IS APPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Mixtures of Cationic Copolymers and Oppositely Charged
Surfactants: Effect of Polymer Charge Density and lonic Strength on
the Adsorption Behavior at the Silica—Aqueous Interface

Andreas Mohr,*™* Tommy Nylander,*’T Lennart Piculell,’ Bjorn Lindman, Volodymyr Boyko,§
Frank Wilko Balrtels,§ Yagian Liu,§ and Vandana Kurkal-Siebert®

-‘-Physical Chemistry 1, Center for Chemistry and Chemical Engineering, Lund University, SE-221 00 Lund, Sweden, and

SBASE-SE, D-67056 Ludwigshafen, Germany

ABSTRACT: This study addresses polymer—surfactant interactions at solid—
liquid interfaces and how these can be manipulated by modulating the association
between ionic surfactant and oppositely charged polymer, with a particular focus
on electrostatic interactions. For this purpose, the interaction of a series of
cationic copolymers of vinylpyrrolidone and quaternized vinylimidazol with
sodium dodecyl sulfate (SDS) at the silica-aqueous interface was followed by in
situ ellipsometry. To reveal the nature of the interaction, we performed
measurements for different copolyion charge densities, in the absence and
presence of added salt. The path-dependence of the interaction was studied by
comparing the adsorption under two different conditions, adsorption from
premixed solutions and sequential addition of surfactant to the polymer solution,
but the same end state. The reversibility of the adsorption process was studied by
following the effect of dilution on the adsorbed layer. All copolyions adsorbed to

both silica and hydrophobized silica, revealing the importance of both hydrophobic and electrostatic attractive interactions. On
both types of surface, an increase in adsorbed amount was found on lowering the fraction of charged units. An increased ionic
strength gave an increased adsorbed amount in all cases, but especially on hydrophobic surfaces. The adsorbed amount on silica
from mixtures of the copolyions with SDS peaked at an SDS concentration corresponding closely to the concentration of cationic
charges of the different polyions. Around the region of charge equivalence, there was also a phase separation in the bulk. At
higher concentrations of SDS, a redissolution in the bulk, and a decrease in adsorbed amount, occurred as a result of excess SDS
binding to the complexes. For the most highly charged polyions, we observed a decrease in adsorbed amount, and a shift in the
adsorption maxima to lower SDS concentrations, with increasing ionic strength.

KEYWORDS: polymer surfactant interactions, cationic copolymers, oppositely charged surfactants, null ellipsometry, silica surface,

effect of rinsing

1. INTRODUCTION

Functional polymers and their mixtures with surfactants are of
major practical importance in a variety of applications, ranging
from paints and coatings, to food processing, personal care
formulations, and biotechnology. Cationic copolymers are of
particular interest in the formulation of hair care and styling
products because of their ability to change the physical
properties of the hair.' > It has been recognized that cationic
polymers permit control over the rheology of shampoo
compositions. Furthermore, these polyions have been demon-
strated to improve hair conditions such as combability, texture,
softness, hair shine, resistance to damage, and reduction of split
ends. During the past decades, a number of polyions have been
developed in particular for performance enhancement. The
design of new functional cationic polymers is a subject of
current intensive research, and this study was undertaken in this
perspective.

The development of new polymers has been aided by the
significant number of studies that has been carried out during
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the past decade. These studies have increased our under-
standing of the formation and properties of polymer—surfactant
complexes.*~® Polymer—surfactant interactions in bulk solution
have been studied extensively, whereas the association behavior
at interfaces as a consequence of the adsorption/formation of
complexes between ionic surfactant and oppositely charged
polymer at solid—liquid interfaces is less well understood.'®~>°
Solid—liquid interfaces are of particular relevance in a number
of industrial processes such as stabilization of colloids, mineral
beneficiation, and oil recovery.*'

Different methods have been adopted to study the
adsorption behavior of surfactants and polymers at the solid—
liquid interface.”> Most commonly, optical reflection and
scattering techniques are used, for instance, ellipsometry,''
small angle neutron scattering (SANS),**"?° neutron reflectiv-
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ity,”>*® atomic force microscopy (AFM),>”** and surface force

measurements.' >’ Likewise, spectroscopic techniques such as
electron spin resonance (EPR),*® nuclear magnetic resonance
(NMR),** photon correlation spectroscopy (PCS),**** infra-
red,*! and fluorescence.>®

