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Pre-adsorbed branched brush layers were formed on silica surfaces by adsorption of a diblock copolymer
consisting of a linear cationic block and an uncharged bottle-brush block. The charge of the silica surface
was found to affect the adsorption, with lower amounts of the cationic polyelectrolyte depositing on less
charged silica. Cleaning under basic conditions rendered surfaces more negatively charged (more nega-
tive zeta-potential) than acid cleaning and was therefore used to increase polyelectrolyte adsorption.
The structure of adsorbed layers of the diblock copolymer was as determined by neutron reflectometry
found to be about 70 nm thick and very water rich (97%). Interactions between the anionic surfactant
sodium dodecylsulfate (SDS) and such pre-adsorbed diblock polymer layers were studied by neutron
reflectometry and by optical reflectometry. Optical reflectometry was also used for deducing interactions
between the individual blocks of the diblock copolymer and SDS at the silica/aqueous interface. We find
that SDS is readily incorporated in the diblock copolymer layer at low SDS concentrations, and preferen-
tially co-localized with the cationic block of the polymer next to the silica surface. At higher SDS concen-
trations some desorption of polyelectrolyte/surfactant complexes takes place.
� 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Interactions between polyelectrolytes and oppositely charged
surfactants have been an active research field for many years [1–
5]. It is an interesting and challenging topic, not only from a funda-
mental point of view, but also because of numerous applications in
a variety of products like cosmetics and personal care, household
care, coatings, and formulations for active ingredients such as
drugs and pesticides. In these applications both bulk and surface
association of oppositely charged polyelectrolytes and amphiphilic
molecules have to be considered, and these aspects have been
investigated both experimentally and theoretically [6–8]. Synergis-
tic effects between the components are utilized to control deposi-
tion and to achieve high efficiency [9]. The outcome of the
association is highly dependent on the polyelectrolyte structure,
and thus even though much has been learned about association
between linear polyelectrolytes and surfactants, less is known for
other polyelectrolyte architectures. In this work we focus on asso-
ciation between anionic surfactants and a diblock copolymer con-
sisting of a linear cationic block and an uncharged bottle-brush
block with poly(ethylene oxide) side chains [10].

Polyelectrolytes with poly(ethylene oxide) (PEO) side chains
have attracted attention [11,12] due to PEO’s efficacy in stabilizing
colloidal particles, which is essential in many applications [13].
Surface and bulk association of polyelectrolytes with PEO side
chains and oppositely charged surfactants have been investigated
by a wide variety of experimental techniques including electron
microscopy, fluorescence emission spectroscopy [14], ellipsome-
try, neutron reflectometry [7], surface force apparatus [6], scatter-
ing and NMR [15], and QCM-D (quartz crystal microbalance with
dissipation) [16]. However, there is still much to be learned about
the mechanism of adsorption and formation of complexes between
surfactants and oppositely charged polyelectrolytes with PEO
side chains at interfaces [7]. This is particularly the case when
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Fig. 1. Molecular structure of (METAC)m-b-(PEO45MEMA)n.
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considering the intriguing branched brush-like polymer architec-
ture that is the focus of the present study.

A polymer brush layer can be described as a dense array of poly-
mer chains end-tethered to a flat surface. Alexander and deGennes
showed, using scaling arguments, that the chains in dense brush
layers tend to be strongly stretched as a result of excluded volume
interactions [17]. A similar picture is obtained from lattice mean-
field calculations [18] and simulations [19]. These excluded vol-
ume interactions not only cause the chains to stretch, but also
oppose penetration of particles and polymers into the brush
[17,20]. Both the length of the polymer chain and the grafting den-
sity have a large influence on layer properties. For instance, it has
been shown that the adsorption of cationic surfactants into an
anionic polymer brush layer with high graft density only results
in about 40% of the polyelectrolyte brush counterions being
exchanged for surfactant ions, whereas much higher exchange is
observed at low grafting densities [21].

A study using an analytical self-consistent-field (SCF) theory has
addressed adsorption of anionic surfactant micelles into a nonionic
polymer brush layer. The surfactant micelles were treated as nano-
particles, and this model predicts a maximum in adsorbed amount
of surfactant as a function of polymer grafting density. This result
arises from two competing effects. The amount of polymer to
which the surfactants can bind increases with increasing grafting
density, but on the other hand the excluded volume interaction
at higher grafting densities becomes larger and counteracts
adsorption of surfactant micelles [22].

