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ABSTRACT: Poly(methacrylic acid) (PMAA) films were photografted by iniferter-mediated polymerization
from self-assembled monolayers (SAMs) of initiator molecules immobilized on Au via disulfide linkages and
mixed with disulfide alkanes. The influence of initiator coverage on the growth rates of film thickness, surface
morphology, and nanoscale mechanics was studied. Film thickness was measured by ellipsometry and atomic
force microscopy (AFM), whereas mechanical performance was assessed by AFM compression force. Remarkably,
the film thickness growth rate by ellipsometry did not show any significant variation with initiator coverage.
However, surface morphology visualized by AFM showed clear influences of the composition of the initiating
SAMs, which directly affected the rate of termination reactions. To investigate the early stages in the grafting
process, polymerization was performed in situ using a quartz crystal microbalance with dissipation monitoring
setup (QCM-D). The mass increment during the photografting was evaluated using concentrated and diluted
SAMs of the initiator. A remarkably higher number of grafted chains in the case of concentrated SAMs was
observed. By comparing this result with the AFM measurements on the obtained films, we recognized a broader
chain length distribution, consequent to termination reactions in dense systems, to influence the surface morphology
of the layers.

Introduction

In the past decade, surface-initiated polymerization (SIP)
methods have been proven to be solid fabrication techniques
for the surface modification of metals, semiconductors, and
polymeric supports using grafted macromolecules. The tech-
nological advances that accompanied the development of SIP
allowed not only the fabrication of simple polymeric coatings
but also the synthesis of responsive nanosystems,1-3 composite
interfaces,4-6 and smart biological platforms.7-12 Following the
fundamental works of Rühe and Prucker,13,14 who systematically
studied the surface-confined synthesis of polymers from flat
surfaces, the development of different SIP techniques has closely
followed the advances in controlled polymerization methods,
especially those based on radical mechanism. Atom transfer
radical polymerization (ATRP),15-17 reversible addition fragmen-
tation-chain transfer processes (RAFT),18,19 and nitroxide-
mediated radical polymerization20,21 were mostly employed in
the grafting of polymeric films, which are often called polymer
brush layers in cases in which the density of immobilized
macromolecules is high enough to induce the stretching out of
the chains from the solid support.

In all of the mentioned methodologies, the universal platform
for the grafting process included SAMs of initiators. SAMs can
be easily prepared on a variety of metallic and nonmetallic
substrates. In addition, their composition can theoretically be
easily tuned by mixing adsorbates bearing initiator functionalities
with corresponding inert molecules characterized by similar
anchoring chemistry.22-25 Platform engineering of the precursor
SAMs by using mixed monolayers (or alternatively, ac-

complishing surface dilution of initiator species) was used to
investigate the effects of the grafting site density on the
morphology of the grown polymer chains.26

Numerous studies reported that the thickening rate of grafted
films decreased with increasing dilution of the initiator at the
precursor surface.26-30 Possible kinetic or morphological effects
caused by radical recombination in the case of the very high
surface concentration of growing chains was not univocally
recognized, with the exception of an irreversible deceleration
of the film’s growth rate, but specifically followed long reaction
periods.31,32 The latter phenomenon was reported to limit the
maximum achievable film thickness to some hundreds of
nanometers in the case of ATRP-based systems after several
hours of reaction.31

Thus, although it has not been systematically addressed yet,
the composition of the initiating surface may have direct
consequences on the thickness, the density, and the morphology
of the layers. In addition, varying the surface density of initiators
could influence the polymerization mechanism itself, which
would also affect the chain length distribution of the grafted
polymer. The degree of polydispersity characteristics of a grafted
system is difficult to estimate: direct measurements on detached
films are often a difficult task, and the estimation by using
samples synthesized from sacrificial initiator in solution may
not always be representative of the reality of the surface grafting
process. Thus, other parameters such as the thickening rate, the
surface nano/micromorphology, and swelling properties may be
used for interpreting the factors that influence the grafting
mechanism.

