferter and themonomer; i.e., theUV source
should have minimal emission in the region where the
monomer shows significant UV absorption. Hence, careful
selection of photoiniferter, monomer, and UV source are
believed to significantly enhance the degree of control over
the polymerization reaction. In this respect, the narrow
emission spectrum of the 365 nm high-power UV-LED
employed in this work is highly advantageous. The indicated
emission spectrum of the UV-LED in Figure 2 shows that
UV-induced polymerization of MAA in solution is unlikely
to occur since the narrow emission spectrum of theUV-LED
does not overlap with the UV absorption region of the
monomer.

Figure 2. UV-vis spectra recorded from the SBDC photoiniferter and
from the as-received as well as from the cleaned MAA monomer. The
emission spectrum of the 365 nm UV-LED is indicated.
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Characterization of the Photoiniferter-Modified Sub-
strates. After vapor deposition of the SBDC photoiniferter
onto the Si/SiO2 substrates and removal of any physisorbed
material, the average static water contact angle was mea-
sured to be 68( 3�. This value is significantly higher than the
contact angle of the cleaned SiO2 surfaces (5 ( 3�) and is
consistent with the successful formation of amonomolecular
photoiniferter layer on the silicon substrate. The obtained
water contact angles are also in good agreement with pre-
viously reported values that were obtained following SBDC
adsorption from solution.34 In order to verify the homo-
geneity of the vapor-deposited photoiniferter layers, the
ellipsometric thickness was determined at three distinct spots
on each sample by assuming a refractive index of 1.45.34 The
average thickness obtained from at least 10 samples was
determined to be 0.75 ( 0.06 nm. This value is significantly
lower than the theoretical maximum thickness (1.3 nm)
calculated by Rahane et al.34 and suggests that the surface
coverage is below that of a full monolayer. However, it has
been previously shown that too high a concentration of
surface radicals can lead to extensive termination reactions
in surface-initiated polymerization approaches, thus favor-
ing initiator densities below full-monolayer coverage.35-37

The employed vapor deposition method can be applied to
materials that are not compatible with organic solvents, such
as polymeric substrates, and the probability of multilayer
formation is significantly reduced when adsorbing trifunc-
tional silanes from the vapor phase.31,38

Photopolymerization of Methacrylic Acid to Form PMAA
Brushes.The photoinitiated grafting of PMAAbrushes from
SBDC-modified Si/SiO2 substrates was performed with a
365 nmUV intensity of 12 mW/cm2, measured at the sample
surface. Figure 3 shows the dry ellipsometric thickness of the
PMAA brushes obtained from 10 vol %monomer solutions
as a function of irradiation time. As is visible from the dry
thickness of the PMAA brushes, the UV-LED-initiated
polymerization method allows for an effective control of
the brush thickness with irradiation time. The PMAA
brushes reach high dry thickness values after short irradia-
tion times and with low monomer concentrations. Immer-
sion of the samples in water for 24 h and subsequent drying
did not noticeably change the brush thickness. The initial
slow growth of the PMAAbrushes is followed by a regime, in
which the layer thickness increases very rapidly with irradia-
tion time. For exposure times beyond 45 min, however, the
brush growth was found to slow down. Similar growth

characteristics have been found in earlier investigations
using the same34 or different28,35-37 SIP methods. It is
generally agreed that, in comparison to controlled/“living”
polymerization reactions in solution, controlled SIP methods
do not exhibit a “living” character.34,36,37,39 The relatively
low concentration of deactivating species, i.e., dithiocarb-
amyl radicals in this work, facilitates irreversible termination
reactions, leading to a loss of reactive, surface-bound radi-
cals. Hence, a saturation of the brush thickness at longer
irradiation times is expected eventually. Since previous
studies with the identical SBDC photoiniferter showed that
the saturation of poly(methyl methacrylate) (PMMA) brush
growth occurs significantly faster for higher monomer con-
centrations,34 aqueous solutions with a fixed monomer con-
centration (10 vol % MAA) were employed in this work in
order to ensure effective control over the PMAA brush
thickness with irradiation time.

Many of the attractive properties of polymer brushes are
closely related to the molecular weight of the individual
polymer chains as well as to their proximity to each other
on the surface, i.e., the surface grafting density. According to
a simple model developed by Sofia et al.,40 the surface
grafting density can be estimated from ellipsometry data.

