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Tuning and in situ monitoring of surface-initiated,
atom-transfer radical polymerization of acrylamide
derivatives in water-based solvents†

Joydeb Mandal, Rok Simic and Nicholas D. Spencer *

In order to gain better control over the growth and dispersity of surface-tethered poly(acrylamides), the

SI-ATRP kinetics of N-isopropylacrylamide (NIPAM), N,N-dimethylacrylamide (DMAM) and N-hydroxyethyl

acrylamide (HEAM) have been systematically investigated in situ in an 80 : 20 ethanol/water mixture by

means of the quartz crystal microbalance with dissipation (QCM-D). The addition of tetraethylammonium

chloride (tEtAmCl) or tetraethylammonium bromide (tEtAmBr) in association with additional CuIIX2 (X = Cl

or Br) resulted in improved control over the polymerization kinetics. Evidence for such improved SI-ATRP

kinetics was provided by a slower and more linear decrease in the resonance frequency of the QCM-D

sensors, indicating a linear increase in solvated brush mass as a function of polymerization time. This was

further validated by carrying out multiple re-initiations and measuring the growth of the polymer brushes

upon each initiation, by means of both QCM-D and ellipsometry. An indirect estimation of the effect of

improving the living nature of polymer brush growth on their dispersity was performed by carrying out

nanoindentation experiments by means of colloidal-probe atomic force microscopy on polymer brushes

grown under different reaction conditions. For an identical indentation load, polymer brushes grown in

the absence of CuIIX2 and tEtAmX exhibited a much larger indentation depth, indicating a substantially

softer structure, presumably as a consequence of the higher degree of chain-length dispersity.

Introduction

A major incentive for the tailoring of the surface chemistry of
biomaterials is to improve their biocompatibility. This is
achieved by controlling their interactions with active com-
ponents of living systems, such that they mimic the natural
physiological state. Over the past decade, the use of polymer
brushes has emerged as one of the most versatile approaches
to tailor the surface properties of materials for a wide range of
applications, because of the excellent control it offers over
both architecture and functionality.1,2 Applications include the
design of adaptive interfaces and the modulation of bio-
adhesion, friction, and wettability.3–5

The biocompatibility of a number of water-soluble acryl-
amide-based polymers makes them ideal for many biomedical
applications,6,7 such as in tissue engineering and drug deliv-
ery. However, the suitability of the corresponding polymer
brushes for mimicking biological functions, such as the articu-

lating surface of cartilage, have not been studied extensively,
in part due to difficulties in growing them with tunable thick-
nesses. Surface-initiated, atom-transfer radical polymerization
(SI-ATRP),8–11 among various other surface-initiated controlled
radical polymerization (SI-CRP) techniques, has been proven
to be highly versatile for the generation of polymer brushes,
because it potentially provides full control over the tunability
of brush thickness and grafting density. Other advantages of
SI-ATRP for designing tailored surfaces include the readily
accessible and inexpensive catalyst systems (normally copper
complexes of aliphatic or aromatic amines), initiators (alkyl
halides) and a wide range of commercially available suitable
monomers.12 Nevertheless, achieving tunability in brush thick-
ness with SI-ATRP of acrylamide derivatives has remained
elusive due to their tendency towards uncontrolled growth in
water-containing solvents. This can be explained by the very
low effective concentration of the ATRP deactivator (CuIIX2Ln;
X = Cl or Br, L = ligand), due to the displacement of its halide
ligand by water molecules.13–15 Matyjaszewski and co-workers
have shown that the effective concentration of CuIIX2Ln can be
increased and hence the ATRP kinetics can be modulated by
the addition of a halide salt such as tEtAmX (X = Cl or Br) to
the reaction medium.14 However, although poly(acrylamide)
brushes may be ideal for many biomedical applications,
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detailed investigation of the SI-ATRP kinetics of water-soluble
acrylamides and hence an effort to achieve tunable polymer
brush growth has been somewhat neglected, due to difficulties
in monitoring the SI-ATRP kinetics in real time. Although the
SI-ATRP kinetics of N-isopropylacrylamide (NIPAM) have been
studied in recent times by several other groups,16,17 a better
understanding of the SI-ATRP kinetics of water-soluble acryl-
amides can have great potential in designing biologically rele-
vant functional surfaces.

In this study, we have systematically investigated the effect
of both CuIIX2 and tEtAmX on the SI-ATRP kinetics of N,N-di-
methylacrylamide (DMAM), N-hydroxyethyl acrylamide
(HEAM) and N-isopropylacrylamide (NIPAM) both in situ and
ex situ using QCM-D and ellipsometry.