Aiming to investigate how the composition of initiating SAMs
could influence the grafting of polymer films, we report here a
systematic study focused on the role of initiator surface coverage
on the kinetics, the morphology, and the properties of photo-
polymerized poly(methacrylic acid) (PMAA) layers.
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The initiating system was based on dithiocarbamate-bearing
adsorbates that, in the form of disulfides (Scheme 1), can easily
self-assemble on the Au surface. We have recently shown that
robust UV-SIP could be successfully performed from SAMs
of such initiators on gold surfaces.33 The dithiocarbamate
species, introduced as photoinitiators (or iniferters: initiator-
transfer-terminator agents) by Otsu,34,35 have the peculiarity
of cleaving upon UV irradiation, forming a radical pair
constituted by a reactive carbon radical that initiates the
polymerization and a less reactive, sulfur-centered radical that
can act as a reversible capping agent during the polymerization
process. Disulfide-based initiators were thus used in the presence
of similar but inert disulfide species to form mixed monolayers
of variable relative composition. (See the Experimental Section.)
PMAA was subsequently photografted from SAMs with dif-
ferent surface concentration of the initiator, and the thickening
rate of the films was evaluated by ex situ ellipsometry. The
surface morphology and the swelling properties of different films
grafted from full and diluted monolayers of initiators were
investigated by atomic force microscopy (AFM), which showed
the relevant influence of the composition of the SAM on the
characteristics of the subsequently grafted polymer films.

To get more insight into the mechanism of polymerization
and the influence of the surface concentration of initiating
species, we measured the actual increment in hydrated polymer
mass in real time in the early stages of the process by quartz
crystal microbalance with dissipation monitoring (QCM-D).

The combination of different characterization techniques
showed a relevant influence by the surface density of initiating
species on the morphology and the proprieties of the subse-
quently grafted polymer films.

Experimental Section

Materials. Methacrylic acid (MAA) and methyl methacrylate
(MMA) were obtained from Sigma and were purified from
inhibitors by condensation under high vacuum. The disulfide
photoinitiator dithiodiundecane-11,1diylbis[4({[(diethylamino)-
carbonothioyl]thioethyl)phenyl]carbamate} (DTCA) was synthe-
sized as previously reported.33 1,2-dioctadecyldisulfane (DDS) was
obtained by oxidation of octadecane-1-thiol (ODT, Sigma) in
chloroform using an equimolar aqueous solution of iodine and
potassium iodide (Merck and Sigma, respectively). Gold substrates
were purchased from Ssens B.V. (Hengelo, The Netherlands). All
solvents were used in high purity, and milli-q water was obtained
from a Millipore system (Millipore S.A.S., Molsheim, France).

Photopolymerization. In a typical procedure, 1 mM mixed
chloroform solutions of DTCA and DDS with molar ratios of
initiator equal to 0.2, 0.4, 0.6, 0.8, and 1.0 were used to form the
initial SAMs. Gold substrates with an area of 6 cm2 were cleaned
with a piranha (30/70% H2O2/H2SO4) solution, and after extensive

rinsing with milli-q water, ethanol and dichloromethane were
immersed in the corresponding DTCA/DDS solution overnight at
room temperature.

The so-prepared samples were subsequently placed in a quartz
flask containing a 1.0 M aqueous solution of MAA. They were
extensively purged with argon and finally irradiated through a 280
nm cutoff filter for the necessary polymerization time by an array
of six UV-B lamps (15W, G15T8E, Ushio, Japan, sample-to-lamp
distance: 20 cm). After the photopolymerization was carried out
for the desired time, the substrates were rinsed with milli-q water
overnight. We grafted MMA by following similar experimental
procedures with the exception of using toluene as the solvent and
the final monomer concentration of 4.5 M.

Characterization. Contact angle measurements were performed
on the SAM-functionalized gold substrates to monitor the changes
in wettability following chemisorption of different relative con-
centrations of DTCA with respect to DDS. Static water contact
angle measurements were performed by the sessile drop technique
using an optical contact angle device equipped with an electronic
syringe unit (OCA15, Dataphysics, Germany). This setup was then
connected to a charge-coupled device (CCD) video camera. The
sessile drop was deposited onto the polished surface of the materials
with the syringe, and the drop contour was fit by the Young-Laplace
method. Twenty measurements of each specimen were performed.

X-ray photoelectron spectroscopy (XPS) was used to evaluate
the actual surface concentration of the initiator in SAMs prepared
from feeding solutions containing different molar fraction of DTCA/
DDS. XPS spectra were obtained on a Quantera XPS instrument
(Physical Electronics) using monochromatized Al KR radiation
(1486.6 eV) with an X-ray beam diameter of 100 µm and an angle
of 45° relative to the substrate’s surface. Each sample was measured
over a set of eight different locations.

To evaluate the relative concentration of DTCA on the surface,
high-resolution XPS elemental scans for the O1s, N1s and C1s
signals were recorded. The ratios between elemental concentrations
C/N and C/O were evaluated as a function of the molar fraction of
DTCA initially present in the corresponding feeding solutions
(Φsolution

DTCA ). Thus, by combining the values obtained for each sample,
we calculated the relative composition of the SAMs (expressed as
Φsurface

DTCA ) with respect to Φsolution
DTCA .