In previous work from our laboratory, we have studied
various cationic polymers interacting with SDS at interfaces,
using ellipsometry and complementary bulk experiments. Some
of the key results from our earlier studies regarding both
adsorption of the cationic polyelectrolytes on oppositely
charged silica surface and the adsorption from mixtures with
anionic surfactants have been summarized in a recent review.”’
We have compared various cationic polysaccharide deriva-
tives,'”'®** and we have also systematically studied the effect of
the hydrophobicity of the cationic polymer for a series of
synthetic copolyions.>® Those previous studies have highlighted
the importance of both hydrophobic and electrostatic
interactions for the performance of the cationic polymer—
surfactant formulations at solid surfaces. However, the effect of
varying the electrostatic interactions was not addressed in a
systematic way. This is the main purpose of the present study,
where we investigate the interaction of a homologues series of
cationic copolymers, vinylpyrrolidone and quaternized vinyl-
imidazol (PVP/PQVI) of different charge densities (Figure 1),
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Figure 1. Monomer structures of the cationic copolymers. The three
polymers used contained 25, 50, and 75 wt % quaternized
vinylimidazol monomers, respectively.

with sodium dodecyl sulfate (SDS) at the silica-aqueous
interface. The measurements were performed in the absence
and presence of salt. The path-dependence of the interaction
was studied by comparing the adsorption using two different
protocols: (1) adsorption from premixed solutions and (2)
sequential addition of surfactant to the polymer solution, both
resulting in the same final composition in the bulk. The
reversibility of the adsorption process was studied by following
the effect of dilution of the bulk solution on the adsorbed layer.

2. EXPERIMENTAL SECTION

2.1. Materials. In the following, we denote the polymers according
to the ratio of the cationic monomers: 75VP/25QVI, 50VP/50QVI,
and 25VP/75QVI contain 25, 50, and 75 wt % quaternized
vinylimidazol monomers, respectively. Monomer subunits are oriented
randomly. To remove salts and low-molecular-mass impurities, we
dialyzed all polymers extensively against pure water and then freeze-
dried them. All polymers were products of BASF, Germany. The
properties of the copolymers are summarized in Table 1.

Sodium chloride and sodium dodecyl sulfate (SDS) were obtained
from Fluka (>99% purity) and used without further purification.
Ethanol of spectroscopic grade was purchased from Kemetyl, Sweden,
and used in all cleaning procedures.

Water of Millipore quality (resistivity ~ 18 MQ cm™, pH 5.6 +
0.2) was used in all experiments and for preparation of all samples.
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Table 1. Properties of the PVP/PQVI Copolymers Used in
This Study”

mol wt My z average diameter

charge density

polymer (kD) (nm)b (meq/g)*

75VP/ 165 21.6 1.20
25QVI

S0VP/ 160 20.1 3.32
S0QVI

25Vp/ 120 14.7 4.18
75QVI

“Chloride counterion. 0.5 M NaCl. “+0.02 meq/g.

The cleanliness of the water and vessels used to store the solution was
tested by shaking the water in the vessel and low bubble persistence
(<1 's) was used as a criteria for low content of surface-active organic
compounds. Measurements were carried out with freshly prepared
solutions at 25 °C.

Adsorption studies were performed on both hydrophilic and
hydrophobized silicon wafers. The silicon wafer (p-type, boron-
doped, resistivity 1—20 Q cm) were thermally oxidized in an oxygen
atmosphere at 920 °C for about 1 h, followed by annealing and cooling
in an argon flow (Department of Chemistry, IFM, Linkoping
University, Sweden). This procedure finally yields a SiO, layer of
around 300 A thickness. The oxidized wafers were cut into slides with
dimensions of about 40 X 12 mm. The silicon slides were cleaned by
first treating them for five minutes in a mixture of 25% NH,OH, 30%
H,0, and water (1:1:5 by volume) at 80 °C, followed by boiling for 10
min in a mixture of concentrated hydrochloric acid, 30% H,0, and
water (1:1:S by volume) at 80 °C. The slides were then rinsed with
water and ethanol and stored in absolute ethanol until use. Prior to the
measurement, the surfaces were blowed dry with nitrogen and treated
for S min in a plasma cleaner (Harrick Scientific Corp. model PDC—
3XG). In order to obtain hydrophobized silica surfaces the plasma-
treated slides were further exposed to a low-pressure atmosphere of
octyldimethylchlorosilane for at least 12 h. After the reaction, the
hydrophobic surfaces were sonicated in ethanol and tetrahydrofuran
(THF) five times each. In a final step, they were cleaned with ethanol
again and kept in absolute ethanol prior to the measurements.