A remarkable observation was the transition from uncon-
trolled to well-controlled SI-ATRP kinetics due to the combined
effect of CuIIX2 and tEtAmX. Controlled behavior was reflected
as a more moderate and far more linear decrease in the reso-
nance frequency (−ΔF) of the QCM-D-sensor, corresponding to
a linear increase in the brush thickness as a function of
polymerization time. In a recent report, Luan and coworkers
showed that the presence of a thick dissipative film reduces
the sensitivity of QCM-D measurements due to attenuation of
the acoustic waves, potentially leading to erroneous results.
This effect they termed “hearing loss”.18 In order to determine
whether this issue is significant in the results reported below,
we have also evaluated the SI-ATRP kinetics, in parallel and ex
situ by measuring dry brush thickness at different time inter-
vals by means of ellipsometry. While the amount of data col-
lected in this way is, of course, far less than via the in situ
approach, the ellipsometric kinetic results precisely mirror
those measured by QCM-D.

Special attention was paid to evaluating the effect of
improved SI-ATRP kinetics on the polymer-brush dispersities
in a nondestructive way. In addition to the commonly used
size-exclusion chromatography (SEC) of the detached polymer
chains, colloidal-probe AFM indentation was used to indirectly
measure the effect of reaction conditions on chain-length dis-

persity. Comparison of the force–distance curves obtained
from the colloidal-probe AFM indentation experiments
revealed substantial differences between the swollen states of
polymer brushes grown with or without the CuIIX2 and
tEtAmX, despite their similar dry thicknesses. The differences
presumably originate from the higher degree of chain-length
dispersity when the brushes are grown in the absence of
CuIIX2 and tEtAmX.

Results and discussion

Because our primary objective was to understand and achieve
greater control over the SI-ATRP kinetics of water-soluble
monomers, such as DMAM, HEAM and NIPAM in water-based
solvents, we chose to study their real-time growth in 80 : 20
ethanol/water mixture under different catalytic conditions
using a quartz crystal microbalance with dissipation (QCM-D).
This technique was chosen because of its exceptional ability to
monitor changes in the mass of the polymer films, as they
grow in real time.19–21 The polymerization was performed at
room temperature from a monolayer of SI-ATRP initiator,
immobilized onto the SiO2-coated QCM-D sensors. In brief, a
baseline was first established by flowing 80 : 20 ethanol/water
through the QCM-D cells; the medium was then switched to
the complete reaction mixture (CRM; i.e. 80 : 20 ethanol/water
+ monomer + catalyst + ligand) to initiate the polymerization
and finally terminated by switching the flow back to 80 : 20
ethanol/water. A schematic illustration of the experimental
setup is presented in Scheme 1.

The SI-ATRP kinetics were monitored in real time by follow-
ing the decrease in the resonance frequency (−ΔF) of the
QCM-D sensors as a function of polymerization time. The use
of QCM-D in studying SI-ATRP kinetics is advantageous over
other techniques such as ellipsometry or XPS because of its
ability to provide a finer detail of the kinetics in situ and in
real time, without the necessity for carrying out individual
experiments for each data point. The polymerization of

Scheme 1 Schematic illustration of the QCM-D-flow system used, to study the in situ SI-ATRP kinetics of N-isopropylacrylamide, N,N-dimethyl-
acrylamide and N-hydroxyethylacrylamide.
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NIPAM, DMAM, and HEAM was first investigated at room
temperature in 80 : 20 ethanol/water as mentioned before, with
CuCl as the catalyst and tris[2-(dimethylamino)ethyl]amine
(Me6TREN) as the ligand. The ligand was added in excess
(twice the molar concentration of CuCl) to ensure the com-
plete dissolution of the catalyst. Although the polymerization
worked well with DMAM and HEAM (Fig. 1), as manifested in
a decrease in the resonance frequency with polymerization
time, NIPAM did not appear to polymerize at all (Fig. 1), not-
withstanding literature references to successful ATRP of
NIPAM in the presence of CuCl as a catalyst.22–24

However, we were able to successfully polymerize NIPAM
using CuBr as the catalyst (Fig. 1). The ΔF–t curves corres-
ponding to the polymerization of DMAM and NIPAM exhibited
nonlinear profiles, with a rapid initial decrease of the reso-
nance frequency (ΔF), saturating within a short period of
polymerization, suggesting a very transient reaction profile,
which was confirmed by a nonlinear increase in the dry brush
thickness measured by ellipsometry at various time intervals
(Fig. 2c). Interestingly, SI-ATRP of HEAM, under similar reac-
tion condition, exhibited a steady, linear decrease in the reso-
nance frequency (Fig. 1), again confirmed by a steady increase
in the dry brush thickness over a longer period of time
(Fig. 2c), indicating reasonably controlled growth of the
p(HEAM) brushes.