In this work, we use neutron reflectometry to characterize the
structure of adsorbed layers of a diblock copolymer consisting of
a linear cationic block and an uncharged bottle-brush block, which
previously has been shown to be highly efficient in mediating low
friction forces in aqueous media [12]. We further consider interac-
tions between pre-adsorbed branched brush layers formed by this
polymer and the anionic surfactant sodium dodecylsulfate, SDS,
and report data from zeta-potential, optical reflectometry and neu-
tron reflectivity measurements. We show that the charge of the sil-
ica surface is affected by the cleaning procedure, which in turn
influences the adsorption of the block copolymer.
2. Materials and methods

2.1. Materials

The diblock copolymers [(METAC)m-b-(PEO45MEMA)n] was syn-
thesized by AGET ATRP (activators generated by electron transfer,
atom transfer radical polymerization) as described elsewhere [10].
In this representation METAC stands for methacryloxyethyl trime-
thylammonium chloride, and PEO45MEMA stands for poly(ethyl-
ene oxide)methylether methacrylate. The number average degree
of polymerization of the METAC block is 90, whereas that of the
non-ionic block is 100, with a high polydispersity. The number
average polymer molecular weight is 230 kDa. The structure of
the diblock copolymer is provided in Fig. 1, and we note that the
diblock character is distinctly different to that of the random
copolymers formed by similar structural units that have been used
in most previous studies [23,24]. We also investigated each block
separately using (METAC)m with number average molecular
weight of 18.7 kDa, average number of segment (m = 90) and poly-
dispersity index of 1.25, and (PEO45MEMA)n with number average
molecular weight of 230 kDa and average number of segment
(n = 113).

Sodium chloride (NaCl, BioXtra, P99.5%), sulfuric acid (H2SO4,
ACS reagent, 95.0–98.0%), sodium dodecylsulfate (SDS, BioXtra,
>99%), hydrogen peroxide (H2O2, ACS reagent, 30 wt.% in H2O),
hydrochloric acid (HCl, 37 wt.% in H2O, 99.999% trace metals basis),
and sodium hydroxide (NaOH, BioXtra, P98%) were purchased
from Sigma–Aldrich. Potassium chloride (KCl, Molecular Biology
Grade) was purchased from VWR International Ltd. The water
was purified by employing a Milli-ROPls unit connected to a
Milli-Q plus 185 system and filtered through a 0.2 lm Millipak fil-
ter at 25 �C. The resistivity of the water was 18.2 MX cm and the
organic content was less than 3 ppb. Thermally oxidized silicon
wafers with a 100 nm thick SiO2 layer (Wafer Net, Germany) were
used in optical reflectometry measurements.

2.2. Methods

2.2.1. Hellmanex cleaning
The silicon wafers were cut to size and cleaned by immersion in

alkaline 2% Hellmanex (Hellma GmbH) solution (pH � 12) for
30 min followed by rinsing several times with Milli-Q water. The
wafers were left overnight in Milli-Q water before measurement.

2.2.2. Piranha cleaning
A diluted Piranha solution consisting of a 5:4:1 mixture of H2O,

H2SO4 and H2O2 was used. This solution removes most organic
matter due to the strong oxidizing power, and it hydroxylates
the silica surface [25]. The wafers cut to size or the silicon blocks
used for neutron reflectometry were immersed in the Piranha solu-
tion for 15 min at a temperature of 82 ± 2 �C followed by rinsing
several times with excessive amounts of Milli-Q water. The wafers
were left overnight in Milli-Q water before measurements.

2.2.3. SurPASS
The streaming potential/current method was used to determine

the f-potential of the silica wafers [26]. In this study, we used the
SurPASS instrument (Anton Paar GmbH, Graz, Austria), which has
been described in detail elsewhere [27]. Measurements were per-
formed in 1 mM KCl solution using two silica substrates
(10 � 20 mm) arranged parallel to each other and separated by a
100 ± 5 lm gap in the measuring cell. The range of titrations was
carried out from pH 1.8 to 9. The measurements were operated
separately, above and below pH 5.6, respectively. The f-potential
was calculated according to the Helmholtz–Smoluchowski relation
[28]:

f ¼ IkgL
DPere0H

ð1Þ

where I is the streaming current, DP the measured pressure differ-
ence, k the specific conductivity of the electrolyte solution in the
channel, g the viscosity, er and e0 are the dielectric constant and
the vacuum permittivity, L and H are channel length and width,
respectively.