The dry thickness of the subsequently grafted PMAA films was
measured using a computer-controlled null ellipsometer (Philips
Plasmon) working with a He-Ne laser (λ ) 632.8 nm) at an angle
of incidence of 70°. The measurements were formed at 22 °C under
30% relative humidity, and the data obtained were averaged over
40 points at the surface of each sample. For the grafted PMAA
layers, a refractive index of 1.475 was used.36

The surface morphology of the films was evaluated by atomic
force microscopy in tapping mode (TM-AFM) using a Dimension
3100 setup (Digital Instruments, Veeco, Santa Barbara, CA) and
recording topography images over several areas of each substrate.
The same instrument equipped with a liquid cell was used in contact
mode to evaluate the properties of the PMAA layers when immersed
in PBS buffer at pH 7. To monitor the swelling behavior and the
resistance to compression of the grafted PMAA, we mechanically
removed (scratched) the polymer layers with plastic tweezers, and
the height between the unscratched and scratched regions was
measured in contact mode upon the application of variable loads
by the AFM tip.

QCM-D measurements37 were performed to monitor the polymer
growth in the first stages of the polymerization process. AT-cut
quartz crystals (Q-Sense, Gothenburg, Sweden) with a fundamental
resonance frequency of 5 MHz were used as substrates for the
grafting of PMAA. The gold electrode on the quartz crystal sensor
was functionalized ex situ with initiating SAMs by following the
same procedures reported in the Materials section with 0.2 and 1.0
molar ratios of DTCA to DDS, respectively. The sensors were
subsequently placed inside a QCM-D chamber equipped with a
liquid flow system on a Q-Sense E4 measurement system (Q-Sense,
Gothenburg, Sweden). A quartz window in the chamber allowed
for effective UV illumination of the sensor surface with the unit

Scheme 1. Synthesis of PMAA Grafts from Mixed SAMs on Aua,b

a (a) Formation of mixed initiating SAMs of DTCA initiator and
DDS diluent agent.

b (b) Photopolymerization of methacrylic acid and formation of
surface-tethered PMAA films.
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placed under an array of six UV-B lamps. Degassed MAA solution
was pumped inside the system via an external syringe and was
finally irradiated by the already described UV setup. The Q-Sense
E4 system allows for the simultaneous recording of changes in
resonant frequency (∆f) and energy dissipation (∆D) recorded at
multiple overtones (5, 15,..., 65 MHz). As a first approximation,
the system had a mass sensitivity of 17.7 ng/cm2 per Hz at 5 MHz
using the Sauerbrey relation.38 However, acoustic sensors such as
QCM-D measure the adsorbed mass including dynamically coupled
water and are sensitive to the viscoelastic properties of the adsorbed
film as well.39,40 Thus, to calculate the variation in grafted polymer
mass, a Voigt-based model was used to fit the experimental data
for ∆f and ∆D at several overtones, which takes the effect of
viscoelasticity into account.41,42 The hydrated polymer grafts were
considered to be a homogeneous viscoelastic film characterized by
the viscosity (ηp) varying between 0.001 and 0.01 kg/ms and a
swollen thickness (d) varying between 0 and 1 µm.

Results and Discussion

Formation of Mixed Initiator Self-Assembled Monolayers.
In Scheme 1, the molecular structure of the two different
adsorbates, DTCA and DDS, that were used to form the mixed
initiating SAMs on Au are depicted. As already described, mixed
SAMs deposited from feeding solutions containing different
molar ratios of the two components were prepared to investigate
the role of the surface concentration of photolabile groups in
the subsequent grafting of PMAA. In Figure 1, the surface
composition of the SAMs, which was measured with XPS after
overnight incubation, was plotted, expressing the molar fraction
of DTCA in the monolayers (Φsurface

DTCA ) as function of the molar
fraction in the feed solution (Φsolution

DTCA ).
As one can see from Figure 1a, the data points lie in the

proximity of the line of unity slope (corresponding to no
preferential adsorption of one component with respect to the
other). Thus, the surface concentration of DTCA molecules can
be precisely tuned by varying the Φsolution

DTCA of the corresponding
feed solutions.