In ATRP, the termination process is suppressed by the so-
called “persistent radical effect”—an equilibrium favouring
the dormant polymer chains over the propagating radicals by
many orders of magnitude.25 However, in the case of SI-ATRP,
this equilibrium can be disturbed by an inadequate supply of
the CuIIX2 species resulting from the infinitesimally small
number of initiating sites on the surface. The CuIIX2 concen-
tration becomes further diluted due to diffusion into the reac-
tion medium, resulting in a high local concentration of the
propagating radicals, favouring termination.26 The inclusion
of additional CuIIX2 species or sacrificial initiator (free
initiator in the solution) at the onset of polymerization should
be able to compensate for this effect, and reduce such termin-

ation processes.9 In an exemplary case, we chose to study the
effect of the inclusion of additional CuCl2 on the SI-ATRP kine-
tics of DMAM while maintaining all other parameters con-
stant. CuCl2 was chosen rather than sacrificial initiator, in
order to avoid the formation of free polymer chains and the
resulting effects associated with increasing viscosity in the
medium—an increase in viscosity not only affects the coupling
between the QCM-D-sensor surface and the reaction medium27

but also dramatically influences the SI-ATRP kinetics.28–30

Fig. 2 In situ SI-ATRP kinetics of DMAM studied by QCM-D under
different catalytic conditions. Variation in the resonance frequency
during SI-ATRP of DMAM at different CuCl2 concentrations (a), and at
different tEtAmCl concentrations with a CuCl2/CuCl ratio of 0.5 (b).
The dry thickness of the of the p(NIPAM), p(DMAM) and p(HEAM)
brushes measured ex situ by ellipsometry under two extreme catalytic
conditions (c).

Fig. 1 In situ SI-ATRP kinetics of NIPAM, DMAM and HEAM studied by
measuring the variation in the resonance frequency as a function of
polymerization time.
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Although the overall kinetics slowed down with increasing
CuCl2 concentration, as represented by the diminishing slopes
of the ΔF–t plots (Fig. 2a), the ΔF–t plots also exhibited a
saturation of the resonance frequency within a short period
of polymerization, suggesting a transient SI-ATRP lifetime,
albeit convoluted with the hearing-loss effect of QCM-D,
similar to that observed in the absence of additional CuCl2.
Confirming this, the ex situ kinetic study, i.e. measuring the
dry thickness of the grafted thin-films at different times by
means of ellipsometry, also indicated transient growth in the
dry brush thickness. However, the maximum dry thickness
obtained in the presence of additional CuCl2 was significantly
smaller compared to that obtained in the absence of CuCl2
(Table 1). Since the loss in sensitivity of a QCM-D measure-
ment has a direct dependence on the thickness of the dissipa-
tive film, it is reasonable to assume that the contribution of
hearing loss to the nonlinearity of the ΔF–t plots is not as sig-
nificant as the contribution of the transient polymerization
kinetics.

Although ATRP is widely employed for its control over the
polymerization process and its ability to achieve well-defined
polymers, it can struggle when performed in the presence of
water because of the dissociation of the ATRP deactivator
(CuIILnX2) due to the displacement of the halide ligands from
the CuIILnX2 by water molecules, pushing the effective concen-
tration of CuIILnX2 to an extremely low value.14 The effective
concentration of the CuIILnX2 species can be elevated by sup-
pressing the dissociation of CuIILnX2 species via the inclusion
of halide salts such as tetraethylammonium chloride or
bromide (tEtAmX), as suggested by Matyjaszewski and co-
workers.14,15 Therefore, in order to achieve further control over
the SI-ATRP kinetics, we chose to perform the polymerization
in the presence of tEtAmCl. As expected, the ΔF–t curves
exhibited a much slower and more linear decrease in the reso-
nance frequency at elevated tEtAmCl concentration, even
though the concentration of CuCl2 was kept unchanged
(Fig. 2b). Significantly, neither ΔF nor the associated change
in dissipation (ΔD) exhibited any overtone dependence

(Fig. S2†) when polymerization was performed in the presence
of CuCl2 and tEtAmCl. Such overtone independence of the
growing polymer film is a primary characteristic of a non-dissi-
pative film, and an indication that hearing loss is not a signifi-
cant problem in this case.31

Therefore, one can argue that it is the polymerization kine-
tics rather than the loss of QCM-D sensitivity that determines
the nature of the ΔF–t curves for polymer brushes with signifi-
cantly high grafting density. So, it is reasonable to assume that
the result described above demonstrates a slower but more
controlled SI-ATRP kinetics because of an elevated effective
concentration of the ATRP deactivator (CuIILnX2) in the reac-
tion medium. Similar experiments were also carried out with
HEAM and NIPAM and demonstrated controlled growth of
both p(NIPAM) and p(HEAM) brushes. Presumably, the
SI-ATRP kinetics of both NIPAM and HEAM exhibited a similar
dependence on the catalytic composition of the reaction
medium (Fig. S3 and S2†).

