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’ INTRODUCTION

Adsorption of polymers at solid�liquid interfaces is critical in
modifying the interfacial properties of a variety of industrial
products, including detergents,1 colloidal dispersants and stabi-
lizers,2 lubricants, and hydrophilizing/hydrophobizing agents.
Pluronics are commercially available water-soluble nonionic
triblock copolymers made of poly(propylene oxide) (PO)
and poly(ethylene oxide) (EO) blocks with varying block sizes,
i.e., (ethylene oxide)n�(propylene oxide)m�(ethylene oxide)n
[(EO)n(PO)m(EO)n]. These systems have been the subject of
many studies dealing with fundamental aspects of adsorption on
solid surfaces.3�8 Charged and thermoresponsive polymers, such
as poly(2-dimethylaminoethyl methacrylate) (PDMAEMA),
have attracted interest due to their responsiveness to variations
in pH and temperature. These characteristics make PDMAEMA
(and other macromolecules with similar properties) useful in

drug delivery, bioseparation, and microfluidic applications.9�11

Quarternized PDMAEMA has been considered to be a suitable
candidate for the development of cationic antimicrobial surfaces,
among others.12�14 In addition, it has been reported that water-
soluble amphiphilic block polyelectrolytes carrying PDMAEMA
chains can potentially be utilized to modify the wetting proper-
ties of charged surfaces.15

Block copolymers of (EO)n(PO)m(EO)n end-capped with
quaternized PDMAEMA groups, as reported recently,16 are
expected to exhibit several of the main features of the precursor
Pluronic-type macromolecules. These macromolecules also ex-
hibit better solubility, higher affinity with oppositely charged
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ABSTRACT:We study the adsorption of a symmetric triblock
copolymer of ethylene oxide, EO, and propylene oxide, PO,
end-capped with quarternized poly(2-dimethylaminoethyl
methacrylate), DMAEMA (DMAEMA24�EO132PO50EO132�
DMAEMA24). Light scattering and tensiometry are used to
measure the relative size of the associated structures and surface
excess at the air�liquid interface. The adsorbed amount, the
amount of coupled water, and the viscoelasticity of the adsorbed
polymer layer are measured on hydrophobic and hydrophilic
surfaces (polypropylene, cellulose, and silica) by using quartz crystal microgravimetry (QCM) and surface plasmon resonance
(SPR) at different ionic strengths and temperatures. The results of the experiments are compared with those obtained after
adsorption of the uncharged precursor copolymer, without the cationic end-caps (EO132PO50EO132). DMAEMA24�EO132PO50-
EO132�DMAEMA24 possesses higher affinity with the negatively charged silica and cellulose surfaces while the uncharged
copolymer adsorbs to a larger extent on polypropylene surfaces. In this latter case, adsorption increases with increasing solution
ionic strength and temperature. Adsorption of EO132PO50EO132 on silica surfaces has little effect on the water contact angle (WCA),
while adsorption of DMAEMA24�EO132PO50EO132�DMAEMA24 increases theWCA of silica to 32�, indicating a large density of
exposed PPO blocks upon adsorption. After adsorption of EO132PO50EO132 and DMAEMA24�EO132PO50EO132�DMAEMA24

on PP, the WCA is reduced by ≈14� and ≈28�, respectively, due to the exposed hydrophilic EO and highly water-soluble
DMAEMA segments on the surfaces. The extent of surface coverage at saturation at the polypropylene/liquid interfaces (≈31 and
40 nm2/molecule obtained by QCM and SPR, respectively) is much lower, as expected, when compared with results obtained at the
air/liquid interface, where a tighter packing is observed. The percentage of water coupled to the adsorbed cationic polymer decreases
with solution ionic strength. Overall, these observations are ascribed to the effects of electrostatic screening, polymer hydrodynamic
size, and solvency.
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surfaces, antimicrobial activity, and can be suitably modified to
tune the wetting properties of hydrophobic and charged surfaces.
While the physical properties of (EO)n(PO)m(EO)n end-capped
with PDMAEMA have been reported,16 their solution and
adsorption behaviors are yet to be elucidated.

The aim of this study are (1) to investigate the interactions,
degree of hydration, adsorbed mass, and viscoelasticity of a
copolymer of PEO�PPO�PEO end-capped with PDMAEMA
upon adsorption onto various solid surfaces and (2) to compare
the results with those after adsorption of the same copolymer but
without the end-caps. Surface tension isotherms and light
scattering for the two block copolymers are presented followed
by discussion pertaining to polymer adsorption on substrates of
different hydrophilicity and charge. Quartz crystal microbalance
(QCM) and surface plasmon resonance (SPR) techniques are
employed in tandem to study the effects on adsorption of
aqueous solution ionic strength and temperature. Finally, the
changes in surface wetting upon polymer adsorption are also
presented.

’MATERIALS AND METHODS

Deionized (DI) water from an ion-exchange system (Pureflow, Inc.)
followed by filtration in a Milli-Q Gradient unit with a resultant
resistivity of >18 MΩ cm was used to prepare the polymer solutions
and was also employed in QCM and SPR experiments (background
fluid, rinsing solution, etc.). A symmetrical triblock nonionic copolymer
consisting of polyethylene oxide and polypropylene oxide blocks with a
theoretical weight-average molecular weight of 14.6 kDa was donated by
BASF Corp. under the trade name of Pluronic F108 (EO132PO50EO132)
and was used without further purification. The cloud point and solubility
in aqueous solution of EO132PO50EO132 were determined to be
>100 �C and >10%, respectively. The same polymer with quaternized
PDMAEMA end chains was synthesized; details about its bulk and
solution properties can be found in ref 16. The molecular weight of
PDMAEMA blocks was ≈7.4 kDa (equivalent to 24 DMAEMA units).
The number-average molecular weight and polydispersity index of
DMAEMA24�EO132PO50EO132�DMAEMA24 were determined by
size-exclusion chromatography to be 32.3 kDa and 1.5, respectively.16

Amino groups in these polymers were further modified into ammonium
according to the procedure described earlier.17 The structure of the end-
capped copolymer is shown in Figure 1. Aqueous solutions of EO132-

PO50EO132 and DMAEMA24�EO132PO50EO132�DMAEMA24 were
freshly prepared at concentrations ranging from 1 � 10�3 to 10 w/v %
before each experiment.