2.2.4. Optical reflectometry
The adsorption of the polymers on thermally oxidized silicon

wafers was investigated by optical reflectometry [29]. Stagnation
point adsorption reflectometry experiments were performed in a
temperature-controlled room at 25 ± 1 �C. Linearly polarized light
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is reflected at the Si/SiO2-water interface at an angle close to the
Brewster angle. The reflected light is split into its parallel and per-
pendicular polarization components Ip and Is, and the respective
intensities are recorded by photodiodes. The ratio Ip/Is, defined as
the signal (S), is continuously recorded during an experiment.
The change in the signal (DS) upon adsorption is related to the
adsorbed mass, C, via [29]:

C ¼ 1
As
� DS

S0
ð2Þ

The parameter As, also known as the sensitivity factor (relative
change in S per unit surface excess), is determined by treating
the system as a four-layer optical model where each layer is
characterized by its thickness (t), and refractive index (n): Si
(nSi, tSi)-SiO2 (nSiO2, tSiO2)-adsorbing layer (nlayer, tlayer)-aqueous
medium (nwater) within the framework of Fresnel reflectivity
theory [30]. The sensitivity factor also depends on the refractive
index increment (dn/dc) of the adsorbing species and this was
considered using the procedure suggested by Dedinaite and
Bastardo [31].

2.2.5. Neutron reflectometry
Neutron reflectivity measurements were conducted on the

INTER reflectometer (ISIS Spallation Neutron Source, Rutherford
Appleton Laboratory, Didcot, UK) using the time-of-flight mode.
Data were collected by illuminating the sample with a polychro-
matic neutron beam (wavelength range of 1.5–15 Å) at two inci-
dent angles (0.7� and 2.3�) to give a range of Q from 0.009 to
0.33 Å�1. The data were corrected by beam transmission in air
and scaled to a reflectivity value of 1 at total reflection. The neu-
tron reflectivity of each sample was measured as a function of
the neutron momentum transfer, Q (Q = 4p sinh/k, where h is the
grazing angle of incidence and k is the wavelength).

The sample cell consisted of a large polished silicon crystal
(8 � 5 � 1.5 cm) clamped against a flow reservoir/trough
machined out of polyether ether ketone (PEEK) with a volume of
about 2 mL. The silicon crystal was clean by the Piranha treatment
and then treated with NaOH solution at pH 10 for 30 min. This less
alkaline solution, compared to 2% Hellmanex solution, was used to
avoid roughening of the surface due to the alkaline treatment. The
incident beam entered through the silicon block, and was reflected
at the interface between the silicon substrate and the aqueous bulk
phase.

A theoretical neutron reflectivity profile was fitted to the exper-
imentally determined profile. This theoretical profile was calcu-
lated using a simulated scattering length density profile based on
a surface structure consisting of slabs. Each slab is defined by its
scattering length density (SLD, q), thickness and roughness, and
these quantities were adjusted to obtain an optimal fit using the
Motofit program [32] that employs the optical matrix formalism.
The v2 value obtained from the simultaneous fitting was noted.
We applied the simplest possible model, using the least number
of parameters that adequately described the data. When an addi-
tional layer was required to fit the data, the difference in quality
of the fit with and without this layer was assessed by comparing
a qualifier based on the v2 value and taking into account the num-
ber of parameters [33,34].

The SLD of the polymer (qpoly), substrate and solvent (qsolvent)
are provided in Table 1. The SiO2 on the bare silicon block was
modeled as a single slab. After addition of polymer, the interface
was modeled assuming two slabs, one being the SiO2 (as deter-
mined from the bare block) and the other being a diffuse layer of
polymer. The polymer volume fraction (Upoly) was calculated from
the fitted SLD of the layer (qlayer):

qlayer ¼ qsolventUsolvent þ qpolyUpoly ð3Þ
where the Usolvent and Upoly are the volume fractions of the solvent
and polymer, respectively. Similarly, after addition of SDS, we
obtain NR data in which the isotopic composition of the surfactant
and/or the solvent changes. Thus, from the fitted SLD of each layer
for the three contrasts, we can determine the volume fractions of
each component.

From Up the surface excess, C, can be obtained as:

C ¼ dUp

ðNaVpÞ=Mwp
¼ dUp

vp
ð4Þ

where d is the thickness of the layer, Na, is Avagadro’s number, Mwp

is the polymer molecular weight, Vp is the molecular volume and vp

is the partial specific volume of the polymer, i.e. the inverse of the
density. The corresponding relation can be derived for the
surfactant.

3. Results and discussion

In this section we first discuss how the surface treatment during
cleaning affects the silica surface charge density as determined by
electrokinetic measurements. We demonstrate that the cleaning
process affects the surface charge, which in turn influences adsorp-
tion of cationic polyelectrolytes. Next, we discuss the structure of
the layer formed by (METAC)m-b-(PEO45MEMA)n on silica as deter-
mined by neutron reflectometry. Thereafter, we consider how SDS
affects pre-adsorbed layers of (METAC)m-b-(PEO45MEMA)n.