As expected, ex situ determination of the SI-ATRP kinetics
for DMAM, NIPAM and HEAM also exhibited a much more
linear increase in dry brush thickness when the polymeriz-
ations were carried out in the presence of both CuIIX2 and
tEtAmX (Fig. 2c and Table 1). These two extreme polymeriz-
ation conditions, as well as the samples synthesized in these
conditions will be designated as ‘uncontrolled’ and ‘con-
trolled’ in the following sections.

In order to evaluate the livingness of the SI-ATRP kinetics
under the controlled polymerization conditions, we carried out
a simple experiment with all three monomers following our
previously reported procedure19 where the polymerization was
interrupted and reinitiated multiple times by switching the
IRM (incomplete reaction mixture = monomer + solvent) solu-
tion to CRM (complete reaction mixture = IRM + ligand + cata-
lyst + tEtAmX) solution and vice versa, resulting in staircase-
like growth profiles in QCM-D as shown in Fig. 3a.
Polymerization efficiencies upon each re-initiation were deter-
mined by measuring the average slope of the polymerization
profiles and normalizing the slope to the first initiation as

Table 1 Dry thickness and static contact angles of p(NIPAM), p(DMAM) and p(HEAM) brushes, grown under different catalytic conditions for
different lengths of time, measured by ellipsometry. The concentration of CuIX and Me6TREN were kept unchanged for all experiments

Monomer CuIIX2/tEtAmX

Dry thickness (nm)

Contact angle (°)15 min 30 min 45 min 60 min 180 min

0.0/0.0 (uncontrolled) 95 ± 1.0 98 ± 2.0 98 ± 0.5 103 ± 2 102 ± 3 29 ± 1
0.5/0.0 35 ± 1.0 37 ± 0.5 38 ± 1.0 38 ± 2.0 NA
0.5/60 (controlled) 23 ± 1.0 42 ± 0.5 53 ± 0.5 64 ± 1.0 82 ± 2

0.0/0.0 (uncontrolled) 76 ± 0.5 93 ± 0.5 102 ± 1.0 111 ± 1.0 120 ± 1 8 ± 2
0.2/20 (controlled) 27 ± 0.5 40 ± 0.5 50 ± 1.0 69 ± 0.5 85 ± 1

0.0/0.0 (uncontrolled) 94 ± 0.5 107 ± 1.0 109 ± 1.0 106 ± 0.5 110 ± 1 58 ± 0.5
0.2/50 (controlled) 19 ± 0.5 32 ± 0.5 41 ± 1.0 48 ± 0.5 105 ± 2
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shown in Fig. 3b. The relative polymerization rate of all three
systems decreases upon every re-initiation; however, as
expected from our previous observations, SI-ATRP of HEAM
exhibited the highest relative rate of 57% at the 4th initiation,
compared to 24% and 15% for DMAM and NIPAM, respectively.
To rule out the effect of polymerization time on the relative
rate, all three monomers were polymerized for the same period
of time at each re-initiation. Similar experiments were also
carried out ex situ, where the polymerization was interrupted
by exposing the samples to air and reinitiated again with fresh
CRM solution and continued for 15 minutes of polymerization.

The growth of the polymer brushes upon each re-initiation was
measured by ellipsometry and is presented in Fig. 3c
(Table S1†). As expected, the ex situ SI-ATRP also exhibited the
highest growth of 47% at the 4th initiation in case of HEAM
compared to 35% and 24% for DMAM and NIPAM, respectively.
The obtained values are similar to the efficiencies obtained
from the in situ QCM-D data mentioned earlier.

The control of SI-ATRP during polymer-brush growth can
also be determined by measuring the dispersity of the grafted
polymer chains using size exclusion chromatography (SEC) of
chemically detached polymer chains; however, this method
requires a substantial area of sample and a specially designed,
cleavable initiator for clean and efficient detachment of the
tethered polymer chains.32 Here, we report an indirect and
non-destructive way of evaluating polymer brush dispersity by
measuring force–distance curves, obtained by colloidal-probe
nanoindentation of the polymer brushes in water, as shown in
Fig. 4. For each of the monomers, averaged indentation curves
are shown for a sample synthesized under uncontrolled
polymerization conditions as well as for two samples syn-
thesized under controlled polymerization conditions, one with
similar dry thickness and one with similar polymerization
time to the uncontrolled sample. Fig. 4a shows the three
force–distance curves corresponding to three p(DMAM)
brushes differing either in polymerization conditions or
polymerization time. For all p(DMAM) samples, the indenta-
tion depth, at the maximum applied load of about 50 nN, was
larger than their dry thickness, meaning that all the samples
swelled substantially in water.