Quartz sensors coated with gold as well as silica (Biolin Scientific AB,
Sweden) were used in QCM experiments. Gold-coated slides (Oy
BioNavis Ltd., Tampere, Finland) were also used in experiments with
surface plasmon resonance (SPR). These sensors were treated first with
piranha solution [70% H2SO4 + 30% H2O2 (30%)] for 20 min followed
by UV/ozone treatment (28 mW/cm2) for 10 min to remove any
organic contaminants. Thin films of PP and cellulose were deposited on
the cleaned QCM and SPR gold sensors by spin-coating; details about
their manufacture can be found in ref 18.
Surface Tension. The surface tension of aqueous solutions of

EO132PO50EO132 and DMAEMA24�EO132PO50EO132�DMAEMA24

was measured at 25 �C by using a Cahn balance (Thermo Material
Characterization, Madison, WI) equipped with a Pt�Ir Willhelmy plate.
The minimum surface tension and the critical micelle concentration
(cmc) were determined.
Dynamic Light Scattering. The hydrodynamic radii of the poly-

mers in aqueous solution (0.0001, 0.001, 0.01, 0.1, 1, and 10 w/v %
concentration) were measured with Zetasizer Nano ZS dynamic light
scattering (DLS) equipment at a 173� scattering angle. In addition, NaCl
concentrations of 100 and 1000 mM NaCl were used in the case of
0.1 w/v % polymer aqueous solutions. Prior to the respective measure-
ment, the samples were filtered with 0.45 μm syringe filters. Each
measurement consisted of 33 scans during 10 s; three repetitions were
performed for each sample. Attenuator 10 was used in all measurements.
The experiments were conducted at 25 and 40 �C, and the stabilization
time before measurement was 5 (25 �C) or 60 min (40 �C).
Quartz Crystal Microbalance. A quartz crystal microbalance

(Q-Sense model E4, Biolin Scientific AB, Sweden) was used to measure
the rate of adsorption, the adsorbed mass, and viscoelasticity of
the adsorbed layers. The principle of QCM has been described in detail
elsewhere.19 In short, changes in the resonant frequency Δf and energy
dissipation ΔD of the coated QCM sensors were measured simulta-
neously by switching on and off the applied voltage. The shift in the
resonant frequency due to polymer adsorption was employed to
calculate the areal adsorption (Δm) by means of the Sauerbrey equation
(eq 1),20 which is generally applicable if (1) the adsorbed macromole-
cules form a thin, rigid, and homogeneous layer and (2) the adsorbed
mass is small compared to that of the QCM sensor or resonator

Δm ¼ � c
Δf
n

ð1Þ

where n is the overtone number (n = 1, 3, 5, 7, etc.) and c is a
characteristic constant related to the sensitivity of the resonator to
changes in mass [c = 17.7 ng Hz�1 cm�2 for the quartz crystals at the
fundamental (n = 1) frequency of 5 MHz].

Figure 1. Chemical formula of EO�PO�EO triblock copolymers with end-capped cationic chains of poly[2-dimethylamino]ethyl methacrylate]
(DMAEMA24�EO132PO50EO132�DMAEMA24).

http://pubs.acs.org/action/showImage?doi=10.1021/la201596x&iName=master.img-001.png&w=324&h=155
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The shift in the QCM energy dissipation,ΔD, was used to determine
changes in the viscoelastic properties of the adsorbed layer. ΔD was
measured after switching off the resonator and by recording the
exponential decay in oscillation (frequency and amplitude dampening),
which were then used to obtain the energy dissipated and stored during
one period of oscillation, Edissipated and Estored, respectively, according to
eq 2:

D ¼ Edissipated
2πEstored

ð2Þ

The energy dissipation is attributed to changes in viscoelastic proper-
ties of the crystal and adsorbed layer and to variations in the density and
viscosity of the surrounding solution.21 Therefore, changes in f and D
were recorded after a rinsing step to replace the adsorbing polymer
solution with polymer-free solution, thereby allowing the determination
of effective changes.

The QCM modules and tubing were cleaned for 1 h before each run
by using a 2% (v/v) Hellmanex solution (Hellma GMBH, M€ullheim,
Germany). They were then rinsed with ethanol and water. After
mounting the respective coated sensor in the QCM module, water
was injected continuously with the system adjusted to a temperature of
25 ( 0.02 �C. In a typical experiment, uniform ultrathin films of
polypropylene (PP) and cellulose were first deposited on the QCM
gold sensors by spin-coating. The thicknesses and roughness of the
respective thin films, under the same operating conditions, were
reported in our previous publication.18 The shifts in theQCM frequency
both in air and in water media were used to test the quality of the coating
before each experiment.