2.2. Ellipsometry. Ellipsometry is an optical technique, based on
the change of polarized light upon reflection against an interface, that
allows to in situ follow the adsorption of polymers and surfactants at
solid—liquid interfaces.** Polarized light can be considered to consist
of two components, the parallel and the perpendicular wave. By
measuring the polarization of light reflected parallel and perpendicular
to the plane of incidence, the relative phase change (delta) and relative
amplitude change (psi) from the reflected surface can be determined.
In this way it is possible to deduce information about the properties of
the surface, e.g,, film thickness and refractive index, which can be used
to calculate the adsorbed amount. To get an accurate measure of the
adsorbed layer thickness and refractive index, we evaluated the
recorded values of ¥ and A as a function of time by using the optical
four-layer model.***® The silicon substrate is assumed to consist of
bulk silicon (layer 1) covered with an silicon oxide layer with an
approximate thickness of 300 A (layer 2), on which the adsorbed layer
is formed (layer 3) surrounded by the bulk solution (layer 4). These
layers are assumed to have uniform thickness and composition and
form planar interfaces. The complex refractive index n-jk, of bulk
silicon as well as the thickness d, and refractive index of the oxide layer
n, was obtained by characterizing the bare silica substrates in air and in
aquous solutions. The mean refractive index of the adsorbed layer, 13,
and thickness, d;, were then calculated using a numerical procedure
originally devised by McCrackin et al*’ as described by Tiberg,
Jonsson, and Landgren.35 To calculate the adsorbed amount, we
applied the formula of de Feijter et al.*®

I = d3(ny — ng)/(dn/dc) (1)
where dn/dc is the refractive index increment of the polymers and n, is
the refractive index of the ambient bulk solution. For the treatment of
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Table 2. Values of the Adsorbed Amount I' of the Steady-State Adsorption Process of 75VP/25QVI, S0VP/50QVI, and 25VP/
75QVI onto Silica and Hydrophobized Silica Surface”

I' (mg/m?) in water I (mg/m?) in 10 mM NaCl® I' (mg/m?) in 100 mM NaCl*
polymer silica hydrophob. silica silica hydrophob. silica silica hydrophob. silica
7SVP/25QVI  0.60 + 0.03 (<S)  1.00 + 0.05 (<5) 0.55 + 0.03 (S0 = S) 1.04 + 0.05 (100 + 10) 0.69 =+ 0.04 (100 + 10) 1.09 = 0.05 (100 + 10)
SOVP/SOQVI 040 + 0.04 (<5)  0.86 + 0.06 (<5) 044 + 0.04 (<5)  0.98 + 0.05 (100 + 10) 0.65 + 0.04 (<95) 1.04 + 0.05 (120 + 10)

25VP/75QVI 044 + 0.04 (<5) 027 + 0.039 (<5) 0.44 + 0.04 (<9) 0.65 + 0.047 (45 + 5) 0.53 + 0.04 (<9) 0.92 + 0.057 (150 + 10)

“Numbers in parentheses are thickness values d, in A. When it is not possible to resolve the layer thickness (thin adsorbed layer), the thickness is
given as <S5 A. [polymer] = 100 ppm. bAdsorption from 10 mM NaCl aqueous solution. “Adsorption from 100 mM NaCl aqueous solution. A
gradual increase in the adsorbed amount is observed. Therefore, a higher polymer concentration is required to reach the plateau value.