The uncontrolled sample with a dry thickness of 98 nm
yielded a significantly larger indentation depth at a given
applied force compared to the controlled sample with a com-
parable dry thickness of 82 nm. Such differences in the
stiffness of the swollen polymer brushes are the result of a
more gradual increase in polymer-chain density upon indenta-
tion in the case of the swollen, uncontrolled sample because
of a greater degree of chain-length dispersity, as depicted in
Scheme 2. Assuming that under the highest applied load the
swollen brush was compressed all the way down to its dry
thickness, the lower limit of the swelling ratio could be deter-
mined by dividing the total indentation depth by the dry thick-
ness. In the case of DMAM, such estimated swelling ratios
were in the range of 3.3–4.6.

Fig. 4b and c show similar data for the p(HEAM) and
p(NIPAM) brushes, respectively. In a similar way to p(DMAM)
brushes, p(HEAM) and p(NIPAM) brushes also swelled in
water and qualitatively similar results were obtained. For
p(HEAM), the swelling ratios according to the above assump-
tion were in the order of 2.5–4.6. As expected, the thicker con-
trolled sample appeared softer compared to the thinner con-
trolled sample but stiffer than the uncontrolled sample of
similar dry thickness; again, due to the greater chain-length
dispersity. As expected, the force–distance curves corres-
ponding to the p(NIPAM) brushes (Fig. 4c) showed swelling
ratios of 2.5–5.7 and exhibited similar behavior to those of
p(HEAM) and p(DMAM) brushes.

Fig. 3 Multiple initiations and terminations, achieved by repeated
switching of CRM and IRM solutions, recorded in situ by QCM-D (a).
Relative polymerization rate at each initiation measured from the slope
of the polymerization profiles (b). Increase in dry thickness upon each
initiation, measured by ellipsometry (c).
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Since the dispersity of the tethered polymer chains should
have the highest impact at the outer edge of the polymer brush
layer, the magnified force–distance plots for the topmost
20–30% of the indentation depths (insets in Fig. 4), emphasiz-
ing the differences in the initial stiffnesses of the samples
upon contact, have been examined in detail. Fitting a Hertzian
contact model to the very beginning of the indentation data
resulted in rather excessive scatter of the contact moduli due
to the relatively low measured forces (<40 pN) compared to the

noise level (RMS ∼7 pN). To avoid excessive scatter due to the
low signal-to-noise ratio, the model had to be fitted to the out-
ermost 20% of the total indentation depths, which corres-
ponds to a maximum of 15% of the total swollen thickness
and should therefore avoid substantial substrate effects due to
the compression of thin layers. The results are presented as
histograms of contact moduli in Fig. 5. As expected, the
contact modulus E* of the thin controlled p(DMAM) brush was
the highest due to shorter polymerization time, which relates
to fewer number of dead chains and hence the lowest chain-
length dispersity of all samples (Fig. 5a). The mean modulus
of the uncontrolled sample was lower than that of the con-
trolled p(DMAM) brush of comparable dry thickness; again,
due to the lower chain-length dispersity of the controlled
sample. However, only a negligible difference was observed
between the mean moduli of the thick controlled and the
uncontrolled brushes of p(NIPAM) and p(HEAM), presumably
because of possible interchain H-bonding, as discussed later.

One must note that the width of the moduli distribution
does not correspond to the chain-length dispersity, since a
great number of polymer chains of different lengths becomes
compressed within a single indentation. Hence, chain-length
dispersity affects the shape of the force curve rather than the
distribution of its initial slopes. The distribution of the slopes
and thus the distribution of the moduli are therefore more
related to lateral inhomogeneity of the samples as well as to
uncertainties when fitting forces over shallow depths.
Therefore, larger fitted depth of thicker brush layers often
results in reduced modulus scatter.