3.1. Effects of surface treatment

3.1.1. Zeta potential of silica surfaces
The f-potential as a function of pH for silica surfaces cleaned by

either alkaline Hellmanex or strongly acidic Piranha solution is
shown in Fig. 2. As expected, the zeta potential decreases with
increasing pH for both surfaces due to increasing dissociation of
surface silanol groups. We also note that at the same pH value,
the f-potential for the surface cleaned by Piranha solution is less
negative than that of the surface cleaned by using Hellmanex. This
suggests that the number of silanol groups and/or the type of sila-
nol groups present on the surface differ [38]. The isoelectric point
is found around pH � 2 for the surface cleaned by Hellmanex,
whereas a value as high as pH � 4 is found for the surface cleaned
by Piranha. The adsorption studies reported in the following sec-
tions were all done at pH � 6. At this pH-value the f-potential for
silica cleaned by Hellmanex is �100 mV whereas that of silica
cleaned by Piranha solution is �60 mV. Thus, cleaning with
Hellmanex results in a more negatively charged surface than clean-
ing with Piranha.

3.1.2. Adsorption properties
Adsorption of the diblock copolymer, (METAC)m-b-(PEO45

MEMA)n, the uncharged bottle-brush block, (PEO45MEMA)n, and
the cationic block, (METAC)m, were investigated on both types of
silica surfaces by means of optical reflectometry. The results
obtained in 10 mM NaCl are summarized in Table 2. The low con-
centration used for (METAC)m (1 ppm) was chosen such that the
number of charged groups added to the solution was similar to that
for the diblock copolymer at a concentration of 50 ppm. We note
that the absolute concentration of this highly charged polymer is
not expected to affect the adsorbed amount significantly due to
the high affinity adsorption isotherm of such polyelectrolytes on
silica [39].

The adsorbed mass of the cationic block was found to be 0.36
and 0.28 mg/m2 on silica surfaces cleaned by Hellmanex and
Piranha solution, respectively. Adsorption of the cationic block is
predominantly driven by electrostatic interactions between



Table 1
Scattering length densities and other parameters used for the analysis of neutron data.

Material Molecular formula Density
(mg/ml)

Molecular
weight (g/mol)

Molecular
volume (Å3)

Scattering
length (10�5 Å)

SLD (10�6 Å�2)

Water H2O 1.0 18.02 30 �1.68 �0.56
D2O 1.11 20.03 30 19.1 6.35

SDS NaC12H25SO4 288.4 415a 16.0 0.38
NaC12D25SO4 313.5 415a 276 6.66

PEO45 (C2H4O)45 1.193 1982 276b 186 0.67
MEMA C4H5O2 1.193 85.08 118b 19.50 1.65
(PEO45MEMA)100 ((C2H4O)45C4H5O2)100 1.193 206,700 288,000 20,600a 0.71
(METAC)90 (C9H18O2N)90 15,500 25,200c 1210a 0.48a

(METAC)90-b-(PEO45MEMA)100 222,200 313,000 21,800 0.70

a Data from Ref. [35].
b PEO volume calculated from apparent specific volume in bulk [36], same specific volume was used for MEMA.
c METAC monomer volume (0.28 nm3) estimated from bulk density of METAC [37].

Fig. 2. f-potential as a function of pH for silica surfaces cleaned by Piranha
(squares) and Hellmanex 2% (circles). The background electrolyte was 1 mM KCl.
Error bars based on 2 measurements are small and hidden within the symbols.

Table 2
Adsorbed mass determined by optical reflectometry of (METAC)m, (PEO45MEMA)n,
and (METAC)m-b-(PEO45MEMA)n on silica surfaces cleaned by either alkaline solution
(2% Hellmanex), CH, or acid (Piranha) solution, CP, respectively. The bulk concentra-
tions of the adsorbing species were 1 ppm for (METAC)m and 50 ppm for (PEO45-

MEMA)n and (METAC)m-b-(PEO45MEMA)n. All solutions had a pH � 6 and contained
10 mM NaCl.

Alkaline cleaned
CH (mg/m2)

Acid cleaned
CP (mg/m2)

(METAC)m 0.36 ± 0.03 0.28 ± 0.01
(PEO45MEMA)n 0.95 ± 0.03 0.82 ± 0.1
(METAC)m-b-(PEO45MEMA)n 2.4 ± 0.2 1.6 ± 0.1

Table 3
Properties of layers of (METAC)m-b-(PEO45MEMA)n adsorbed on silica from aqueous
solutions with no added salt at pH � 6 as determined by QCM-D and optical
reflectometry. Data from [10].