As illustrated in Figure 4, this model is based on close-
packed unit cells with side lengths L and height d, each
bearing one polymer chain. The volume V occupied by a
single chain can be calculated from

V¼ L2d¼ Mw

FdryNA
ð1Þ

where L2 is the surface area occupied by a single chain, d is
the dry thickness measured by ellipsometry, Mw is the
molecular weight of a single chain, Fdry is the density of the
dry monolayer, and NA is Avogadro’s number. In order to
obtain the surface grafting density of the SBDC photoini-
ferter layer, for instance, eq 1 can be transformed to

1

LPI
2
¼ dPIFdry;PINA

Mw;PI

 !
ð2Þ

In addition to the ellipsometric thickness of the SBDC
monolayer (dPI=0.75 ( 0.06 nm) as well as the molecular
weight (Mw,PI = 317.5 g/mol) of the individual chains, a
constant value has to be assumed for the dry density (Fdry,PI)
of the photoiniferter layer. Hence, the validity of this model
is restricted to polymer monolayers in the brush regime that
do not possess a significant density gradient along the chain.
Assuming a value of 1 g/cm3 for the density of the SBDC
monolayer, its surface grafting density was estimated to be
1.42 chains/nm2. On the basis of this data, it is possible to
calculate the lower molecular weight limit of the PMAA
chains after photopolymerization. Provided that all photo-
iniferter chains induce polymerization and grow with an
identical rate, i.e., LPI=LPMAA, and by further assuming a
dry density (Fdry,PMAA=1.12 g/cm3)26 for the PMAA chains,
eq 1 can be transformed to

Mw;PMAA¼ LPMAA
2dPMAAFdry;PMAANA ð3Þ

Table 1 shows the calculated minimummolecular weights of
the PMAA brushes that were obtained from average dry
ellipsometry thickness data of the photoiniferter monolayer
and the PMAA brushes. Since the fraction of photoiniferter
molecules that induces simultaneous polymer growth is

Figure 3. Characterization of the dry PMAA brush thickness as a
function of irradiation time. The monomer solution consisted of
10 vol % MAA in water, and the 365 nm UV-LED intensity at the
sample surface was 12 mW/cm2. The lines serve as a guide to the eye.
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undoubtedly less than unity, it is clear that the molecular
weight values of the PMAA brushes in Table 1 represent a
lower limit.

Investigation of the in SituPMAABrush Growth byMeans
of QCM-D. The in situ observation of surface-initiated
polymer brush growth by means of QCM has previously
been reported in the literature.35,41-44 It is a method parti-
cularly suited to UV-initiated polymerization. In order to
ensure that the monomer solution does not polymerize in the
absence of initiator, a blank SiO2 crystal was first exposed to
10 vol % MAA in water and UV-irradiated for 30 min in a
QCM-D setup. Figure 5 shows an increase of 6-7 Hz in the
resonance frequency of the third overtone of the SiO2 crystal
upon UV exposure. This behavior has been observed pre-
viously41 and is probably attributed to photoinduced noise.
After theUV-LEDwas switched off after 30min, the original
resonance frequency values were retrieved, confirming that
the 365 nm UV irradiation did not induce polymerization of
the MAA monomer.

The in situ growth characteristics of PMAA brushes,
determined by means of QCM-D experiments, are shown
in Figure 6. After the UV-LED was switched on, the
resonance frequency (black circles) increased slightly before
a continuous decrease was observed. The onset of the
negative frequency shift is believed to mark the start of
PMAAbrush polymerization since the decrease in resonance
frequency can be attributed to an increase in the mass that is
coupled to theQCMcrystal. Up to∼25min of brush growth,
i.e., until ca. 40 min in Figure 6, the frequency of the third

overtone of the QCM crystal decreases almost linearly,
suggesting a steady, continuous polymer growth. Prolonged
irradiation was shown to lead to a higher polymerization
rate. In contrast to the growth characteristics derived from
ellipsometry data, the QCM-D experiment did not show a
slower growth beyond 45 min of UV irradiation. This
difference could be arising from that the difference in the
physical quantity being probed by the two approaches, i.e.,
the total mass of the solvated polymer for QCM vs the
thickness of the dry polymer for ellipsometry. QCM also
detects incorporated solvent molecules and is therefore
sensitive to configurational effects, i.e., the incorporation
of more solvent in the brush than in mushroom configu-
ration. Ellipsometry, on the other hand, simply provides the
mass of polymer produced. The precise molecular nature of
the transition in theQCMgraph is, however, currently under
investigation.