Prior to any measurement, the coated sensors were allowed to
equilibrate in water for half a day in order to establish the base f and
D signals, which were then zeroed. In order to study the adsorption of
EO132PO50EO132 and DMAEMA24�EO132PO50EO132�DMAEMA24,
aqueous solutions of these polymers, with concentration in the range
from 1� 10�3 to 10 w/v %, were injected into the QCMmodule using a
constant flow rate of 0.1 mL/min. The shifts in f and D were monitored
as a function of time up to ≈15 min, followed by rinsing with
background solution (either water or NaCl aqueous solution). Contin-
uous injection of polymer at increased concentrations was found to
produce similar adsorption results compared to those after single
injections. In this work, we report only adsorption data obtained by
running single experiments, at the given polymer concentration. All
adsorption experiments were conducted in triplicate and average values
reported.
Surface Plasmon Resonance. Polymer adsorption was also

investigated by surface plasmon resonance (SPR) (SPR Navi 200, Oy
BioNavis Ltd., Tampere, Finland). The superb sensitivity of electro-
magnetic plasmon waves, which propagate along the interface between a
metallic (Au) substrate and the surrounding medium, to any variation at
the interface is ideally suited for detecting molecular adsorption.22 The
changes in optical resonance at the interface can be determined by the
specific angle shift at which the reflected light intensity was minimum.
Therefore, the SPR signal, expressed in resonance units or in angle shift
(Δθ) can be used to determine the mass adsorbed on the sensor
surface.20 When the thickness of the adsorbed layer is much less than the
wavelength of the probing laser, the shift in the adsorbed mass (ΔmSPR)
can be calculated by using eq 323

ΔmSPR ¼ ldecay
2

dc
dn

kΔθ ð3Þ

where k is the sensitivity factor of the system which relates the change in
Δθ to the variation of the refractive index n within the evanescent field;
dc/dn is the reverse of the refractive index increment with concentration
c, ldecay is the decay length of the evanescent field (instrument-
dependent), and c is the solution concentration. In the present case,

the adsorption was measured in SPR as the variation of intensity of
surface plasmons excited by the external light source.

The sensitivity factor of the SPR instrument used in this work was
obtained by calculating the slope of aΔθ calibration curve for a series of
glycerin aqueous solutions in the range of concentrations between 0.1
and 10% (v/v) and known refractive indices.24 The SPR experiments
were performed under the same set of conditions (polymer solution
concentration, temperature, flow rate, rinsing protocol, etc.) as those
used in the QCM experiments so that information on adsorption and
desorption behaviors could be compared. The main difference between
QCM and SPR is that the QCM frequency shifts depends on the total
oscillating mass, including water coupled to the adsorbed molecules,
while for SPR the refractivity is not affected by bound water molecules.25

Hence, by calculating the adsorbedmass fromQCM(ΔmQCM) and SPR
(ΔmSPR) the contribution of water coupled or solvating the adsorbed
layer could be evaluated, as shown in eq 4:

%coupled water ¼ ΔmQCM �ΔmSPR

ΔmQCM

 !
� 100 ð4Þ

Water Contact Angle. Advancing water contact angles on the
different surfaces were measured using a model 200 Ram�e-Hart contact
angle goniometer (Ram�e-Hart Instrument Co., Netcong, NJ). The
contact angles of the polymer substrates were assessed both before
and after adsorption of EO132PO50EO132 and DMAEMA24�EO132-
PO50EO132�DMAEMA24 from aqueous solutions of 0.1% w/v con-
centration. All samples were dried by blowing air for 1 min right before
contact angle measurements. The advancing contact angles were
obtained after numerical solution of the full Young�Laplace equation
of the shape of a sessile drop (5 μL) by slowly increasing (0.02 μL/s) its
volume with a thin needle. The contact angles were measured within 1 h
after the sample was prepared on at least four different locations on the
surface.

’RESULTS AND DISCUSSION

Surface Tension and Critical Micelle Concentration (cmc).
Figure 2 shows the surface tension isotherm of aqueous solutions
of EO132PO50EO132. The change in the surface tension slope
indicated a critical micelle concentration (cmc) of 3.5% w/v,

Figure 2. Surface tension isotherm in salt-free aqueous solutions of
EO132PO50EO132 and DMAEMA24�EO132PO50EO132�DMAEMA24

measured at 25 �C. The solid lines are added as a guide to the eye.

http://pubs.acs.org/action/showImage?doi=10.1021/la201596x&iName=master.img-002.jpg&w=224&h=191
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in close agreement with values from light scattering measure-
ments and reports by other authors.26 It has been proposed that
at this concentration EO132PO50EO132 macromolecules associ-
ate to form micelles.27 The slight reduction in surface tension
after the cmc was indicative of the anticipated mass or size
dispersity of the molecule. Figure 2 also shows the surface
tension isotherm of aqueous solutions of DMAEMA24�EO132-
PO50EO132�DMAEMA24. A cmc value of 4.6% w/v was deter-
mined which appears to be close to that for the uncharged
EO132PO50EO132 polymer. The slightly higher value of cmc for
the charged polymer can be explained by the reduced hydro-
phobic effect (and better solvency) and by the fact that polymer
association was limited due to electrostatic repulsion.
The surface excessΓ at the air/liquid interface was obtained by

the Gibbs adsorption equation for nonionic surfactants (eq 5)

Γ ¼ � 1
RT

∂γ

∂ln c

� �
T

ð5Þ

where γ is the surface tension, in the present case measured
at 298.2 K; R is the universal gas constant, and c is the poly-
mer molar concentration. At maximum EO132PO50EO132 and
DMAEMA24�EO132PO50EO132�DMAEMA24 packing the cal-
culated surface excess was 0.51 and 0.625 molecules/nm2,
respectively (1240 and 8560 ng/cm2). These values are noted
here as a reference for further discussions in the context of the
areal adsorption determined at solid�liquid interfaces.
Light Scattering (LS). Scattering intensity depends both on

the aggregate size and polymer concentration (number of
scatters). Scattering intensity should increase linearly with in-
creasing concentration as long as no aggregation occurs. There-
fore, aggregation can be observed as a sharp increase in scattering
intensity. Table 1 shows the LS intensity and macromolecule
size in aqueous solutions of DMAEMA24�EO132PO50EO132�
DMAEMA24 measured at 25 and 40 �C. The LS intensity values
were found to be reproducible in repeated runs for DMAE-
MA24�EO132PO50EO132�DMAEMA24. At submicellar con-
centrations, bimodality was observed, which indicated that
both unimers and micelles were present in solution. This is
reasonable since in dynamic polymer systems aggregation occurs
at submicellar concentrations. We note that the polymer sizes
could be reported most reliably at concentration above the cmc.