In the case of mixed precursor SAMs for SIP, several studies
in the literature reported on the fine control of the actual surface
concentration of initiating adsorbates as a difficult task because
the thiol-based initiator molecules preferentially adsorbed in
comparison to the diluent unreactive thiol.30,32 In the present
case, the values of Φsurface

DTCA compared with those of Φsolution
DTCA were

only slightly higher (between the 15 and 35%). This effect was
probably due to the higher polarity of DTCA functionalities
with respect to the CH3-terminating DDS, which thus makes
the chemisorption of the former compound on the Au surface
energetically favored.22

The increase in the surface concentration of the more polar
DTCA molecules also influenced the wettability of the initiating
SAMs. As can be seen in Figure 1b, the static water contact
angle measured on SAMs with different surface compositions

of the two components steadily decreased with the increase in
Φsolution

DTCA , confirming the presence of DTCA species on the
surface.

By using the obtained values of contact angles in the well-
known Cassie equation, it was possible to calculate the
experimental surface composition of the SAMs,43 expressed as
Φsurface

DTCA CA, as a function of the relative composition of the
feeding solutions, Φsolution

DTCA CA. By plotting the two series of
values (Figure 1c), we obtained a curve that was very similar
to that obtained through the XPS analysis. Also, in this case,
the experimental values lie in the vicinity but above the line of
no preferential adsorption, which reflects a control over the
surface composition of the SAMs and a slight energetically
favored adsorption of DTCA molecules compared with DDS.

Photografting of Poly(methacrylic acid). The kinetics of
SIP using iniferter initiators on flat surfaces was first investigated
by Hadziioannou et al.44 and recently by Metters et al.45 In the
first study, a linear increase in the film thickness with the
polymerization time for the grafting of poly(methyl methacry-
late) (PMMA) was found, and thus the living character of this
particular SIP method was demonstrated. In the latter report,
the grafting of PMMA from initiator-modified silicon oxide
surfaces was investigated, and an irreversible slowing down of
the polymerization with time was observed. This phenomenon
translated into a nonlinear growth of PMMA layers with the
irradiation time. This was described as a direct consequence of
the loss of surface-tethered radicals by recombination reactions.

The number of tethered chains is directly related to the
number of the initiator molecules on the surface that effectively
initiate and propagate the growth of polymers. Therefore, the
surface concentration, or alternatively, the distance between
grafting points, is a parameter that should play a fundamental
role in the subsequent film growth.

In the present study we have photopolymerized PMAA from
SAMs on Au bearing different initiator concentrations deposited
from solutions of 1.0, 0.8, 0.6, 0.4, and 0.2 Φsolution

DTCA correspond-
ing to Φsurface

DTCA values of 1.0, 0.9, 0.7, 0.5, and 0.2, respectively.
The polymerization reactions were all performed by keeping
the monomer concentration constant, and for each sample, the
dry ellipsometric thickness of the synthesized PMAA layers was
measured after time intervals ranging from 10 to 80 min.46

In Figures 2a-c, the dry thickness measured as a function
of the polymerization time was plotted for all of the samples
studied. To simplify the graphical representation, the growth
rate was plotted in Figure 2a for films grafted from 1.0 SAMs
(full initiator coverage), in Figure 2b for semidiluted SAMs
(corresponding to 0.8, and 0.6 Φsolution

DTCA ), and in Figure 3c for
highly diluted 0.4 and 0.2 SAMs.

In general, it is interesting that very thick films up to 400
nm can be synthesized during 80 min of irradiation for the entire
range of DTCA molar ratio considered. The polymerization rates

Figure 1. (a) Molar fraction of DTCA molecules on the SAMs (Φsurface
DTCA ) measured by XPS analysis and expressed as a function of the molar

fraction of DTCA present in the feeding solution Φsolution
DTCA . (b) Static water contact angle values recorded on SAMs prepared from feeding solutions

with different molar fraction of DTCA (Φsolution
DTCA ). (c) Molar fraction of DTCA molecules on the SAMs (Φsurface

DTCA CA) calculated from contact angle
data by using the Cassie equation and expressed as a function of the molar fraction of DTCA present in the feeding solution Φsolution

DTCA CA.
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observed are thus remarkably higher than the values for SIP of
MMA initiated from a similar system.44,45 However, the shapes
of the thickening rate curves are rather similar to those that are
typical of iniferter-mediated SIP.45

In addition, for all of the samples studied, an apparent
induction time can be recognized as an initial slow thickening
rate during the first 20-30 min of irradiation, followed by
acceleration of the films’ growth. Such a slow initial polymer-
ization rate might be caused by radical transfer to oxygen that
is still present in the reaction medium in the early stages of the
process. More interestingly, as already observed by Metters et
al., who studied the iniferter-mediated photografting of MMA,
a slow initial increase in thickness followed by rapid growth
can be interpreted to be a consequence of different configurations
of the surface-tethered chains; namely, it is related to a
mushroom-to-brush transition.45

It is also interesting that for all of the six different surface
concentrations of initiator reported, no relevant slowing down
of the film thickening was recorded after long irradiation times,
and thus chain termination reactions do not seem to play a role
in limiting the final thickness values that could be achieved.