(METAC)m-b-(PEO45MEMA)n

Adsorbed mass (mg/m2) 2.75 ± 0.2
Layer thickness (Å) 460 ± 20
Water content (wt%) 94.5 ± 0.2
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negatively charged sites on the silica surface and the positive
charges carried by (METAC)m. Thus, the higher adsorbed mass
found on silica cleaned by Hellmanex is a consequence of the
higher negative surface charge density as illustrated by the
f-potential measurements. This also explains why the adsorbed
mass of the diblock copolymer is higher on the Hellmanex cleaned
surface, 2.4 mg/m2 than on the one cleaned by Piranha solution,
1.6 mg/m2.

The adsorbed mass for the uncharged bottle-brush block was
found to be rather similar on silica surfaces cleaned by Hellmanex
and Piranha solution. In this case the dominating driving force for
adsorption is short-range interactions between PEO and surface
silanol groups [24], and apparently this interaction is not signifi-
cantly altered by the method chosen to clean the surface even
though the number of and/or type of silanol groups differ on the
two types of silica surfaces.
3.2. Structure of (METAC)m-b-(PEO45MEMA)n layers on silica

Adsorption of (METAC)m-b-(PEO45MEMA)n on Hellmanex
cleaned silica has previously been investigated with QCM-D and
optical reflectometry [10], and the key findings are recapitulated
in Table 3. We note that these data, unlike those reported in
Table 2, were obtained in absence of any added salt. Clearly, the
adsorbed layer is thick and has a high water content.

The structure of the diblock copolymer layer adsorbed from a
10 mM NaCl solution on silica surfaces cleaned by Piranha
followed by treatment with alkaline solution was evaluated using
neutron reflectometry measurements. Measurements were per-
formed in H2O, D2O and in contrast match silicon (cmSi, i.e.
62 vol% H2O and 38 vol% D2O). The reflectivity profiles obtained
for the bare silica substrate is shown in Fig. 3. The three data sets
were fitted simultaneously using a three-layer model (silicon-
silica-solution). The curves corresponding to the best fit are also
shown in Fig. 3 and the parameters are summarized in Table 4.
The silica layer was found to be about 9 Å thick, with a water
content of 23% and a roughness of 4 Å.

Adsorption of (METAC)m-b-(PEO45MEMA)n results in only small
changes in the scattering curves obtained in the D2O and H2O con-
trasts, whereas new features appear in the reflectivity profile in the
cmSi contrast, as illustrated in Fig. 4. The presence of rather clear
fringes indicates a well-defined layer. The three contrast data sets
were simultaneously fitted using a four-layer model (silicon-
silica-polymer layer-solution) where the parameters defining the
silica layer were fixed from the fitted reflectivity of the bare
surfaces. We find that the adsorbed layer is thick, about 700 Å,
and that the interface between the layer and the solution is diffuse
as illustrated by the large layer roughness of around 40 Å. The
water content of the layer is very high and amounts to 97%.



Fig. 3. Neutron reflectivity profiles of the bare silicon/silica substrate measured in
D2O (squares), H2O (open circles) and cmSi (filled circles), modeled with a single
layer of SiO2. All three contrasts were fitted simultaneously. The best fits are shown
as solid black lines. All solutions contained 10 mM NaCl.

Table 4
Structural parameters obtained from fitting of the neutron reflectivity profiles for
adsorbed (METAC)m-b-(PEO45MEMA)n layers in 10 mM NaCl.

Parameter SiO2 Polymer layer

Thickness (Å) 9 ± 1 700 ± 20
Solvent content (Usolvent, %) 23 ± 2 97 ± 1
Roughness (Å) 4 ± 1 38 ± 4
Adsorbed amount (mg/m2) – 2.6 ± 0.1

Fig. 4. Neutron reflectivity profiles obtained after adsorption from 50 ppm
solutions of (METAC)m-b-(PEO45MEMA)n in D2O (squares), H2O (open circles) and
cmSi (filled circles). The best fits are shown as solid black lines. All solutions
contained 10 mM NaCl. The inset shows the scattering length density profiles,
where the solid line is in D2O, dotted line polymer in cmSi, and the broken line in
H2O.