Our results suggest that a very slight degree of chain
transfer, and consequent loss from the surface, occurs after
longer irradiation times, since rinsing with fresh monomer

Table 1. Minimum Molecular Weights of the PMAA Brushes Pre-
pared in This Work Based on Calculations from Eqs 1-3

irradiation time (min) dry PMAA thickness (nm)
molecular weight

(g/mol)

5 10 4 700
15 20 9 500
30 70 33 200
45 190 90 100
60 240 113 800
75 290 137 500

Figure 4. Two-dimensionalmodel consisting of close-packedunit cells for the calculation of the surface grafting density and/or themolecular weight of
surface-tethered polymer chains.

Figure 5. Shift in the resonance frequency of the third overtone of a
SiO2 QCM crystal in 10 vol%MAA solution upon exposure to 365 nm
UV-LED irradiation.
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solution after the UV-LED was switched off (after 85 min in
Figure 6) led to a minor decrease in the mass coupled to the
QCMcrystal from-2700Hz after 100min to-2380Hz after
290 min in Figure 6. In contrast, the dissipation, which
represents the sum of all energy losses per oscillation cycle,
was almost constant during that period. It is believed that
unbound polymer chains, which evolved from chain transfer
reactions, can become entangled inside the brush and con-
sequently reduce the mobility of individual brush chains.
From the point of view of tribology, the viscoelastic proper-
ties of polymer brushes are extremely important since the
solvation of the brush leads to a fluidlike cushion layer,
which promotes facile sliding.

With the SI-PMP technique employed in this work, the
active chain ends should be preserved after the polymeriza-
tion step. In order to verify that, the UV-LED was switched
on again (after 290 min) after stable resonance frequencies
were obtained. As visible from the frequency and dissipation
shifts after 300 min in Figure 6, the photopolymerization of
PMAA brushes continues ∼10 min after the UV-LED was
switched on for the second time. Compared to the initial step,
the second photopolymerization reaction occurs at a signifi-
cantly faster rate, indicated by the steep decrease of the
resonance frequency from -2300 to -6000 Hz within
25 min. After the UV-LED was switched off, the frequency
continued to show a slight shift toward lower values, sug-
gesting that the polymerization did not stop completely after
the UV source was turned off. This is in contrast to the
observations from the first polymerization step and indicates
that the concentration of chain-terminating species is some-
what lower. It is thus very likely that fewer polymer chains
grow much faster compared to the initial polymerization
step. This is also reflected in the dissipation curve of the third
overtone frequency (gray circles), which only increases by
≈290� 10-6 whereas the first polymerization led to a 560�
10-6 increase in dissipation. The relatively low increase in
dissipation compared to the high frequency shift during the
second polymerization step also suggests that the growing
chains are entangled inside the existing brush.

The generation of polymer in solution is very limited
during the second polymerization step, as indicated by the
small increase in the resonance frequency and decrease in the
dissipation, respectively, after rinsing with fresh monomer

(rinsing steps 3 and 4 in Figure 6). After∼375min, deionized
water was continuously pumped through the QCM cell in
order to remove potential unanchored PMAA chains as well
as to see differences in the hydration properties of the brush.
The fast saturation of both the resonance frequency and the
dissipation values suggest that the presence of unbound
polymer chains is very limited during the UV-LED-induced
photopolymerizationmethod employed in this work. Hence,
simple rinsing steps after the polymerization reaction appear
to be sufficient to obtain well-defined PMAAbrushes.While
the frequency shifts toward higher values under a continuous
flow of water, the dissipation was found to increase slightly.
The higher frequency, indicative of a lower mass coupled to
the QCM crystal, is associated with the exchange of
the heavier methacrylic acid (Mw=86.10 g/mol) with water
(Mw=18.02 g/mol), rather thanwith the removal of polymer
chains.

Thermally induced polymerization of the monomer could
be excluded during photopolymerization, since theUV-LED
did not induce any temperature increase in the QCM-D
setup. The temperature which was set to 25 �C varied by less
than 0.01 �C in the course of the experiment. Furthermore,
from the fact thatUV exposure of themonomer itself did not
induce polymerization (Figure 5), we suspect that chain
transfer to monomer is occurring at later stages of the
polymerization. Free polymer formed in the course of poly-
merization cannot be distinguished in a QCM-D experiment
if the chains are entangled inside the brush or if the polymer
significantly increases the viscosity of themonomer solution.
The rinsing step after switching off the UV-LED, however,
showed that some free polymer chains are present in solu-
tion. Unfortunately, most other studies presenting QCM
data do not show such a rinsing step, although this would
help to effectively distinguish between surface-tethered and
unbound polymer.