In general, the p(HEAM) and p(NIPAM) brushes exhibited
much smaller differences between the controlled and uncon-
trolled samples of comparable dry thicknesses when compared
to the p(DMAM) analog, which can be seen from the force-
indentation plots in Fig. 4 and also from the contact moduli
evaluation in Fig. 5. The reduced differences in the stiffness of
the controlled and uncontrolled p(HEAM) and p(NIPAM)
brushes compared to that of the p(DMAM) brushes could orig-
inate from the possible interchain hydrogen bonding in the
cases of p(HEAM) and p(NIPAM) brushes because of the pres-
ence of H-bonding motifs such as secondary amide and
hydroxyl groups, which would rather hinder their swelling and
provide a uniform stiffness along the entire depth. However, in
the case of p(DMAM) brushes, such H-bonding is not possible
because of the presence of tertiary amide groups and hence
exhibit a dramatically different swelling behavior.

In order to confirm our hypothesis about the dispersity of
the tethered polymer chains and its effect on the polymer-
brush stiffness, we also measured the molecular weights and
polydispersity index (Mn, Mw and PDI) of the tethered
polymer chains by detaching the grafted polymer chains fol-
lowing a previously reported procedure.33 As expected, the PDI
values of the controlled and uncontrolled p(DMAM) brushes
were 1.5 and 2.5 while in the case of p(NIPAM) brushes the
value of PDIs were 1.6 and 2.0 (Fig. S7†). The much higher
difference in the PDI values in the case of p(DMAM) also
explains why the p(DMAM) system exhibited significantly

Fig. 4 Force–distance curves obtained on polymer brushes of (a)
DMAM, (b) HEAM and (c) NIPAM in water. For each of the monomers,
the uncontrolled polymerization (circles) is compared to the controlled
polymerization of either the same duration (triangles) or the same dry
thickness (squares). In each case, average curves with standard devi-
ations are shown.
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greater difference in the polymer-brush stiffness compared to
its p(NIPAM) analogues.

Conclusions

We have systematically investigated the SI-ATRP kinetics of
three acrylamide monomers, NIPAM, DMAM and HEAM, in an
80 : 20 ethanol/water mixture under different catalytic con-
ditions using QCM-D and ellipsometry. Addition of CuX2 (X =
Cl or Br) did not lead to any improvement in the transient life-
time of SI-ATRP, but did reduce the reaction rate. However,
inclusion of tEtAmCl or tEtAmBr together with CuX2 exhibited
improved control over the SI-ATRP kinetics, associated with an
extended transient lifetime, because of an increased effective
concentration of the ATRP deactivator (CuIILnX2), resulting
from the suppressed dissociation of CuIILnX2. The associated
effect of SI-ATRP kinetics on the polymer brush dispersity, as
measured by SEC, is also reflected in the results of colloidal-
probe AFM indentation experiments; the polymer brushes
grown under uncontrolled polymerization conditions appeared
significantly softer upon contact compared to those grown
under controlled polymerization conditions, despite their com-
parable dry thicknesses. The softer response observed for
polymer brushes grown under uncontrolled polymerization
conditions is a result of the tethered polymer chains having
higher dispersity compared to their controlled analogues.

Experimental section
Materials

a-Bromoisobutyryl bromide (98%), (3-aminopropyl)triethoxysi-
lane (97%), dichloromethane (99.8%, extra dry), triethylamine
(99.5%), copper(II) bromide (99%), copper(II) chloride (99%),
and Tris[2-(dimethylamino)ethyl]amine (97%) were purchased
from Sigma Aldrich (Germany) and used as received.
N-Isopropylacrylamide (97%) and N,N-dimethylacrylamide
(99%) were purchased from Sigma Aldrich (Germany), whereas
N-hydroxyethylacrylamide (>97%) was purchased from Tokyo
Chemical Industries. N-Isopropylacrylamide was purified by
crystallizing it from a 60 : 40 (v/v) toluene/hexane mixture and

Scheme 2 Indentation of polymer brushes with (a) large dispersity and (b) small dispersity in chain length, which, despite their similar dry thick-
nesses, display different swollen thicknesses denoted by D1 and D2, respectively.

Fig. 5 Histograms of effective contact moduli E* for polymer brushes
of (a) DMAM, (b) HEAM and (c) NIPAM in water. The moduli were
obtained by fitting a Hertzian contact model to the first 15% of the
respective total swollen thickness. The distributions were fitted by a
Gaussian curve and the mean values are presented together with
respective distribution widths.
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was dried in vacuum prior to use, while other monomers were
used without any purification. Cu(I) chloride (99.99%) and
Cu(I) bromide (99.99%) were purchased from Sigma Aldrich
and were purified by stirring overnight in glacial acetic acid,
filtering, and washing several times with acetone, diethyl ether
and finally drying under vacuum. Silicon wafers (P/B h100i)
were purchased from Si-Mat Silicon Wafers (Germany) while
SiO2-coated QCM-D sensors were purchased from Q-Sense
(Sweden).