Fig. 5. Optical response DS/S0 (Eq. (2)) as a function of SDS concentration (in 10 mM
NaCl) outside a pre-adsorbed (METAC)m-b-(PEO45MEMA)n layer on silica cleaned by
alkaline 2 wt% Hellmanex (squares) or, alternatively, by acidic Piranha solution
(circles). The diblock copolymer concentration during formation of the pre-
adsorbed layer was 50 ppm in 10 mM NaCl, pH � 6. The open points denote the
values obtained after a final rinsing step with 10 mM NaCl.
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The structural information obtained by analysis of the neutron
reflectivity data is provided in Table 4. We note that the thickness
determined by the combination of QCM-D and optical reflectome-
try and by neutron reflectivity is rather different, whereas the
adsorbed amount is almost identical. Here it should be born in
mind that the thickness determined by both methods is very
dependent on the model employed. We employed the simplest
possible model that gives a good fit to the experimental data,
which for this case assumes a homogenous layer. A similar homo-
geneous layer model was also used when evaluating the thickness
from QCM-D/optical reflectometry data [10]. We emphasize that
the presence of fringes in the NR profile for the cmSi contrast in
Fig. 4 makes it likely that the determined thickness value from
neutron reflectivity measurements is closer to the true value of
the thickness than that reported in Ref. [10]. In addition neutron
reflectometry averages the structure over a significantly larger sur-
face area than QCM-D and optical reflectometry (10–20 cm2 ver-
sus 6 1 cm2) and flow conditions are different in the cell as well.
It is also important to emphasize that for a very diluted layer, as
in this work, the evaluated thickness of the layer and the volume
fraction of polymer in the layer are coupled. Therefore the total
adsorbed amount is expected to be more accurately determined
than the thickness and the volume fraction profile.

3.3. Interaction between SDS and pre-adsorbed polymer layers

The evaluation of total adsorbed amount in layers consisting of
more than one component (in addition to solvent) from optical
reflectometry data is complicated due to differences in refractive
index increment, i.e. optical response per unit mass, for the
different components [40–42]. Due to this complication we present
the optical response, as DS/S (Eq. (2)) in Figs. 5 and 7, which is
the quantity measured. The refractive index increments for the
substances used in this work are provided in Table 5.

3.3.1. (METAC)m-b-(PEO45MEMA)n

3.3.1.1. Optical reflectometry. The pre-adsorbed (METAC)m-b-
(PEO45MEMA)n layers were exposed to 10 mM NaCl solutions with
increasing SDS concentrations. The results are shown in Fig. 5,
where the SDS concentration is normalized to the critical micelle
concentration (CMC is 6 mM in 10 mM NaCl) [44].

For silica surfaces cleaned in Hellmanex solution, the optical
response, i.e. total adsorbed amount, increases in the presence of
0.3 CMC SDS, demonstrating that SDS is incorporated in the layer.
No further increase in the optical response can be detected as the
SDS concentration is increased to 0.6 CMC, where as a further
increase in SDS concentration to 1.2 CMC results in some desorp-
tion of polyelectrolyte-surfactant complexes as evidenced by the
decrease in the optical response. Next, the layer was rinsed by
10 mM NaCl, which resulted in a further decrease in adsorbed
amount as SDS desorbs from the layer.

SDS affects the pre-adsorbed (METAC)m-b-(PEO45MEMA)n layer
on acid cleaned silica differently. In this case no maximum in the
adsorbed amount with SDS concentration can be noted. Rather,
some desorption occurs in the presence of 0.6 CMC SDS, and



Table 5
Refractive index increments.

Substance dn/dc (mL/g)

(METAC)m-b-(PEO45MEMA)n 0.145
(METAC)m 0.158
(PEO45MEMA)n 0.142
SDS 0.126

The dn/dc values for the polymers are taken from Ref. [10], and that for SDS from
Ref. [43].

Fig. 6. Neutron reflectivity profiles obtained after addition of (a) 0.3 and (b) 0.6
CMC of SDS to pre-adsorbed (METAC)m-b-(PEO45MEMA)n in D2O (squares), H2O
(open circles) and cmSi (filled circles). Note that d-SDS was used for the H2O
contrast. The best fits are shown as solid black lines. All solutions contained 10 mM
NaCl. The insets show the scattering length density profiles, where the solid line is
h-SDS in D2O and dotted line is h-SDS in cmSi, while the broken line is d-SDS in H2O.
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desorption is enhanced in the presence of SDS above CMC (1.2
CMC). Just as for alkaline cleaned silica a final rinse with 10 mM
NaCl results in loss of material from the surface due to SDS
desorption.

We clearly have two competing effects. Incorporation of SDS in
the layer results in increased adsorbed amount and formation of
polyelectrolyte/surfactant complexes at the interface (SDS does
not adsorb to silica) [40]. However, SDS also brings negative
charges into the layer and the formed polyelectrolyte/surfactant
complexes have less electrostatic affinity to the surface than the
polyelectrolyte itself. On the alkaline cleaned surface the former
process dominates at low surfactant concentrations (60.6 CMC),
whereas desorption predominates at higher SDS concentrations.
For acid cleaned silica, which is less charged, desorption appears
to dominate at all concentrations investigated. Thus, desorption
of diblock copolymer/SDS complexes occurs more readily
from the less negatively charged surface, which is consistent with
predominance of electrostatic interactions.