Ellipsometry measurements of the film thickness showed no
significant influence of the surface composition of the starting
SAMs on the films’ thickening rate. PMAA films grafted from

SAMs of DTCA (DTCA 1.0 in Figure 3a) with full coverage
were shown to grow at a similar rate with respect to the cases
in which DTCA molecules were diluted with DDS-inert
analogues. This behavior was observed down to high dilutions,
such as in the case of layers grafted from 0.2 SAMs (most
diluted studied).

An explanation of this apparently unexpected behavior is
offered by considering the effect of high surface concentration
of radicals for high molar ratios of DTCA. In support of this
idea, Baker et al.29 observed that when ATRP was used the
polymerization rate from SAMs with decreasing initiator
concentrations did not show a relevant slowdown over a wide
range of concentration. This result was justified by an increase
in bimolecular termination reactions for high surface concentra-
tions of the initiator and thus indirectly assumes that only a
fraction of growing chains actually contributed to the formation
of the grafted film when compared with the potential grafting
points that are present in the precursor SAM. When the results
obtained here are compared, this phenomenon seemed to play
a more important role for iniferter-based initiators when
compared with ATRP-based SIP.29 If bimolecular termination
strongly influenced the photografting of PMAA and considering
that similar thickening rates were obtained even though the
surface coverage of initiator was varied, then a high number of
growing chains should have undergone deactivation in the early
stages of SIP and, most importantly, in the case of high surface
concentration of initiator. A similar conclusion was also derived
by comparing the ellipsometric thicknesses of PMAA films
obtained by varying the sample/lamp distance (light intensity
and thus rate of radical generation) for the two extreme cases
of the films grafted from 1.0 and 0.2 SAMs. (See Figure 1s in
the Supporting Information). Also, in this experiment, no
relevant differences were found between very concentrated and
diluted initiating monolayers; therefore, in the case of 1.0 SAMs,
the increment of generated radicals induced by a higher number
of photons that reached the surface also seemed to be affected
by recombination.

To monitor whether the occurrence of termination reactions
influenced the micro/nanomorphology of photografted PMAA
films, AFM topography images of PMAA films grafted from
samples 1.0 and 0.2 were recorded in the early stages of
polymerization, namely, after 10, 15, and 20 min (Figure 3a-f)
of UV exposure.

As the AFM images show, for films grown from 1.0 SAMs,
the average roughness (root mean square, rms) showed a
significant increase following polymerization. We observed an
increase in roughness from 0.9 nm (measured on an area of 10
× 10 µm2) after 10 min of photoirradiation to 1.0 nm after 15
min, reaching 2.0 nm following 20 min of reaction (correspond-
ing to a 120% overall increase). However, in the case of PMAA
layers grown from 0.2 SAMs (as can be seen by comparing
Figure 3b,d,f), such strong roughening with polymerization time

Figure 2. Ellipsometric thickness of PMAA films as a function of UV irradiation time plotted for films grafted from (a) 1.0, (b) 0.8 and 0.6, and
(c) 0.4 and 0.2 SAMs.

Figure 3. (a,c,e) Topography images by TM-AFM for layers grafted
from 1.0 SAMs after 10, 15, and 20 min of photoirradiation,
respectively. (b,d,f) Topography images by TM-AFM for layers grafted
from 0.2 SAMs after 10, 15, and 20 min of photoirradiation,
respectively.
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was not pronounced. In the latter cases the average rms values
after 10, 15, and 20 min of photografting were, respectively,
0.5, 0.6, and 0.7 nm (measured on an area of 10 × 10 µm2),
with an overall increment of 40% during the polymerization
time studied. (For the smoother films obtained from SAMs with
low coverage, peculiar dotlike features of uniform size can be
seen. We speculate that these might be precipitated chains grown
in the solution.)

When the two different behaviors were compared, a higher
roughening rate was found in the case of films grafted from
SAMs with a high concentration of DTCA.

In addition to the average rms roughness, the surface
nanomorphology also showed important differences in a com-
parison of films grafted from 1.0 and 0.2 SAMs. As can be
seen in the high-resolution micrographs in Figure 4, in the case
of 1.0 films, polymer aggregates with typical lateral dimensions
ranging from 50 to 200 nm are present on the brush surface.
These bunches of grafted macromolecules extend from the
surrounding surface, producing peak-to-peak values that, in
many cases, reach 2.5 to 3.5 nm (compare corresponding cross
section). The surface of PMAA films grown from 0.2 SAMs
showed a regular and continuous nanomorphology characterized
by polymer structures presenting peak-to-peak values of 0.5 to
0.7 nm.