No differences in the cmc values at the two temperatures
tested were observed for the cationic block copolymer. However,
at 40 �C, micellization of EO132PO50EO132 started at lower
concentration and the scattered light intensity increased more
sharply when the cmc was reached. These effects are likely due to
the limited solubility at high temperature of the PPO blocks of
the nonionic polymer.26

For both EO132PO50EO132 and DMAEMA24�EO132PO50-
EO132�DMAEMA24 at submicellar concentrations, the LS in-
tensity of the polymer solution was lower at 40 �C compared to
that at 25 �C. This is indicative of the self-association and
aggregation of the PPO blocks, which are more sensitive to
temperature. In addition, at concentrations above the cmc, the
macromolecular size was smaller at 40 �C compared to that at
25 �C, which was also most likely caused by the poorer solubility
and the smaller hydrodynamic size of the PPO blocks.
Table 2 includes the light scattering intensity of submicellar

(0.1% w/v) polymer solutions of different background NaCl
concentrations (0, 100, and 1000 mMNaCl) at 25 and 40 �C.
The light scattering intensity corresponds to the polymer coil
size or the size of associated structures of DMAEMA24�EO132-
PO50EO132�DMAEMA24. Scattering intensity of DMAEMA24�
EO132PO50EO132�DMAEMA24 decreased with increasing
NaCl concentration at both temperatures. With addition of salt
the electrostatic repulsion between cationic PDMAEMA groups
decreased and the cationic PDMAEMA groups adopted a more
coiled conformation. The same phenomenon was not seen with
nonionic EO132PO50EO132, in which case a sharp increase in
intensity was observed at 40 �C. This is explained by a salt-
induced micellization,28 where the solubility of the polymer is
reduced with increasing salt concentration. Thus, aggregation of
EO132PO50EO132 was driven by both temperature and ionic
strength.
In the absence of salt, the intensity for both EO132PO50EO132

and DMAEMA24�EO132PO50EO132�DMAEMA24 decreased,
which can possibly be due to the aggregation of the PPO
segments.26 With the addition of salt, the electrostatic intrachain
repulsion decreased and there were higher probabilities for the
cationic PDMAEMA block to ball up, forming a more compact,
Gaussian-like chain. The repulsion among the cationic PDMAE-
MA groups and screening of electrostatic forces at increased
ionic strengths explain the observed aggregation of the cationic
molecules.
Adsorption of EO132PO50EO132 and DMAEMA24�EO132-

PO50EO132�DMAEMA24. Figure 3 shows QCM frequency
shift vs time data illustrating the dynamics of the process
of adsorption from aqueous solutions of EO132PO50EO132 and

Table 1. Light Scattering Intensity and Macromolecule Size
of Aqueous Solutions in the Range of Concentrations between
0.0001 and 10% w/v of EO132PO50EO132 (P) and DMAE-
MA24�EO132PO50EO132�DMAEMA24 (C�P) Measured at
25 and 40 �C

T = 25 �C T = 40 �C

LS intensity (au) size (nm) LS intensity (au) size (nm)

% P C�P P C�P P C�P P C�P

10 234 221 15 50 878 475 14 18

1 82 15 7 3 977 28 9 11

0.1 31 33 4 4 121 16 7 3

0.01 42 9 ua u 16 17 u u

0.001 8 21 u u 11 15 u u

0.0001 14 9 u u 10 7 u u
a “u” indicates unimer.

Table 2. Light Scattering Intensity of Aqueous Solutions
(0.1% w/v) of EO132PO50EO132 (P) and DMAEMA24�
EO132PO50EO132�PDMAEMA24 (C�P) at Various NaCl
Concentrations (0, 100, 1000 mM)Measured at 25 and 40 �C

LS intensity (au)

25 �C 40 �C

NaCl (mM) P C�P P C�P

0 31 33 12 16

100 17 32 119 12

1000 35 15 284 7
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DMAEMA24�EO132PO50EO132�DMAEMA24 on silica sur-
faces; isotherms showing similar trends were obtained when
using PP and cellulose substrates (data not shown). In a typical
adsorption experiment water was first injected continuously in
the QCM sample loop until a stable f baseline was achieved.
Thereafter, aqueous solutions of the respective polymer were
introduced and sharp shifts in frequency and dissipation were
observed (see Figure 3). These changes were indicative of fast
mass uptake by the resonator due to the adsorption of the
macromolecules. After the frequency and dissipation signals
reached plateau values (typically in less than ≈10 min), water
was introduced to remove any excess of loosely bound polymer.
The recorded signals were used to measure the effective adsorp-
tion by comparing them with the baseline frequency and
dissipation, in the absence of adsorbing polymer and under same
bulk solution density and viscosity.
The frequency shifts in QCM, which can be converted to

adsorbed mass, increased with increasing EO132PO50EO132 and

DMAEMA24�EO132PO50EO132�DMAEMA24 solution con-
centration (Figures 3a,b). On the basis of these results and also
from the solvency of the different polymer blocks (for example,
as described by the Flory parameters29), the adsorption of
EO132PO50EO132 on silica surfaces likely occurred with the
PEO segments anchoring to the surface while the PPO groups
were solvated in the aqueous medium. It has been reported that
silanol groups on the surface of silica facilitate the adsorption of
PEO30,31 as well as surfactants and block copolymers containing
EO groups.32 Furthermore, electrostatic interactions are likely to
be a major driving mechanism for the adsorption of DMAE-
MA24�EO132PO50EO32�DMAEMA24 on the negatively charged
silica surfaces.15 However, nonspecific adsorption of PEO groups
on silica cannot be ruled out.
A modified Langmuir kinetic model as reported in ref 8 was

found suitable to describe the dynamics of the adsorption
of EO132PO50EO132 and DMAEMA24�EO132PO50EO132�
DMAEMA24. The adsorption rate was found to depend on the

Figure 3. Mean values of third overtone QCM shifts in frequency (upper figures) and dissipation (bottom figures) as a function of time for
EO132PO50EO132 (a and c) and DMAEMA24�EO132PO50EO132�DMAEMA24 (b and d) upon adsorption from aqueous solutions on silica surfaces at
various aqueous solution concentrations (0.0001�10%, w/v). The experiments were conducted in an open (continuous) flow configuration with
polymer solution injection rate of 0.1 mL/min (starting at about 300 s). The dip observed in all profiles soon after the adsorption plateau (at
≈1500�1750 s) was produced after rinsing the system with water. Upon rinsing, abrupt changes in frequency were observed until f and D reached
constant values. The experiments were conducted at 25 ( 0.02 �C. Each curve represents the average of three independent measurements each
performed with a different surface.

http://pubs.acs.org/action/showImage?doi=10.1021/la201596x&iName=master.img-003.jpg&w=361&h=378
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polymer concentration as was illustrated for the adsorption of
EO37PO56EO37.