the ellipsometric data, we used dn/dc = 0.155. Typical values of ny, k;, in 10 and 100 mM NaCl, respectively. In a typical experiment using
d, and n, are n; = 5.50 + 0.01, k; =—0.35 =+ 0.03, d, =300 + 20 A, and protocol 1, the premixed polymer/surfactant complex was injected
n, = 1.485 =+ 0.005, respectively, which may vary somewhat from batch into the trapezoidal cuvette, which originally contained 4.8 mL of salt
to batch. It should be noted that the optical slab model applied solution. To ensure proper mixing of the polymer and polymer/
assumes homogeneous layers with sharp interfaces, which is important surfactant solution, we stirred the solution by a magnetic stirrer at 300
to bear in mind when interpreting the ellipsometry data. There are two rpm. Ellipsometric angles ¥ and A were recorded continuously as a
situations that have to be taken into account here. First, it is highly function of time until plateau values were reached. The polymer/
unlikely that the adsorbed layer is homogeneous, but the surface is surfactant solution was then diluted (rinsing) by a continuous flow of
likely to be inhomogeneous with an varying density profile orthogonal 7 mL/min of neat salt solution, by means of a two channel peristaltic
to interfaces; second, lateral inhomogeneity of the layer is likely to pump (Ole Dich model 110 AC 20 G75) where the inlet of the salt
occur in the mixed polymer/surfactant system. In both cases, the solution is placed in the bottom of the cuvette and the drainage in the
determined thickness represent an average optical thickness, which is top of the cuvette so that the volume is maintained at S mL. For
smaller than the size of the aggregates. Here, it should be noted that protocol 2, measurements, the polymer was first injected while the
the ellipsometry measurements are averaged over about 1 mm? ie,, adsorption was recorded until steady state is reached. Once steady
the size of the light spot. We have previously discussed these state is reached, an aliquot of surfactant is sequentially added to the

challenges in interpreting the layer thickness from ellipsometry
measurements with respect to the formation of brush like polymer
layers® as well as for lateral inhomogenous layers in terms of the
adsorption of lipid liquid crystalline nanoparticles at interfaces.** As
the ellipsometer measures only two parameters, A and ¥, a more
rigorous modeling requires additional parameters. These can be
obtained by measuring in another media with different refractive index
as we have demonstrated by combining measurements in H,O and
D,0* or by using multiwavelength ellipsometry.*> However, such 3. RESULTS
measurements are very tedious and by no means trivial. In our opinion
the more fruitful approach is to do spectroscopic ellipsometry (in
particular in the UV—near UV range), although this requires detailed
knowledge of the wavelength dependence of all the components. Such

polymer solution; once steady-state adsorption is obtained, the
surfactant concentration was once again sequentially increased. This
process was repeated until the desired maximum surfactant
concentration was obtained. The protein/surfactant solution was
then diluted (rinsing) as described above. Methods and experimental
setup are described in detail by Landgren and Jénsson.*®

3.1. Adsorption of Cationic Copolymers Increases
with Decreasing Charge Density and with Added Salt.
The purpose of this study was to serve as a reference to study of

measurements are in progress and will be used in future studies, but adsorption from the mixed polymer/surfactant solutions.
further modeling is needed before they can be applied to more Although the main observations are according to what is
heterogeneous systems like the one in the present study. An additional expected from theory'44 and our previous experimental

aspect is that for low adsorbed amount, thin layers, and low optical studies,* the adsorption from this particular system has not

contrasts, the refractive index of the layer and the layer thickness been investigated in detail before. The adsorption behavior of

becomes coupled, so it is only possible to determine the adsorbed L.

amount.* It }?as however, beenys}ll)own that the amount adsorbed (to a the cationic ‘copolymers 7SVP/25QVI, SOVP/S0QVI, and
! ’ 25VP/75QVI was studied in distilled water as well as in 10

first approximation the product of the thickness and refractive index) is
a reliability quantity that is in most cases independent of the optical mM and 100 mM NaCl. These measurements were performed

model applied.*>* In this study, we have focused on the evaluation of for both hydrophilic silica and hydrophobized silica. For all

the adsorbed amount for adsorption from the neat polymer solution, copolymers, the adsorption kinetics was fast under the
which show relatively low adsorbed amount and thin polymer layers. experimental conditions studied as the adsorbed amount
However, for the mixtures with SDS, the adsorbed amount is generally increased sharply with time within the first few minutes (data

higher and it is therefore possible to also evaluate the thickness of the
layer. When the thickness is presented, it should be regarded as an
average optical thickness.