Hydrophilicity of PMAA Brushes. Since the PMAA
brushes prepared in this work were intended for aqueous
tribology, the water compatibility of the surfaces is of
particular interest. Therefore, the hydrophilicity of the
PMAA brushes was measured by means of static contact-
angle experiments. In comparison to the photoiniferter-
modified substrates with a static water contact angle of
68( 3�, the PMAAbrush-bearing samples exhibited average
contact-angle values of 49 ( 7�, irrespective of the brush
lengths. The water contact angles of hydrophilic polymer
brushes have previously been found to be finite and nearly
independent of the molecular weight, which has been attrib-
uted to the fact that the polymer chains can bridge the
solvent-vapor interface.45 Since the active chain ends were
preserved during the PMAA polymerization reaction
(Figure 6), the diethyldithiocarbamate-terminating groups
are likely to contribute to the hydrophobic character of
the PMAA-modified substrates in air. Nevertheless, it is
expected that PMAA brushes can provide a lubricious inter-
face in an aqueous environment because they exhibit a large
number of ionizable carboxyls along their backbone.

Macroscopic Aqueous Lubrication Properties of PMAA
Brushes. If the relative sliding speed between two contacting
bodies is low or if the applied normal load is high, the
lubricant is squeezed out of the contact area. This behavior
is even more pronounced for low-viscosity fluids such as
water and normally results in high interfacial friction and
wear. The presence of a protecting polymer brush has been
shown to greatly reduce the friction in this so-called “bound-
ary-lubrication regime”.1,46,47 While direct contact and ad-
hesion between asperities can be avoided for polymer brush-
bearing surfaces, the incorporation of lubricant molecules

Figure 6. Frequency shift (black circles) and dissipation changes (gray
circles) observed inQCM-Dexperiments during surface-initiated, in situ
polymerization of PMAAbrushes from 10 vol%monomer solutions in
water. After a first polymerization step, the QCM cell was rinsed with
fresh monomer solution (after 100 min) before the UV-LED was
switched on again (after 290 min) to induce a second polymerization
step. After the UV source was switched off (after 325 min), the cell was
rinsed with fresh monomer twice before pure water was continuously
pumped through the system in order to remove unbound polymer.
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inside the brush additionally creates a fluidlike layer of low
shear strength and thus facilitates sliding.46

We have previously demonstrated that hydrophilic poly-
mer brushes can effectively reduce the interfacial friction in
an aqueous environment under low-sliding-speed condi-
tions.48,49 In those studies, we employed “grafting to” ap-
proaches to generate polymer brushes on a variety of
substrates. By applying the “grafting from” method de-
scribed in this work, the formation of high-surface-density
polyelectrolyte brushes became feasible. To date, only little
experimental work has been dedicated to the macroscopic
lubrication properties of polymer brushes prepared with a
“grafting from” method.50,51

In many practical lubrication applications, high contact
pressures on the order of 1 GPa are routinely encountered.
Under such conditions, even strongly attached polymer
brushes are easily removed during macroscopic sliding
experiments. The reduction of the contact pressure by
means of a soft rather than a rigid slider is usually
sufficient for enabling the polymer brushes to sustain the
tribological stress. The macroscopic pin-on-disk data
obtained from different PMAA brushes against oxidized
PDMS pins in HEPES 0 are presented in Figure 7. For
comparison purposes, results from a bare Si/SiO2 sample
are included. From the coefficient of friction (μ) vs sliding
speed plots, it is clear that clean, hydrophilic silica surfaces
exhibit moderately good aqueous lubrication properties
under low contact pressure conditions, especially at rela-
tively high sliding speeds (μ ≈ 0.017 at 10 mm/s). Toward
lower sliding speeds, i.e., in the boundary regime, these
surfaces are not capable of maintaining a sufficiently thick
lubricant film, which is manifested in the increase of
the coefficient of friction by a factor of 2 ( μ ≈ 0.035 at
0.25 mm/s).