8

By comparing the results of adsorbed EO132PO50EO132 and
DMAEMA24�EO132PO50EO132�DMAEMA24 after rinsing
(irreversible adsorption), it is obvious that the adsorbed amount
on silica was higher for cationic, PDMAEMA-capped polymer,
especially at high polymer concentrations. This can be explained
by the presence of the quaternary cationic groups (PDMAEMA)
that adsorbed on the oppositely charged silica surface due to
electrostatic interactions between the silanol groups on silica
surfaces and the quarternized PDMAEMA blocks. However, it
can be conjectured that having the adsorption blocks at the ends
of the copolymer does not necessarily lead to increases in
adsorption because of steric hindrance effects; the block copo-
lymer may not utilize all space on the surface effectively and, as a
result, a large density of loops and small density of trains may be
expected.
The most striking difference between the adsorption of the

two polymers is revealed by the changes that occurred in energy
dissipation (D), as depicted in Figure 3c,d. Figure 3c suggests
that EO132PO50EO132 adsorbed as a loose, highly hydrated
structure that was removed extensively upon rinsing with water.
In contrast, the cationic polymer DMAEMA24�EO132PO50-
EO132�DMAEMA24 adsorbed more tightly to the surface. After
rinsing with water both polymers exhibited the characteristics of
relatively thin and rigid structures (the net dissipation shift was
lower than 1 � 10�6 units). Furthermore, when the polymer

concentration was close to or above the cmc, D was larger for
DMAEMA24�EO132PO50EO132�DMAEMA24 compared to
that of EO132PO50EO132, even after the adsorbed layer was
rinsed with water. This behavior can be explained by the large
amount of polymer adsorbed onto silica surfaces via electrostatic
forces and hydrogen bonding. In addition, it is also possible that a
large amount of water was coupled to the adsorbed DMA-
EMA24�EO132PO50EO132�DMAEMA24 layer.
Figure 4 includes the QCM frequency isotherms of EO132-

PO50EO132 and DMAEMA24�EO132PO50EO132�DMAEMA24
adsorbed on silica, cellulose, and PP surfaces before and after
rinsing with water. Rinsing did not lead to complete desorption
of EO132PO50EO132 and DMAEMA24�EO132PO50EO132�
DMAEMA24. In fact, while frequency shifts after rinsing indi-
cated the removal of loosely bound molecules, a large number of
segments remained adsorbed on the surface, likely due to an energy
barrier that prevented their desorption. It has been reported that
hydrophilic PEO blocks are most likely adsorbed from aqueous
solution onto hydrophilic surfaces,27while on hydrophobic surfaces
the adsorption is predominantly governed by the PPO blocks.3

The cationic PDMAEMA groups are expected to adsorb on the
negatively charged silica and cellulose surfaces.
The data in Figure 4 show that the adsorption of EO132-

PO50EO132 and DMAEMA24�EO132PO50EO132�DMAEMA24

onto the relatively hydrophobic (PP) surfaces resulted in large
frequency shifts as a function of the solution polymer concentra-
tion (however, a maximum in adsorption around the cmc was

Figure 4. QCM frequency shift isotherms (25 ( 0.02 �C) as a function of polymer solution concentration upon adsorption of EO132PO50EO132

(squares) and DMAEMA24�EO132PO50EO132�DMAEMA24 (circles) onto silica, cellulose, and PP. Two sets of isotherms are included: before rinsing
with water (reversible adsorption, upper panel) and after rinsing with water (irreversible adsorption, bottom panel). Each data point represents
the average of three independent measurements each performed with a different surface. The error bars represent experimental standard deviations.
The solid lines are added as a guide to the eye.

http://pubs.acs.org/action/showImage?doi=10.1021/la201596x&iName=master.img-004.jpg&w=463&h=302
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found for the charged polymer). In contrast, relatively low
adsorbed amounts were observed in experiments with hydrophilic
silica and cellulose. In fact, in the case of silica and cellulose surfaces
the adsorbed amount of EO132PO50EO132 was negligible. The
differences in adsorption can be explained by the effective inter-
action energies between the solid surface and the polymer blocks.
For example, silica has higher affinity with PEO than with PPO
segments [the interaction energies follow the following order from
high to low values: PEO-silica > (PPO-silica, and PPO- poly-
styrene) > PEO-polystyrene].29

The loosely adsorbed molecules were removed upon rinsing
with background solutions. The adsorbed amount on hydro-
philic silica and cellulose for DMAEMA24�EO132PO50EO132�
DMAEMA24 was larger than that for EO132PO50EO132. Electro-
static forces between the cationic PDMAEMA segments and the
slightly anionic silica and cellulose surfaces are considered to be
the main reason for the increased adsorption of PDMAEMA-
capped polymers. The adsorbed amount of DMAEMA24�EO132-
PO50EO132�DMAEMA24 was higher on silica surfaces compared
to that on cellulose. This is likely due to higher surface charge
density for silica.33,34 Adsorption of DMAEMA24�EO132PO50-
EO132�DMAEMA24 on hydrophobic PP surfaces was lower than
that of EO132PO50EO132. This behavior is likely due to the pre-
sence of PDMAEMA groups that tended to be solvated in water.
Figure 4d�f shows clearly non-Langmuirian adsorption iso-

therms with a maximum observed generally at polymer concen-
trations close to the cmc. A similar trend, with a maximum in
adsorption, has been observed in the case of long chain
alkanethiols7 and other systems.35 As was shown by Brandani
and Stroeve, the reduction in rate of adsorption (as indicated in
the present case by the negative of frequency shift) observed at
the highest concentrations (specially distinctive in the case of PP
surfaces) can be ascribed to a kinetically induced metastable
equilibrium associated with progressively less efficient packing at
the hydrophobic surface.7