2.3. Ellipsometry Measurements. Measurements were carried

not shown). The polyion concentration was increased
sequentially, and the adsorbed amount eventually approached
a plateau value (Table 2). Maps of the adsorption versus

out on a modified and automated Rudolph Research thin—film null polymeF co.ncentration on silica and hydrophobized silica are
ellipsometer, model 43603—200E. The light source was a Xenon arc shown in Figure 2.

lamp. An interference filter was used to operate with a wavelength of The observed plateau values of the adsorbed amounts varied
401.5 nm. The angle of incidence ® was set at 68°. The instrument is in the range 0.4—0.7 mg/ m? for hydrophilic silica, and in the
equipped with five-phase stepper motors from Berger-Lahr, type range 0.3—1.1 mg/m® for hydrophobized silica. On both

VRDM $566. The main optical components are polarizer, compensator
and analyzer. A photomultiplier is used to measure the intensity of the
light passing through the analyzer. All experiments were performed at
25 °C using a S mL trapezoidal cuvette of optical glass. Prior to the

surfaces, the adsorbed amount increased with a decreasing
fraction of charged residues on the polyion, and with an
increasing ionic strength in the bulk. Notably, both the charge

adsorption studies the bare silica surfaces were characterized in both denSity effect and the salt effect were much more Pronounced
air and salt solution. Polymer stock solutions of 3000 ppm were freshly on the hydrophobized silica, in particularly for the most highly
prepared by dissolving 7SVP/25QVI, SOVP/50QV], and 25VP/75QVI charged polymer.
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Figure 2. Adsorbed amount on silica (left) and hydrophobized silica
(right) for 7SVP/25QVI, SOVP/S0QVI, and 25VP/75QVI as a
function of polymer concentration in neat water (circles), in water
with 10 mM (diamonds) and 100 mM NaCl (squares), respectively.

No desorption of either of the cationic copolymers from
silica was observed when the bulk polymer solution was
replaced with pure salt solution (data not shown). This
suggests that all polymers were, in practice, irreversibly
adsorbed onto the negatively charged surface. A similar
behavior was observed for the polymers adsorbed on
hydrophobized silica although, a slight desorption of 25VP/
75QVI was observed at high salt concentration (100 mM
NaCl).

3.2. Adsorption from Mixtures with SDS on Silica. The
adsorption of premixed copolymer/SDS solutions on silica was
studied. Complexes were prepared by mixing an appropriate
amount of freshly prepared polymer stock solution with
aliquots of SDS solution in 10 and 100 mM NaCl, respectively.
After the adsorption of the polymer/surfactant complex
solution reached a plateau value, the bulk polymer solution
was diluted with NaCl solution (“rinsing”). Figures 3 and 4
show the results from the initial adsorption experiments and
key results are summarized in Table 3 together with the
estimated error in the measurements, whereas Figures 6 and 7
illustrate the effect of subsequent dilution. The results show
that the adsorbed amount is strongly dependent on the anionic
surfactant concentration, in agreement with previous results for
other cationic polymers.>¥*¢.17~1932

Low SDS Concentration Does Not Affect Adsorption.
Panels a and b in Figure 3 show that the amount adsorbed
between 0.001 mM and 0.02 mM SDS was practically
independent of the surfactant concentration (Table 3). Very
thin (<5 A) adsorbed layers were found for 75VP/25QVI at a
low concentration of salt of 10 mM NaCl, whereas at high ionic
strength the layer thickness increased sufficiently, which made it
possible to determine it (~50 A). Also, for SOVP/50QVI and
25VP/75QVI mixtures with SDS, only minor adsorption to the
silica surface was observed in this low SDS concentration
region. When the cuvette was flushed with salt solution no
desorption was observed (see results for 0.2 mM SDS in Figure
S), suggesting an irreversible adsorption process.