Methods

Immobilisation of SI-ATRP initiator. SiO2-coated sensors
and the Si-wafers were first cleaned by sonicating them in
toluene and isopropanol followed by (UV/Ozone ProCleaner™
and ProCleaner™ Plus, BioForce, (USA)) ozone treatment for
35 minutes. The substrates were then functionalized with
(3-aminopropyl)triethoxysilane (APTES) by vapor deposition
and subsequently washed with toluene and dried under a
stream of nitrogen. The APTES-modified substrates were then
reacted with α-bromoisobutyryl bromide (BIBB) by immersing
them in a 10 mg mL−1 solution of BIBB in dry dichloro-
methane (DCM) containing triethylamine and kept under an
argon atmosphere. The reaction was continued for three hours
and finally the substrates were cleaned with DCM, dried under
nitrogen gas and used to carry out SI-ATRP.

Typical SI-ATRP procedure. An exemplary procedure for the
polymerization using DMAM is reported here. A mixture of 4 g
(40.35 mmol) of DMAM, 43 µL (0.16 mmol) Me6TREN and
10 mL 80 : 20 ethanol/water mixture was degassed by bubbling
nitrogen gas for 45 minutes and subsequently transferred
using a degassed syringe to a flask containing the 8 mg
(0.08 mmol) Cu(I)Cl, kept under nitrogen. The solution was
then stirred for 10 minutes until complete dissolution of the
catalyst. The QCM-D flow cells equipped with the initiator-
modified, SiO2-coated sensors and the dummy sensor were
then charged with an 80 : 20 ethanol/water mixture at a con-
stant flow rate of 2.5 µL s−1. As soon as a stable baseline was
established, the polymerization was initiated by switching the
medium to the reaction mixture using a multi-position selec-
tion valve. Finally, the polymerization was stopped by switch-
ing back to the 80 : 20 ethanol/water mixture. The flow rate was
maintained at 2.5 μL s−1 using a piston pump (milliGAT Low
Flow pump, Model CP-DSM-GF, Valco Instrument Co. Inc.,
Houston, Texas, USA). Finally, the sensors and the Si-wafers
(dummy sensors) were removed from the cells, washed several
times with water and ethanol and finally dried under a nitro-
gen stream.

The polymerization were carried out at CuCl2 concen-
trations of 0, 10, 30, and 50% with respect to CuCl. To achieve
superior control over the SI-ATRP kinetics, concentrations of
tetraethylammonium chloride (tEtAmCl), corresponding to 20,
40 and 60 times with respect to the molar CuCl concentration,
were used.

Characterization of the films. Infrared spectra were col-
lected with a Nicolet 5700 Fourier-transform infrared (FTIR)
spectrometer (Thermo Electron Corporation, Madison, WI,

USA) in transmission mode using a liquid-nitrogen-cooled
MCT detector. The spectra were acquired between
4000–400 cm−1. The resolution was set to 4 cm−1 and 64
scans were acquired from each sample. Background spectra
were obtained at the same conditions from a bare silicon
wafer and subtracted from the sample spectra. The results are
presented as absorbance spectra. Contact-angle measure-
ments were carried out with Milli-Q water, using a Krüss
DSA100 (Germany) instrument, equipped with a high-resolu-
tion camera in sessile-drop mode. The dry thicknesses of the
polymer films were measured using variable-angle spectro-
scopic ellipsometry, (VASE) M-2000F (LOT Oriel GmbH,
Darmstadt, Germany). The brush-supporting Si-wafers were
in all cases assumed to be covered with a 2 nm-thick silicon
dioxide film. Determination of ψ and Δ as a function of wave-
length (275–827 nm) was carried out by employing the
WVASE32 software package (LOT Oriel GmbH, Darmstadt,
Germany). The analysis of the brush layers was performed
based on a Cauchy model: n = A + B λ−2 where ‘n’ is the refrac-
tive index, ‘λ’ is the wavelength and ‘A’ and ‘B’ were assumed
to be 1.45 and 0.01, respectively, as values for transparent
organic films. The topographic images of the thin films were
measured using a Bruker Dimension Icon AFM in tapping
mode using Olympus-OMCL-AC160TS-R3 (Taiwan) cantilever
with a spring constant of 26 N m−1.

Detachment of polymer brushes. Six 2 cm × 2 cm Si-wafers,
coated with polymer brushes were placed in an Erlenmeyer
flask containing 20 mL 0.04 M TBAF solution in HPLC grade
THF. The samples were incubated at 60 °C using an oil bath
for 12 h. The THF solution turned hazy after the detachment
of the polymer brush but became transparent upon addition
of 2 mL methanol. The final solution was then transferred to a
25 mL round bottom flask and the solvent was removed in a
rotary evaporator. The residue was redissolved in 0.5 mL of
HPLC grade DMF containing toluene as a SEC marker and fil-
tered through 0.25 μ filter paper.