It has to be mentioned that an enhancement of surface
roughness for grafted polymer films was related to cross-linking
in some reports.47,48 In the present case, we believe that surface
asperities produced by polymer aggregates were caused by
broader chains length distributions consequent to the high
occurrence of termination reactions when PMAA films were
grafted from 1.0 SAMs.

Aiming to confirm our theory, alternatively from 1.0 and 0.2
SAMs, we grafted PMMA, a polymer that is much more inert
than PMAA toward possible spontaneous cross-linking, by
following experimental conditions similar to those reported by
Rahane et al.45 Following 30 min of irradiation, the PMMA
films were analyzed by TM-AFM. As can be seen by comparing
the two images in Figure 2s in the Supporting Information,
PMMA grafts grown from 1.0 SAMs presented enhanced
surface roughness compared with films grafted from 0.2 SAMs
and showed very similar morphological differences with respect
to the correspondent PMAA films.

Differences in film thickness can be directly related to
variation of molecular weight for grafted polymer chains in the
brush regime;49 therefore, marked peak-to-peak height values
can also be interpreted as being caused by area constituted by
chains of different length. Considering that this phenomenon
was just found in the case of full SAMs of initiator molecules,
it had to be related to very high concentrations of growing
radicals. Therefore, a consequent increase in the occurrence of
bimolecular termination, which influences the chain-length
distribution of the grafted polymer, very likely also influenced
the surface micro/nanomorphology of PMAA films grafted from
1.0 SAMs.50

PMAA films grown from 1.0 SAMs during short irradiation
times are supposed to be formed by denser assemblies of grafts
when compared with polymer films photopolymerized from 0.2
starting SAMs. Therefore, the two different layers, which present
similar thicknesses (∼20 nm by ellipsometry), should also show
different resistance toward mechanical scratching.

An easy scratching experiment can thus highlight the
completely different properties of the layers because polymer
films that present comparable thicknesses but different densities
of anchoring points to the underlying substrate should also show
different mechanical resistance. An immediate demonstration
of this peculiar behavior can be obtained by mechanically
removing the dry films by using plastic tweezers and subse-
quently imaging the scratched regions with an optical micro-
scope (Figure 5a,b). The PMAA film grafted from sample 1.0
could not be completely removed; however scratching removed
virtually the entire contacted sections of the 0.2 films. These
differences could clearly be seen after the scratching of the films
when the two surfaces were wetted with a water drop.
Comparing the insets of the two images in Figure 5a,b it can
clearly be seen how the scratched regions of 0.2 could not be
wetted, exposing the rather hydrophobic initiating SAMs,
whereas the surface of 1.0 stayed completely covered by the
water drop, evidencing much more resistance toward film
detachment.

The swelling properties of these two different films should
also be influenced if the mechanical and morphological differ-
ences were related to different chains characteristics. To
investigate the swelling properties of PMAA, layers grafted from
1.0 and 0.2 SAMs were first scratched with plastic tweezers to
accomplish the complete removal of polymer that was presented
in the case of PMAA grafted from 1.0 SAMs. Following
scratching, the samples were immersed in PBS solution (pH
7.0), and the height of the swollen grafts was measured by CM-
AFM as the difference between scratched regions and the
surrounding intact PMAA film (e.g., shown by the arrows in
Figure 5a,b). Films presenting dry step heights of 20 and 30
nm (synthesized during 20 min of UV irradiation from 1.0 and
0.2 SAMs, respectively) when immersed in the liquid swelled
profusely and reached heights of 500 and 550 nm when grown
from 1.0 and 0.2 SAMs, respectively. The degree of swelling
measured for the two layers was in good agreement with
reported values for PMAA brushes synthesized by free radical
polymerization methods;51 nevertheless, no relevant differences

Figure 4. (a,c) High-resolution topography images by TM-AFM for
layers grafted from 1.0 SAMs; the corresponding cross-sectional profile
is given below. (b,d) High-resolution topography images by TM-AFM
for layers grafted from 0.2 SAMs; the corresponding cross-sectional
profile is given below (vertical scale from black to white: 10 nm).
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(within the experimental errors measured) were observed
between the two samples, which would be expected in the case
of different grafting densities.29,52

To test the compressibility of the two grafted layers in this
medium, the edge of the polymer films was scanned, applying
different loads by the AFM tip, and the step height between
the polymer and the underlying substrate was recorded. In Figure
6a,b, typical cross sections depicting the height between the
polymer films and the solid supports at different applied loads
(at 12, 26, 34, and 43 nN) are shown, with the corresponding
plots reporting the relative compressibility values normalized
to the height observed at the lowest load (insets of Figure 6a,b,
respectively, for films grafted from 1.0 and 0.2 SAMs). The
average height of the film decreased under the increasing load
in a similar way for both samples, but the films grafted from
1.0 showed a much higher variability in the compressibility, as
evidenced by the much larger standard deviations in the inset
of Figure 6a, when a large number of compression data from
different sections of the film were compared. We believe that
this larger heterogeneity is a result of the inhomogeneous
morphology of this film.