3.3.1.2. Neutron reflectivity, NR. In order to separate the adsorbed
amount of SDS from that of the polymer, NR experiments were
conducted. NR measurements after addition of different amounts
of SDS reveal how the surfactant alters the polymer layer. NR data
can also give us an indication of where the SDS is located within
the adsorbed layer. The recorded data are shown in Fig. 6 for the
sequential addition of SDS at two concentrations, 0.3 and 0.6 times
the CMC of SDS. The effect is most clearly observed for d-SDS in
H2O where the neutron contrast between the solvent and the
surfactant is the largest (see Fig. 6).

To obtain a reasonable fit to the experimental data we have to
introduce a four layer model, where the parameters describing
the silicon oxide are fixed from fitting the reflectivity from the bare
surface (Fig. 3) and the two layers close to the surface contain both
polymer and SDS, while the outer layer has only polymer. The
results of fitting the three-layer model to the experimental data
are summarized in Table 6 and the SLD profile for the different iso-
topic contrasts are shown as inserts in Fig. 6. The surface excesses
of the components in each layer were calculated as described in the
experimental section and are expressed in mg/m2 in Table 6.

The layer closest to the surface represents the anchoring of
METAC90 and is thin and contains little solvent. The second layer
represents a more hydrated region of polymer and surfactant while
in the third layer we find mostly very hydrated polymer. In the
presence of 0.3 CMC SDS, most of the surfactant is confined within
the first two thin layers, while the third layer is best modeled as a
thick region of hydrated polymer. Upon addition of more SDS (0.6
CMC) the polymer-only layer shrinks and the total content of poly-
mer in layer 2 is reduced. Consequently the binding of SDS is sig-
nificantly lower in this layer. Here we note that the SLD for the
two blocks METAC90 and (PEO45MEMA)100 are rather similar, 0.48
and 0.71 � 10�6 Å�2, respectively. It is therefore not possible to
unambiguously determine the location of these segments. How-
ever it is likely that the cationic block, METAC90 is located closest
to the surface.

3.3.2. (METAC)m

Interactions between a pre-adsorbed (METAC)m layer and SDS
were also probed by optical reflectometry, following the experi-
mental procedure used for (METAC)m-b-(PEO45MEMA)n. The
results obtained for pre-adsorbed layers of (METAC)n are shown
in Fig. 7. Independent of cleaning method, the optical response
increases in the presence of 0.3 CMC SDS, where after it levels
off. Clearly, SDS adsorbs to reach a plateau value at low concentra-
tions due to electrostatic interactions between positive charges on
the polymer chain and the negative charge carried by SDS [45].

We note that the optical response after the final rinsing step is
higher than that observed prior to SDS addition. This is due to
formation of water-insoluble surface attached polyelectrolyte-
surfactant complexes that are very difficult to destroy by dilution,
as also has been reported in previous studies [46].

3.3.3. (PEO45MEMA)n

The interactions between the uncharged polymer block
(PEO45MEMA)n and SDS were also probed by optical reflectometry
following the same procedure as for (METAC)m-b-(PEO45MEMA)n,
and some results are provided in the Supplementary Information.
The effect of SDS is rather limited on both types of silica surfaces,
indicating limited incorporation of SDS and limited SDS-induced
desorption of the polymer. This may at first seem counterintuitive
since PEO homopolymers are known to interact with this surfac-
tant [47]. There are, however, several reasons for this. First, there



Table 6
Structural parameters obtained from fitting a three-layer model to the neutron
reflectivity profiles for adsorbed (METAC)m-b-(PEO45MEMA)n layers on silicon before
and after sequential addition of SDS.

Layer Parametera Polymer + SDS
(0.3 CMC)

Polymer + SDS
(0.6 CMC)

1. METAC90 + SDS
Thickness (Å) 13 ± 2 13 ± 2
Solvent content (Usolvent, %) 2 ± 1 2 ± 1
Roughness (Å) 4 ± 1 4 ± 1
Adsorbed amount of polymer (mg/m2) 0.64 ± 0.04 0.67
Adsorbed amount of SDS (mg/m2) 0.84 ± 0.06 0.81 ± 0.06

2. METAC90/(PEO45MEMA)100 + SDS
Thickness (Å) 25 ± 2 16 ± 2
Solvent content (Usolvent, %) 89 ± 1 96 ± 1
Roughness (Å) 5 ± 1 4 ± 1
Adsorbed amount of polymer (mg/m2) 0.18 ± 0.02 0.08 ± 0.01
Adsorbed amount of SDS (mg/m2) 0.14 ± 0.02 0

3. (PEO45MEMA)100

Thickness (Å) 700 ± 15 100 ± 10
Solvent content (Usolvent, %) 97 ± 1 97 ± 1
Roughness (Å) 4 ± 1 4 ± 1
Adsorbed amount of polymer (mg/m2) 2.5 ± 0.1 0.35 ± 0.04

a Here we note that the SLD for the two blocks METAC90 and (PEO45MEMA)100 are
rather similar, 0.48 and 0.71 � 10�6 Å�2, respectively. It is therefore not possible to
unambiguously determine the location of these segments. However it is likely that
the cationic block, METAC90 is located closest to the surface.