The adsorption of EO132PO50EO132 was compared with that
of a polymer with relatively larger middle PPO block, such as

EO37PO56EO37 (see Figure 5). It was found that the adsorption
of EO132PO50EO132 at concentrations above the cmc was much
lower on PP than that for EO37PO56EO37 under similar condi-
tions; however, nomajor differences in adsorption were observed
on silica and cellulose surfaces (see Figure 5). These observations
indicate the possibility that a relatively larger PEO block in
EO132PO50EO132 facilitated better solvation in the aqueous
medium, which hindered adsorption. Compared to PEO, the
hydrophobic PPO blocks have higher affinity for hydrophobic
surfaces while the relatively larger PEO blocks tend to remain
hydrated in water;36 thus, the larger PPO/PEO ratio favors a
more extensive adsorption on hydrophobic surfaces.
Viscoelasticity of Adsorbed EO132PO50EO132 and DMAE-

MA24�EO132PO50EO132�DMAEMA24 Layers. The QCM fre-
quency shifts (Δf) observed upon adsorption of EO132PO50-
EO132 andDMAEMA24�EO132PO50EO132�DMAEMA24 were
very distinctive for the different substrates with regard to the
adsorbed amount and the kinetics of the process. These differ-
ences were attributed to the mass and structure of the polymer
adsorbed layers, the relationship of which can be better discussed
in the light of QCM’s ΔD�Δf plots.
The changes in the slope of ΔD�Δf curves can shed some

light on the various kinetic regimes and conformational changes
occurring upon polymer adsorption.37 The slope of the ΔD�Δf
curves is related to the viscoelasticity of the adsorbed layer. For
example, a straight line suggests the buildup of a homogeneous
and relatively rigid layer. On the other hand, a curved profile may
indicate variations in adsorbed polymer conformation with the
degree of coverage. Figure 6 shows the QCMΔD�Δf plots after
adsorption of EO132PO50EO132 and DMAEMA24�EO132PO50-
EO132�DMAEMA24 from aqueous solution below (a and c) and
above the cmc (b and d). The slopes of these curves for different
substrates indicate that at submicellar concentrations both poly-
mers tend to form a rigid adsorbed layer (Figure 6a,c). The
“loops” in the ΔD�Δf profile are associated with the effect of
rinsing with water. At high polymer concentrations (above cmc,
Figure 6b,d), the ΔD�Δf plots indicate a more dissipative
adsorbed layer. Two different regimes (slopes) were observed
in the respective profiles for EO132PO50EO132 adsorption on
silica and PP. The results indicated an initial flat conformation
followed by a steep increase in dissipation (viscoelasticity):
EO132PO50EO132 molecules first adsorbed onto the surfaces as
a compact layer. As more polymers diffused to the interface,
multiple layers may have been formed. In contrast, no variation in
ΔD�Δf slope was observed for the adsorption on cellulose.
Figure 6d indicates that EO132PO50EO132 adsorption from
solution at concentrations above the cmc on silica and PP
surfaces followed two different regimes (two different slopes
are observed in the ΔD�Δf profiles). The slope corresponding
to the adsorption on PP is lower than that observed for cellulose.
This is due to the conformation of the adsorbed polymer which
adsorbed as a compact, less dissipative layer on PP. In the case of
cellulose, EO132PO50EO132 molecules first adsorbed onto the
surfaces as a compact layer, but more polymers diffused to the
interface and thicker layers were formed. Besides the lower
charge density of cellulose, which leads to adsorption in a more
extended (more dissipative) conformation, cellulose may re-
spond to changes at the interface: it can swell or release water
depending on the adsorbing species and the solvent. This does
not apply to the case of the silica surface. The effect of surface
charge and also the “responsiveness” of the surface make the
measured dissipation much larger for cellulose than for silica.

Figure 5. QCM frequency shift after adsorption from aqueous solutions
of EO37PO56EO37 and EO132PO50EO132 on PP and cellulose after
rinsing with water. Each data point represents the average of three
independent measurements, each performed with a different surface at
25( 0.02 �C. The error bars represent experimental standard deviation.
The solid lines are added as a guide to the eye.
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The respective buildup of the EO132PO50EO132 and DMAE-
MA22�EO132PO50EO132�DMAEMA22 layers from solution
concentrations below and above the cmc and the changes
observed after rinsing (irreversible adsorption) are shown more
clearly in Figure S1, parts a, b and c, respectively (see Supporting
Information). The molecules that remained at the interface after
rinsing were expected to be bound more strongly.
A possible description of the buildup of soft adsorbed structure

could include the formation of an initial thin patchy layer
followed by an increased adsorbed mass as more molecules
diffused to the interface, possibly forming loosely bound multi-
layers. Since the binding between these layers was expected to be
weak, compared with the molecules in close vicinity to the
surface, they could be removed easily by rinsing (see loops in
the ΔD�Δf profiles). Upon rinsing, the EO132PO50EO132

molecules that remained at the interface were expected to be
bound more strongly on all surfaces. Despite such an effect, the
values of energy dissipation for DMAEMA24�EO132PO50-
EO132�DMAEMA24 remained large after adsorption from
solution concentration of 10% w/v, indicating that the poly-
mers formed a large fraction of loops. As explained before, the
high dissipation values may be linked to the large amount of
water coupled in dangling PEO loops and tails38,39 (see Figure S1
in Supporting Information).
Effect of Ionic Strength and Surface Charge Density on the