In summary, distinct differences were observed from the
morphological characterization performed in air and from the
swelling properties of films synthesized after short irradiation
times from very diluted and concentrated initiating SAMs,
respectively. Because these films displayed similar growth rates
in the entire range of polymerization time studied, it is possible
to speculate that bimolecular termination reactions, which are
predominant in films grown from 1.0, directly affected the film
morphology and were presumably more frequent in the early
stages of the polymerization process, that is, within the first 20
min of irradiation.

In Situ Quartz Crystal Microbalance with Dissipation
Monitoring Measurements. To investigate the growth of
PMAA in situ in the early stages of polymerization, we used
Au-coated quartz crystals functionalized with 1.0 and 0.2
initiating SAMs as substrates for the subsequent photografting
of PMAA. In the present study, the functionalized sensors were
placed inside a QCM measurement cell equipped with a quartz
window that could thus expose the substrate’s surface to the
external UV irradiation source in a cross-linking chamber. A
degassed solution of MAA was pumped into the cell and fully
covered the exposed functionalized sensor surface, and this setup
was finally irradiated for 20 min, recording the ∆f and ∆D
values as a function of the polymerization time.53

In Figure 7a,b is shown the frequency shift, ∆f, recorded for
three different overtones for polymerization performed on
sensors modified with 1.0 and 0.2 SAMs, respectively. Follow-
ing the frequency traces, the starting and the ending of the UV
irradiation are highlighted by two arrows at times corresponding
to 0 and 20 min, respectively. During this period, the decrease
in resonant frequency, which was observed for both SAMs,
corresponded to an increase in the mass coupled to the sensor,
which was caused by the growth of surface-tethered polymer
chains. The decrease in ∆f was accompanied (Figure 7a,b) by
a concomitant increase in dissipation, ∆D (Figure 7c,d), which
is consistent with the surface growth of hydrated polymer chains
covering the sensor.

The onset of shifts in ∆f and ∆D was observed 5-7 min
after the beginning of UV irradiation. Before that time, only a
small transient increase in ∆f due to the UV light itself on the
sensor was observed. (See Figure 3s in the Supporting Informa-
tion.) We interpreted this delay to be most likely due to an
induction time during which the propagation of growing chains

Figure 5. (a) Scratched films of PMAA grafted during 20 min of irradiation from 1.0 SAMs imaged with an optical microscope and (b) similar
PMAA films grafted during the same polymerization time but from 0.2 SAMs. In the insets (size: 3 × 3 cm2) of a and b, pictures from a digital
video camera showing the wettability of the respective films over the scratched regions are shown. In regard to the arrows, see the explanation in
the text.

Figure 6. Representative cross sections showing the step height of PMAA films grafted from (a) 1.0 and (b) 0.2 SAMs recorded by CM-AFM in
PBS solution at pH 7.4 by applying increasing load (from 12 to 43 nN). The corresponding insets in a and b show the compressibility values
measured as the relative height decrease as a function of the load.
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is very slow and is also partially masked by the initial UV-
induced transient response of the sensor itself.

Interestingly, the frequency decrease and dissipation increase
for the two different SAMs did not follow the same kinetics
and also had very different rates of change. The layers grown
on 1.0 showed a faster ∆f decrease and ∆D increase compared
with the photografting on 0.2 SAMs. Furthermore, after the UV
light was switched off, for 0.2 initiating SAMs, the variations
in ∆f and ∆D immediately leveled off, indicating the interruption
of polymer grafting. In the case of 1.0 SAMs, instead, the
variation rate of frequency and dissipation did not become 0
when UV was switched off. Instead it reached a steady state,
slowly leveling off during 10 min following the end of the
polymerization. We suggest that this phenomenon may be due
to an increase in viscosity by polymerization initiated in the
medium when films were grafted from 1.0 starting layers. In
support of this assumption, we reason that the UV irradiation
of MAA solutions, even in the absence of any initiating
functionalized surface, were shown to induce a gradual decrease
in ∆f following the irradiation time. (See Figure 4s in the
Supporting Information.)