In this respect, the PMAA brush-bearing surfaces were
found to serve as very effective surfaces under boundary-
lubrication conditions in water. All tested brushes with a dry
ellipsometric thickness ranging from 15 to 190 nm showed
friction coefficients below the sensitivity limit ( μ=0.005) of
the employed macrotribometer at the load employed. This
resolution limit is indicatedwith a dotted line inFigure 7, and
the plot shows that these low friction values weremaintained
over the entire sliding-speed range. Therefore, it was not
possible to effectively distinguish the different PMAA
brushes by their lubricating properties in HEPES 0. The
results suggest that all PMAA brushes were able to create a
highly hydrated, fluidlike interface, rendering these surface

modifications highly compatible for aqueous lubrication
purposes at neutral pH.

In order to test the stability of the PMAAbrushes in longer
term pin-on-disk experiments, two samples with different
brush heights (30 and 240 nm dry thickness) were exposed to
tribological stress for 1000 rotations under 1 N normal load
and a sliding speed of 1 mm/s. The brush-bearing samples
were immersed in HEPES 0 for 10 min prior to the pin-
on-disk experiment. Figure 8 shows that the μ values from
the shorter brush reach a maximum of 0.01 during initial
rotations before the friction decreases to μ ≈ 0.006 after 200
rotations. The frictional response during that period is
explained by the relatively slow complete hydration of the
brush. Since the static water contact angles of the dry brushes
are rather high, it seems likely that the complete hydration of
PMAA chains takes some time. Apparently, the immersion
of the brushes into the aqueous lubricant prior to pin-on-disk
experiments is not sufficient for a complete hydration, but
the samples become more hydrated under the influence of
tribological stress. Between 200 and 450 rotations, the
coefficient of friction from the 30 nm PMAA brush is nearly
constant, before a slight but continuous increase in friction
could be observed. After 790 rotations, the μ values increase
drastically up toμ≈ 1.0.Hence, the short PMAAbrushes did
not sustain the tribological stress for 1000 rotations.

When the identical long-term pin-on-disk experiment was
performed with the longer PMAA brush (240 nm dry
thickness), the coefficient of friction decreases from initially
μ=0.01 to values below the detection limit of the pin-on-disk
tribometer (μ=0.005) within the first 400 rotations. This
behavior was again attributed to a continuous hydration
process of the thick PMAAbrush, the highest lubricity being
expected after maximum swelling. In comparison to the
short brush, the friction coefficients from the 240 nmPMAA
sample were found to decrease over a longer period of time,
which is believed to be due to a prolonged hydration process
of brushes with a higher thickness. The next 200 rotations are
characterized by undetectably low friction coefficients, after
which the μ values seem to increase slightly and stabilize at
around μ=0.006 for the remaining 400 rotations. In com-
parison to the speed-dependence experiments in Figure 7,
where the undetectably low friction was observed at the
initial sliding speed of 10 mm/s, the swelling of both short
and long brushes, i.e., the fluid uptake, appears to be sig-
nificantly slower at a sliding speed of 1mm/s.Nonetheless, the

Figure 7. Pin-on-disk speed-dependence measurements obtained from
PMAA brushes and from bare Si/SiO2 substrates against an oxidized
PDMS pin in HEPES 0 (normal load: 1 N). Dotted line indicates the
sensitivity limit of the tribometer.

Figure 8. Long-term pin-on-disk experiments involving PMAA
brushes with two distinct brush heights (30 and 240 nm). The shorter
brush (gray circles) did not sustain the applied tribological stress (1 N
normal load, 1 mm/s sliding speed) for 1000 rotations, while the 240 nm
PMAA samples displayed very low friction coefficients throughout the
entire experiment.
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obtained friction coefficients from both brushes were well
below μ = 0.01 over several hundred rotations, with the
difference that the 30 nm PMAA brush did not show the
superior long-term stability of the 240 nm PMAA samples.