Intermediate SDS Concentration Gives a Maximum in
Adsorption. As the concentration of SDS was increased from
0.02 mM, a significant increase in the adsorbed amount was
found for all three types of polymer, indicating that binding of
SDS is highly cooperative. For example, the low charge density
polymer 75VP/25QVI in 10 mM NaCl yielded maximum in
adsorption of 4.0 mg/m* at 0.20 mM SDS. At a high salt
concentration, 100 mM NaCl, the peak in adsorbed amount
decreased to 2.7 mg/m” at 0.20 mM SDS (Figure 3a, b). As
observed for the adsorbed amount, the layer thickness
increased with the surfactant concentration. However, the
thickness was rather similar in both 10 mM and 100 mM NaCL
Typical peak values obtained are 130 A at low ionic strength in
the presence of 0.06 mM and 0.20 mM SDS, respectively
(Figure 4a,b). The adsorption from SOVP/SOQVI and 25VP/
75QV1/SDS vyielded significantly higher values of the amount
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Figure 3. Amount of the complex adsorbed from premixed 7SVP/25QVI/SDS (circles), SOVP/SOQVI/SDS (triangles), and 25VP/75QVI/SDS
solutions (squares) on silica. The polymer concentration was fixed at 100 ppm, corresponding to a concentration of polymer charges of 0.12, 0.33,
and 0.42 mM for 75VP/25QVI/SDS, 50VP/S0QVI/SDS, and 25VP/75QVI/SDS, respectively. The NaCl concentration was (a) 10 and (b) 100

mM, respectively. The cmc of SDS is 5.7 and 1.5 mM, respectively.*”
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respectively.

Table 3. Values of the Adsorbed Amount, I', and Thickness,
d, at Steady-State from Mixtures of 75VP/25QVI, S0VP/
50QVI, and 25VP/75QVI with SDS onto Silica®

10 mM NaClI® 100 mM NaCl®
polymer I' (mg/m?) d ()4 I' (mg/m?) d (A)?
low SDS concentration 0.001—0.02 mM SDS
75VP/25QVI  0.50 + 0.04 <S 0.60+0.04  60—45+5
SOVP/S50QVI  0.50 + 0.04 <S5 0.50 + 0.04 <s
25VP/75QVI 0.50 +0.04 <S 0.50 + 0.04 <5
intermediate SDS concentration ~0.02—1 mM SDS¢
75VP/25QVI 4.0+0.1 130+ 8 2.73+0.08 130+ 8
S0VP/50QVI 13.0+0.2 1160 + 50 7.8+0.2 580 + 10
25VP/75QVI 10.3+0.2 1100 + S0 5.0+0.1 530+ 10
high SDS concentration >1 mM sDs”

75VP/25QVI 0.00 1.00 + 0.0S 60+ 35
SOVP/50QVI 0.00 1.50 + 0.06 30+5
25VP/75QVI 0.00 3.00+0.1 20+S

“[polymer] = 100 ppm. “Adsorption from 10 mM NaCl aqueous
solution. “Adsorption from 100 mM NaCl aqueous solution. “When it
is not possible to resolve the layer thickness (thin adsorbed layer), the
thickness is given as <§ A. “Value refers to the peak value, which
occurs at different SDS concentrations for the different polymers.
Halues given for highest SDS concentration of 9.4 mM SDS.

adsorbed than from the corresponding SDS mixtures with
75VP/25QVL As the concentration of surfactant was further
increased from 0.02 mM to 0.68 mM SDS, the adsorption of
S50VP/50QVI/SDS and 25VP/75QVI/SDS showed sharp
increases in the adsorbed amount to 13.0 and 10.3 mg/mz,
respectively. The corresponding maxima in layer thickness were
about 1100 A, indicating that large amounts of complexes
adsorbed at the hydrophilic surface. The maximum amounts
adsorbed at 100 mM NaCl were about 40% lower for SOVP/
50QVI/SDS and 50% lower for 25VP/75QVI/SDS, compared
to the values at 10 mM.

The adsorbed amount decreased in all cases to significantly
lower values of <1.00 + 0.06 mg/mz, independently of the
ionic strength, when the polyelectrolyte/SDS solutions were
replaced with neat salt solution, see Figure 7a. At same time,
the layer thickness of 7SVP/25QVI/SDS in 0.06 and 0.20 mM
SDS, respectively, significantly increased from 45 + 5 and 130
+ 8 A to 80 + 6 and 680 + 20 A when the polymer/surfactant
mixture is diluted with 10 mM NaCl. The corresponding
increase in the adsorbed layer thicknesses at high ionic strength
was approximately 100 A in presence of 0.06 mM and 0.20 mM
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Figure S. Effect on the SOVP/S50QVI/SDS layer on silica, adsorbed
from (a) 10 and (b) 100 mM NaCl solution, when the solution was
diluted with the corresponding neat salt solution. The polymer
concentration was fixed at 100 ppm and the SDS concentration was as
indicated in the figure. Dilution of the polymer surfactant solution was
started as indicated by arrows, after the adsorption of complexes from
premixed solutions had reached a plateau.