The differences between the two samples become more
evident if the mass uptake as a function of the irradiation time
obtained by fitting the ∆f and ∆D response by using the Voigt
model for the three overtones displayed was compared for 1.0
and 0.2 SAMs. The difference between the two trends in Figure
8 highlights the fact that the total film mass (expressed as ng/
cm2) grafted from 1.0 SAMs exhibits a much more accelerated
growth compared with that of the 0.2 SAMs during the first 20
min of polymerization. The measured values must be interpreted
to be the total mass increment, considering the polymer chains
to be hydrated and trapping a substantial amount of excess water
and possibly monomers within the brush.

Whereas the increase in dry mass is relatively similar for the
two initiator concentrations, once the growth has become
significant (Figure 2), the increase in hydrated mass is much
more rapid for the 1.0 SAMs and also starts earlier, as evidenced
by the shorter lag phase observed. Furthermore, the ratio of ∆D
to ∆f (roughly incremental viscous losses per mass unit
adsorbed) that can be inferred from the data in Figure 8 (also,
Figure 5s in the Supporting Information) is higher for the 0.2
SAMs than for the 1.0 SAMs, which indicates a denser, more

rigid film initially forming in the latter case, whereas it becomes
similar after the slowdown in mass growth that occurs for the
1.0 SAM after 15 min.

These results demonstrate that a higher number of polymer
chains were initially grafted from full initiator SAMs compared
with initiating layers presenting DTCA diluted with DDS. In
addition, most likely a consequence of the structural heterogene-
ity of 1.0 samples (evidenced by peculiar surface morphology
and by film compressibility measures by AFM), the film can
take up more water, as evidenced by the higher total hydrated
mass. When dried, the amount of polymer for the two initiator
coverages becomes comparable, as shown by ellipsometry. The
very large difference between ellipsometric mass and QCM-D
mass that was initially observed might also be partially related
to a faster growing 1.0 SAM-initiated PMAA film because of
the higher density of chains and because it was reproducibly
observed that the Voigt modeled mass (as well as the untreated
data) showed a significant decrease in growth rate between 15
and 20 min of irradiation and that the Voigt mass growth rates
at 20 min became similar for high and low initiator density
SAMs. Therefore, the crowding of growing chains favoring
bimolecular reactions and affecting the subsequent thickening
rate by decreasing the effective number of tethered macroradi-
cals might become dominant around this time. As a consequence
of this decrease in growing chains, the film thickening versus
polymerization time showed very similar trends in the case of
thick films grown from full layers of initiators with respect to
SAMs where the initiators are diluted with inert adsorbates. The
AFM images of dry films showing evidence of a higher
structural heterogeneity for full iniferter coverage support this
interpretation.

Conclusions

We investigated here the photografting of PMAA using mixed
initiating systems on the basis of SAMs containing iniferter-
based adsorbates and demonstrated how the fine-tuning of the
composition of the starting layers could influence the morphol-
ogy and the properties of the subsequently grafted films.

Very thick PMAA grafts could be synthesized after relatively
short reaction times for the entire range of surface concentration
of the initiator studied. The film growth rate, measured with ex
situ ellipsometry in the dry state, did not show a significant
dependence on the composition of the starting SAMs, implying
that radical recombination reactions played a role in the surface
grafting process. By comparing the extreme cases of PMAA
grafts from full SAMs of initiators and highly diluted SAMs,
important morphological differences and different swelling
properties were found after short irradiation times. We concluded
that this is related to different kinetics of the grafting process
in the two model substrates studied, as demonstrated by in situ

Figure 7. Change in (a,b) frequency ∆f and (c,d) dissipation ∆D of a
QCM-D recording of the photopolymerization process. Starting and
ending times are indicated by black arrows in the graphs. The changes
in ∆f and ∆D were recorded, respectively, in the case of PMAA grafted
from (a,c) 1.0 and (b,d) 0.2 SAMs.

Figure 8. Hydrated mass uptake (expressed as ng/cm2) estimated by
fitting ∆f and ∆D values obtained during the photopolymerization of
PMAA to a Voigt model for the adsorbed film for 1.0 (O) and 0.2 (0)
SAMs, respectively.
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QCM-D measurements. Taking into consideration the initial film
mass growth and viscoelastic properties for the two systems
measured by QCM-D, a higher number of chains are initially
grown in the case of concentrated SAMs of initiators. Neverthe-
less, because of termination reactions, this potential grafting
efficiency did not turn into a higher thickening rate during the
course of the polymerization with respect to films grown from
diluted SAMs.
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