In Figure 9, a comparison is made between the frictional
properties of a 15 nm PMAA brush and a 3 nm PEG (5000)
monolayer. On the basis of the ellipsometric dry thickness
values from the 15 nm PMAA brush, its molecular weight
was determined to be 6350 g/mol, which is in the range of the
employed PEG chains (5000 g/mol). The fact that the dry
thickness of the PMAA brush is 5 times higher than that of
the PEG monolayer can be explained by the differences in
surface grafting density due to the different preparation
methods; i.e., the PEG monolayer was obtained by the
adsorption of PEG-silane (5000) molecules on Si/SiO2 sub-
strates from toluene solution;a “grafting to”method. Since
PEG-based polymer brushes have previously proven to be
very effective aqueous boundary lubricant additives,48,49,52 it
was interesting to compare them directly with PMAA
brushes. Even though the PEG (5000) monolayer showed
very low and extremely stable friction coefficients of around
0.05 over the tested speed range (10-0.5 mm/s), the values
obtained from the 15 nm PMAA brush were again found to
be below the detection limit (μ=0.005) of the tribometer,
indicated by the dotted line in Figure 9. This also explains the
apparently high standard deviations in the μ values obtained
from PMAA brushes compared to those from PEG mono-
layers, for which friction was 1 order of magnitude above the
sensitivity limit. The superior lubrication properties of
PMAA brushes compared to PEG monolayers at neutral
solution pH are attributed to a number of factors. First, the
PMAA brushes prepared by the “grafting from” method
show a significantly higher grafting density than that of the
PEG monolayers. Second, the density of hydrophilic moi-
eties (-COOH) inside the brush is higher for PMAA
brushes, and their deprotonation at neutral solution pH is
expected to enhance the swelling of polyelectrolyte brushes.
The hydrated thickness of the boundary lubricant is also
important with regard to the surface roughness of the
tribopair. If the hydrated brush length is significantly larger
than the roughness of the tribopair, direct asperity contact
between the sliding surfaces can be avoided, even if only one
surface is bearing a polymer brush. A further effect that may
reduce the friction between PMAA brushes against oxidized
PDMS pins results from electrostatic repulsion between the

two sliding surfaces at neutral pH. The schematic in Figure 10
illustrates the presumed tribological interface formed by a
PMAA brush against an ox-PDMS in an aqueous environ-
ment at neutral pH.

Conclusions

We reported the controlled growth of poly(methacrylic acid)
brushes on Si/SiO2 surfaces via a photoinduced “grafting from”
approach. The employment of a relatively novel UV-LED setup
allowed for the preparation of polymer brushes with a high dry
thickness within comparatively short reaction times and low
monomer concentrations. By careful purification of monomer
and choice of photoinitiating system and UV source, the polym-
erization of monomer in solution could be suppressed, which
rendered lengthy cleaning steps of the formed polymer brushes
unnecessary. In this context, we consider the utilization of UV-
LEDs to be very advantageous, since the narrow emission
spectrum of the LED could be selected in a region where the
monomer does not absorb UV irradiation. In conventional
mercury arc UV lamps, for instance, the lower regions of the
emission spectrum have to be filtered out in order to avoid
polymerization of the monomer in solution. Besides the fact that
optical filters often drastically reduce the intensity in the desired
wavelength region, such lamps have to be effectively cooled to
avoid heating of the monomer solution and associated thermally
induced polymerization.

After the preparation of the PMAA brushes, their lubrication
ability under low contact pressures was tested in a neutral
aqueous solution. It was shown that the macroscopic friction
between polyelectrolyte brushes of different molecular weights
and soft, hydrophilic ox-PDMS pins was below the detection
limit of the employed pin-on-disk tribometer over the entire speed
range tested. While the PMAA brushes could not be distin-
guished with μ vs sliding speed plots, the long-term stability of
short 15 nm PMAA brushes was shown to be inferior to long
brushes (240 nm dry thickness). A further comparison between

Figure 9. Comparison ofμ vs sliding speedplots between15nmPMAA
brushes and 3 nm PEG (5000) monolayers, which have been prepared
via “grafting from” and “grafting to” methods, respectively. The
molecular weight of individual polymer chains was expected to be of
the same order of magnitude for both brushes.

Figure 10. Presumed tribological interface between a highly hydrated
PMAA brush and an ox-PDMS slider in an aqueous environment of
neutral pH.
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PMAA brushes and PEG monolayers, of which the latter
represent well-known aqueous boundary lubricants that are
generally adsorbed on surfaces via “grafting to” methods,
showed that PMAA brushes display significantly lower friction
under aqueous lubrication conditions. Besides the higher grafting
densities of the PMAA compared to PEG layers, enhanced
swelling of the polyelectrolyte brushes in neutral aqueous media
and additional electrostatic repulsion against the oxidized PDMS
slider are presumably responsible for the significantly decreased
frictional response.

In summary, we expect that strongly attached polyelectrolyte
brushes hold great potential as effective surfaces for aqueous
boundary lubrication under low contact pressures. To this end,
the controlled polymerization of dense polymer brushes via the
employed photopolymerization method is believed to serve as a
versatile tool for the specific fabricationof ultralow-friction surfaces.
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