Fig. 7. Optical response DS/S0 (Eq. (2)) as a function of SDS concentration in 10 mM
NaCl solutions (pH � 6) outside a pre-adsorbed (METAC)m layer on silica cleaned by
Hellmanex (2%) (squares) or, alternatively, Piranha (circles). During formation of
the pre-adsorbed layer, the concentration of (METAC)m was 1 ppm in 10 mM NaCl.
The open points denote the values obtained after a final rinsing step with 10 mM
NaCl.
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is an electrostatic repulsion between SDS and the silica surface,
which means that the concentration of SDS next to the surface
layer is significantly less than in bulk solution. Further, for
brush-like structures the number of adsorbed SDS molecules per
ethylene oxide segment decreases rapidly with increasing brush
density [48], and we also expect a decreased flexibility of the
PEO side chains due to their confinement and partial attachment
at the surface that would diminish the interaction with SDS even
further.

4. Conclusions

Silica surfaces are often used in fundamental studies as model
surfaces due to that they can be prepared to be very smooth, and
they are useful for optical, X-ray and neutron reflectivity studies.
However, the nature of the silica surface in terms of number
and type of silanol groups differ depending on preparation
method [24,49]. In this work we demonstrate that silica surfaces
cleaned with alkaline solutions are more negatively charged than
those cleaned with acidic solutions. As a consequence cationic
polyelectrolytes adsorb less on acid cleaned silica surfaces than
on alkaline cleaned ones. The structure of the adsorbed layers of
(METAC)m-b-(PEO45MEMA)n on silica was characterized by neu-
tron reflectometry. The adsorbed layers were found to have an
average thickness of about 700 Å, and the water content of the
layer is very high and amounts to 97%. Consistent with theoretical
predictions [50], this layer is more extended than those achieved
by random copolymers having the same type of segments as
(METAC)m-b-(PEO45MEMA)n [7]. The high thickness and water
content of the layer is suggested to a consequence of the presence
of a high density of strongly hydrated poly(ethylene oxide) side
chains, which extend away from the surface forming a branched
brush layer structure that has been shown to provide low friction
forces up to high pressures in aqueous solutions [12].

The interaction between this pre-adsorbed (METAC)m-b-(PEO45

MEMA)n polymer layer and SDS were investigated by neutron
reflectometry and by optical reflectometry. From neutron reflec-
tometry, in the presence of low concentration SDS, most of the
adsorbed SDS is located close to the silica surface, i.e. in close prox-
imity to the cationic block, while the outer layer is a thick region of
hydrated polymer. In the presence of high concentrations of SDS,
the content of polymer and SDS is reduced since the outer polymer
layer shrinks. The result from optical reflectometry shows that SDS
is incorporated in the layer at low SDS concentrations, and more so
on alkaline cleaned silica compared to on acid cleaned silica. The
higher up-take of SDS also results in more desorption of water-sol-
uble polyelectrolyte-surfactant complexes from this surface at
higher SDS concentrations. Thus, we observe that the way the silica
surface is cleaned not only affects the adsorbed amount of the
oppositely charged diblock copolymer, but also how the layer is
affected by addition of anionic surfactant.

Interactions between a pre-adsorbed (METAC)m layer and SDS
studied by optical reflectometry demonstrates that SDS adsorbs
to reach a plateau value at low concentrations due to electrostatic
interactions between the polymer chain and SDS. The polyelectro-
lyte-surfactant complexes formed in this case are water-insoluble
and therefore limited desorption of SDS occurs during rinsing. This
is consistent with previous observations of long-lived polyelectro-
lyte-surfactant aggregates on mica surfaces after removal of sur-
factant from bulk solution [46]. Adsorbed layers of the uncharged
block, (PEO45MEMA)n, displayed a very limited incorporation of
SDS and therefore also limited SDS-induced desorption of the poly-
mer were found. This contrasts to the extensive binding of SDS to
linear PEO [51], and is explained by electrostatic repulsion
between SDS and the negatively charged silica surface as well as
the limited flexibility of the PEO side chains that are adsorbed to
the surface.
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[28] O. Krivosheeva, A. Dėdinaitė, M.B. Linder, R.D. Tilton, P.M. Claesson, Langmuir

29 (2013) 2683.
[29] J.C. Dijt, M.A.C. Stuart, G.J. Fleer, Adv. Colloid Interface Sci. 50 (1994) 79.
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