Size-exclusion chromatography. The molecular weights of
the detached brushes were determined by a Viscotek size-
exclusion chromatograph (SEC, Malvern, Germany) using a
Viscotek 302 TDA detector module (triple detector array com-
prising RI, light scattering, and viscosity detectors). The separ-
ation of the polymers was achieved using two columns (PLGel
Mix-B, PLGel Mix-C, from Agilent) and DMF as eluent at 45 °C
with a flow rate of 1.0 mL min−1. The molecular weight of all
the polymers was estimated by a conventional calibration with
polystyrene (PS) standards. Grafting density was calculated
based on a previously reported procedure by Kang et al.34

Atomic force microscopy nanoindentation. An AFM
(MFP-3D™, Asylum Research, Santa Barbara, USA) was used to
perform the colloidal-probe nanoindentation. The normal
spring constant k of the Au-coated tipless cantilever (NSC-36,
Mikromash, Estonia) was determined using the Sader
method.35 By means of a home-built micromanipulator, a
silica microsphere (GP0083, Whitehouse Scientific, Waverton,
UK) with a radius of 12 μm was glued with 2-component epoxy
resin adhesive (UHU GmbH, Germany) to the end of the
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tipless cantilever. The effective spring constant at the colloid
position was then obtained as k′ = k (L/L′)3 = 0.426 N m−1,
where L and L′ are the cantilever length and the distance from
the base of the cantilever to the colloid position, respectively.36

All experiments were performed at room temperature of
22 °C ± 1 °C in a liquid cell with samples fully covered with
Milli-Q water in order to allow the swelling of the polymer
brushes and to minimize any capillary forces between the
probe and the sample. Prior to the measurements, the optical
lever sensitivity S was calibrated by pressing the probe against
a hard surface of a silicon wafer in Milli-Q water to obtain the
ratio between the cantilever deflection ∂ and the photodiode
signal U. Due to insignificant indentation during such
calibration, the deflection ∂ was assumed equal to the piezo
displacement Z. The force exerted on the probe was therefore
calculated as F = k′ S U. The approach and retraction velocity
during the indentation of the samples were set to 1 µm s−1.
Due to the lack of any noticeable adhesion, no hysteresis was
observed between the approach and retraction at this velocity,
which indicates the absence of significant contributions from
the visco- or poro-elasticity of the indented samples. Force
maps of 4 × 5 force curves were obtained over an area of 40 ×
40 μm2 on 3 different locations of a sample.

For the data analysis, data obtained at an initial acquisition
rate of 2000 Hz was filtered using a moving average with a
width of 20 and a step of 5 data points to reduce the noise
level away from the surface to a standard deviation of σ ≈ 7
pN. After removing the background slope and the offset calcu-
lated from the signal away from the surface, the contact point
was determined on the approach curve as the last data point
lying within 2σ from the zero-force line. Indentation depth was
calculated as d = Z − ∂, in order to obtain the force–indentation
(F–d ) curves. Since the contact-point determination is very sen-
sitive, due to the low S/N ratios at that part of the signal, the
F–d curves were further aligned to their average maximum
indentation depth; i.e. each indentation curve was shifted in
depth such that its maximum indentation depth coincided
with the average maximum indentation depth. In this way,
substantially better overlap of the indentation curves was
obtained with only the originally determined contact points
now being somewhat scattered around the average contact
point at zero indentation depth. The obtained force values at
zero indentation depth were subtracted from the force curves
to ensure that each force curve starts at the origin of the F–d
coordinate system. Due to the uneven distribution of the data
points on the indentation axis, the individual force values
from F–d curves were interpolated to a common indentation
axis with a step of one nanometer. The interpolated values
were used to calculate an average F–d curve and standard devi-
ations at each indentation depth for each sample. Such aver-
aged curves with error-bars representing ± one standard devi-
ation are presented in the Results section.

In order to elucidate the differences in dispersity of the
brushes, the contact modulus of the outermost 20% the F–d
curves, which corresponds to about 15% of the total swollen
thickness, was determined by fitting Hertzian contact mech-

anics for a spherical indenter to the experimental data using
the following equation:37

F ¼ 4
3
E*

ffiffiffi

R
p

d3=2

Here, F is the measured force, E* is the effective contact
modulus, R is the probe radius, and d is the indentation
depth. The results are presented as histograms of moduli E*
for each of the samples. The histograms were also fitted using
a Gaussian distribution, where the obtained mean values and
standard deviations are listed in the corresponding graphs.
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