Adsorption of DMAEMA24�EO132PO50EO32�DMAEMA24.
The ionic strength of the medium has an important influence
on the electrostatic interactions between DMAEMA24�
EO132PO50EO132�DMAEMA24 and the different surfaces.
To this end, the nature of the charge of the surface is critical in
mediating interactions with the adsorbing polymer. QCM-D

was used to investigate the effect of the ionic strength on
adsorption of DMAEMA24�EO132PO50EO132�DMAEMA24

on negatively charged silica33,34 and uncharged PP18,40 sur-
faces, as shown in parts a and b of Figure 7, respectively. At
low ionic strengths, highly charged polyelectrolytes tend to
exist in extended conformations, due to the repulsion between
charged groups, while in relatively high ionic strength solu-
tions polyelectrolytes tend to form more compact, Gaussian-
like conformations.41 Such effects are important also in
adsorption on solid surfaces. As shown in Figure 8b, upon
increasing the salt concentration from 0 to 1 M NaCl the
adsorption of DMAEMA24�EO132PO50EO132�DMAEMA24

on PP surfaces increased. The presence of salt in solution
screened the repulsion between the cationic chains of DMAE-
MA24�EO132PO50EO132�DMAEMA24, and therefore, the
polymer molecules could adsorb with high surface densities.
Polymer adsorption on negatively charged surfaces was more

complex (Figure 7a). With increasing salt concentration, up to
100 mM NaCl, the adsorption of DMAEMA24�EO132PO50-
EO132�DMAEMA24 increased. This can be ascribed to the effects
already discussed for adsorption on uncharged PP surfaces.
However, with further increases in salt concentration, e.g., at 1
M NaCl, polymer adsorption decreased. It has been reported that
the thickness of the adsorbed layer can increase but the adsorbed
amount may increase or decrease, depending on the nonelectro-
static polymer-surface affinity.42 At high ionic strength cationic
PDMADMA becomes more coiled, which reduces the available
cationic sites for interaction with oppositely charged silica. Ad-
ditionally, cationic PDMADMA segments extending from the
surfaces are associated with counterions. The osmotic pressure
associated with the concentration of counterions increases at high

Figure 6. ΔD�Δf curves revealing changes in the conformation during adsorption of EO132PO50EO132 and DMAEMA24�EO132PO50EO132�
DMAEMA24 from aqueous solution concentrations below (0.001%) (a and c) and above the cmc (10%) (b and d) on the different surfaces investigated
at 25 ( 0.02 �C.
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ionic strength and a large amount of coupled water may be
excluded from the adsorbed polymer layer.
Figure 8 illustrates the changes in energy dissipation as a

function of the shift in frequency upon adsorption of DMAE-
MA24�EO132PO50EO132�DMAEMA24 from aqueous solution
at different background NaCl concentrations. The dissipation
and frequency profiles were linear for polymer adsorbing from
pure water or low ionic strength solution. In contrast, adsorption
from high ionic strength solutions showed a ΔD�Δf slope that
changed with the frequency shift. This indicated that, contrary to
the case of low ionic strengths, conformational changes occurred
upon adsorption from solutions of high NaCl concentrations. It
is possible that adsorption occurred as a single layer from low

ionic strength solution, while multilayers or more complex
polymer structures formed when adsorbing at high ionic
strength. Furthermore, the steep slope of the ΔD�Δf profiles
was closely related to electrostatic effects that induced (1) a
reduction in the number of directly surface-bound segments and
(2) an increased length and fraction of loops and tails of the
adsorbed PDMAEMA groups. The “loops” in the ΔD�Δf profile
indicated the effect of water rinsing and associated reduction in
dissipation. Finally, there was an indication of a more compact, less
viscoelastic adsorbed DMAEMA24�EO132PO50EO132�DMAE-
MA24 layer remaining on the negatively charged silica surfaces.
The slope in the ΔD�Δf profiles shown in Figure 8 became

much steeper with increasing salt concentration. However, the

Figure 7. Mean values of third overtone QCM frequency as a function of time for DMAEMA24�EO132PO50EO132�DMAEMA24 adsorption on silica
(a) and PP (b) surfaces in aqueous solution concentrations of 0.1%w/v in water (0mMNaCl), 100mMNaCl and 1000mMNaCl at 25( 0.02 �C. The
experiments were conducted in an open (continuous) flow configuration with polymer solution injection rate of 0.1 mL/min (starting at about 300 s).
The dip observed in all profiles soon after the adsorption plateau is associated with rinsing the system with water. Upon rinsing, abrupt changes in
frequency were observed until reaching constant values.

Figure 8. ΔD�Δf profiles revealing changes in the conformation during adsorption of DMAEMA24�EO132PO50EO32�DMAEMA24 from solution
concentration of 0.1% w/v on silica (a) and PP (b) surfaces at 25 ( 0.02 �C. NaCl concentrations are indicated as 0, 100, and 1000 mM.
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conformation of polymer layers adsorbed on PP might be quite
different than that on silica due to the nature of the interactions
driving the adsorption of DMAEMA24�EO132PO50EO132�
DMAEMA24.
Figure 9 shows changes in refractive index obtained by

SPR after adsorption of DMAEMA24�EO132PO50EO32�DMA-
EMA24 from aqueous solutions of different ionic strengths on PP
surfaces. In these experiments, after a stable intensity baseline
was obtained, DMAEMA24�EO132PO50EO132�DMAEMA24

was injected, and data were collected until a plateau value was
reached. Background solution (water or electrolyte solution) was
then injected to rinse out any loosely adsorbed polymers. As was
the case in QCM experiments (Figure 7b), the change in
refractive index, which is related to the adsorbed amount of
DMAEMA24�EO132PO50EO132�DMAEMA24, increased with

increasing salt concentration. In general, both QCM and SPR
experiments showed similar trends.
Effect of Temperature on Adsorption of DMAEMA24�

EO132PO50EO132�DMAEMA24. Figure 10 shows data pertain-
ing to the adsorption of DMAEMA24�EO132PO50EO132�
DMAEMA24 on PP surfaces at 40 �C obtained from QCM and
SPR measurements. The adsorption isotherms followed similar
trends as those observed at 25 �C; the amount of adsorbed
polymer increased with increasing salt concentration. Table 3
lists the mass of DMAEMA24�EO132PO50EO132�DMAEMA24

adsorbed on PP surfaces from aqueous solution with different
salt concentrations (at 25 and 40 �C). The adsorbed amount
increased with solution ionic strength; additionally, it was
expected that the cationic polymer became more compact (as
also evidenced by the light scattering data measured under the
same condition; see Table 1). Electrostatic screening reduced the
repulsion forces between the cationic PDMAEMA chains and as
a result more molecules adsorbed on the surface. The adsorbed
amount calculated from the QCM experiments was higher than
the values obtained by SPR, due to the effect of water coupling
detected in QCM. The amount of DMAEMA24�EO132PO50-
EO132�DMAEMA24 adsorbed on PP surfaces at 40 �C was
higher than that measured at 25 �C because the polymer became
more compact with increased temperature, as supported by the
light scattering results (see Table 1). The extent of surface
coverage at saturation at the PP-liquid interfaces (≈31 and
40 nm2/molecule obtained by QCM and SPR, respectively)
was much lower, as expected, when compared with results
obtained at the air�liquid interface, where a tight packing was
observed (1.6 nm2/molecule from surface tension data). This is
likely due to the higher configurational entropic penalty sus-
tained by the copolymers at solid surfaces compared to the more
diffuse air�water interface.
The differences observed in the QCM and SPR results can be

ascribed to the contribution of coupled water (trapped, hydra-
tion, and solvation water) associated with ethylene oxide (EO)
and the cationic PDMAEMA groups. The amount of water
coupled in the adsorbed layer was calculated by using eq 4 as a
function of salt concentration and temperature. The amount of

Figure 9. Changes in SPR intensity as a function of time after adsorp-
tion of DMAEMA24�EO132PO50EO132�DMAEMA24 on PP under the
same conditions as those used in QCM experiments shown Figure 8.
NaCl concentrations are indicated as 0, 100, and 1000 mM.

Figure 10. Third overtone QCM frequency and SPR intensity shifts as a function of time upon adsorption of DMAEMA24�EO132PO50-
EO132�DMAEMA24 on PP surfaces from aqueous solution concentrations of 0.1% w/v from water (black), 100 mM NaCl (red), and 1000 mM
NaCl (blue) at 40 �C. The increase of Δf and intensity observed in all profiles soon after the adsorption plateau resulted from rinsing the system
with water.
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coupled water decreased from 22 to 14% with increasing ionic
strength, probably due to the release of water molecules from the
adsorbed polymers.
Changes in Water Contact Angle after Polymer Adsorp-

tion. Figure 11 shows the advancing water contact angles
(WCA) on PP and silica surfaces before and after immersion
in 0.1%EO132PO50EO132 andDMAEMA24�EO132PO50EO132�
DMAEMA24 aqueous solutions. Bare PP surfaces showed rela-
tively high advancing contact angles (≈106�). After adsorption
of EO132PO50EO132 and DMAEMA24�EO132PO50EO132�
DMAEMA24, the WCA was reduced by ≈14� and ≈28�,
respectively (due to the hydrophilic EO and highly water-soluble
PDMAEMA segments attached on the surfaces). This limited
reduction in WCA can be explained by the relatively low
adsorption density for these polymers. Adsorption of EO132-
PO50EO132 on silica surfaces had little effect on the WCA, while
adsorption of DMAEMA24�EO132PO50EO132�DMAEMA24

increased the contact angle of silica to 32�, indicating a large
density of exposed PPO blocks upon adsorption (Figure 4d).

’CONCLUSIONS

Triblock copolymers of PEO�PPO�PEO type have at-
tracted attention in various applications due to their amphi-
philic nature and their capability to produce functional coatings
on solid substrates. In this study, EO132PO50EO132 with or
without end-caps consisting of cationic chains of poly(2-di-
methylaminoethyl methacrylate) (PDMAEMA) were applied
on PP, cellulose, and silica. The surface activity of the tested

polymers, EO132PO50EO132 and DMAEMA24�EO132PO50-
EO132�DMAEMA24, and their adsorption behavior on the sub-
strates with different hydrophilicity were investigated by using
QCM and SPR. Adsorption of EO132PO50EO132 and DMAE-
MA24�EO132PO50EO132�DMAEMA24 depended highly on
the nature of the surface, likely due to the different interactions
driving the adsorption process. Solvency and electrostatic forces
were primary factors influencing adsorption on hydrophilic silica
and cellulose surfaces, while hydrophobic effects played a key
role in the case of hydrophobic PP. Adsorption of DMAEMA24�
EO132PO50EO132�DMAEMA24 on uncharged PP surfaces
increased with solution ionic strength, while an adsorption
maximum was found for silica. This was explained in terms
of (a) a more coiled conformation at high salt concentrations,
(b) electrostatic interactions between ions associated with the
cationic PDMAEMA groups and the negatively charged silica
surfaces, and (c) a large amount of water excluded from the
adsorbed layer.

Adsorption of DMAEMA24�EO132PO50EO132�DMAEMA24

at relatively high temperatures (40 �C) was higher than at 25 �C
due to aggregation of PPO segments. Finally, adsorption of a small
amount of DMAEMA24�EO132PO50EO132�DMAEMA24 re-
duced the water contact angle of PP, to a large extent due to
the highly soluble cationic PDMAEMA group. For silica theWCA
was increased due to the high density of PPO segments exposed
to water.
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