SDS, respectively, to 190 + 10 A and 280 + 10 A (compare
Figures 4a and 7a). Finally, the dilution of mixtures of SOVP/
S0QVI or 25VP/75QVI with SDS yielded in all cases significant
lower thicknesses of <250 A and 150 + 8 A in 10 mM and 100
mM NaCl, respectively (compare Figures 4b and 7b).
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75VP/25QV1/SDS (circles), SOVP/S0QVI/SDS (triangles), and 25VP/75QVI/SDS (squares) on silica. The dilution with salt solution (rinsing) was
started after the adsorption of complexes from premixed solutions had reached a plateau value. The polymer concentration was fixed at 100 ppm.
The inset gives a magnification of the y-axis to illustrate that there is still an adsorption maxima, although very small.

1400

-
N
o
o

1000 -

800 1 75VP/25QVI

600 -

400 -
50VP/50QVI
U - e 73

Adsorbed layer thickness / A

A

Adsorbed layer thickness /

200 + - v
@ .. ..v// = —
0 & o s = 1\ /141 B = R =
0.001 0.01 0.1 1 10
QNK / mM

1400

-

N

o

o
L

-

o

o

o
L

800 -
600 -

400 + 75VP/25QVI

50VP/50QVI

25VP/75QVI

200 =

0 L T
0.001

0.01 0.1

SDS /mM

Figure 7. Effect of replacing (“rinsing”) the polymer/surfactant solution with (a) 10 and (b) 100 mM NaCl solution on the layer thickness of 7SVP/
25QV1/SDS (circles), SOVP/S0QVI/SDS (triangles) and 25SVP/75QV1/SDS (squares) on silica. The dilution with salt solution (rinsing) was started
after the adsorption of complexes from premixed solutions had reached a plateau. The polymer concentration was fixed at 100 ppm.

High SDS Concentration Reduces Adsorbed Amount. With
further increase in surfactant concentration, the amount
adsorbed from a mixed solution decreased steeply with
increasing SDS concentrations and reached values until no
adsorption of copolymer/surfactant was observed in the
presence of high concentrations of SDS (9.4 mM). By contrast,
at high concentration of salt (100 mM) the amount adsorbed
was significantly higher also at 9.4 mM SDS (Figures 3a and 3b,
Table 3), and the amount adsorbed increased with the charge
density of the polymer. As apparent from Figure 4, the layer
thickness was slightly higher than at very low SDS
concentration. When the cuvette was flushed with salt solution,
in both 10 mM and 100 mM NaCl at >2 mM SDS, we
observed a rapid increase in the adsorbed amount within the
first few minutes after rinsing (data for the SOVP/S0QVI/SDS
system is shown in Figure S.) This phenomenon, which has
also observed for the other polymer surfactant mixtures,® can
be directly related to a passing through the adsorption
maximum during the dilution process. Once the solution has
been sufficiently diluted to reach the low SDS concentration
region, the adsorbed amount decreased to reach a steady state
value around or below 1 mg/m” (compare Figures 3 and 6)
accompanied by an increase in the layer thickness (Figures 4
and 7), in particular at low ionic strength (Figures 4a and 7a). It
is clear that this is linked to the lowering of the surfactant
concentration.

3.3. SDS Addition to a Preadsorbed Layer of 50VP/
50QVI on Silica. Adsorption of SOVP/50QVI/SDS complexes
was studied on silica in the presence of 100 mM NaCl. SDS was

1505

added to the preadsorbed polymer layer without removing the
polymer (100 ppm) from bulk solution. The change in
adsorbed amount and thickness versus time were measured
while the SDS concentration was sequentially increased, and
the data are shown in Figures 8 and 9, respectively. After each
addition of SDS, the adsorbed amount was allowed to reach
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Figure 8. Adsorption on silica as a function of time in presence of
SOVP/S0QVI (100 ppm) in 100 mM NaCl with sequentially
increasing the SDS concentration (in mM). The shaded area indicates
the two-phase region.
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Figure 9. Adsorbed layer thickness on silica as a function of time in
presence of SOVP/S0QVI (100 ppm) and 100 mM NaCl, when
sequentially increasing the SDS concentration (in mM). The data are
recorded at the same time as the data presented in Figure 8a .

steady state before the next SDS addition was made. Figure 8
shows that no effect on the adsorbed amount was observed at
low levels of added surfactant. As the concentration of SDS was
increased to 0.04 mM, again a sharp increase in the adsorbed
was observed. With further increase in surfactant concentration,
the adsorbed amount gradually increases over a broad range of
SDS concentration, until macroscopic phase separation
occurred at 0.4 mM SDS. In the phase separation region the
adsorbed amount increased steeply with SDS concentration,
indicating that the binding of SDS was highly cooperative.
Finally, at high surfactant concentration beyond the phase
separation region, the adsorbed amount decreased significantly,
showing that the polymer/surfactant complex formed under
this high surfactant concentration has markedly less affinity to
the surface.

The effect on the layer thickness of SDS addition to
preadsorbed polymer is shown in Figure 9. No influence on the
layer thickness by changing the SDS concentration was
observed below 0.04 mM SDS. As discussed above, desorption
of 50VP/50QVI on silica yielded in a very thin film, giving
average layer thickness below S A, which is below the limit
where the thickness can be determined independently with
ellipsometry as it is coupled with the refractive index value at
low adsorbed amount (see Experimental Section). With further
increase in SDS concentration, the adsorbed layer expanded to
approximately 60 A, until a macroscopic phase separation
occurred at 0.4 mM SDS. As observed for the adsorbed
amount, the layer thickness steeply increases with the surfactant
concentration in the phase separation region. Above the phase
separation region and at high SDS concentration the layer
thickness was significantly decreased in parallel to the adsorbed
amount.

The results show that maximum adsorption was obtained at a
surfactant concentration close to the phase separation region.
At higher SDS concentration, the complex partly desorbed
from the surface. It is interesting to note that below 0.4 mM
SDS the thickness of the layer is constant, while the adsorbed
amount increases between about 0.04 mM SDS. This suggests
that the layer has the same dimensions, while more material is
accumulated at the interface. The likely explanation is that
more SDS is accumulated in the polyion layer with increasing
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SDS concentration in this range. This is a further evidence that
the polyion adsorption leads to a charged reversal of the
negatively charged silica surface.

4. DISCUSSION

4.1. Adsorption of Copolymers onto Solid Surfaces.
As mentioned in the Experimental Section, 75VP/25QVI,
S0VP/50QV], and 25VP/75QVI contain 25, 50, and 75 wt %
quaternized vinylimidazol monomers, respectively. In this
study, we used both silica and hydrophobized silica surfaces
and the experiments were carried out in neat water and in the
presence of various concentrations of salt, see Figure 2 and
Table 2.

The results for the polymer adsorption on the oppositely
charged silica surface are according to what is expected from
theory™ and our previous experimental studies of other
polyelectrolytes.*> Lower adsorbed amounts were observed
for 25VP/75QVI on silica compared to those for the
copolymers 75VP/25QVI and SOVP/50QVI. This is most
likely due to the high cationic charge, since a lower amount of
high cationic charge density polymer is required to compensate
for the negative charges of the surface. Because of the
electrostatic attraction between the negatively charged surface
and the cationic polymers, the positively charged monomer
subunits will attempt to neutralize any opposite charge present
on the surface. Thus, the polymer will generally remain very
close to the surface. Depending on the charge density of the
polymers, adsorption commonly results in an overcompensa-
tion of the surface charge. In such a case, the adsorption of
polymer onto the surface is limited by the -electrostatic
repulsion between segments within the adsorption layer.
Thus, one would expect that increase in ionic strength would
lead to an increase in adsorbed amount as observed by
Samoshina et al.** Indeed, we observed that the adsorbed
amount slightly increases with an increase in the ionic strength
at low ionic strength, and a more significant increase in
adsorbed amount plateau values was observed for 100 mM
NaCl.

Adsorption of cationic copolymers onto the oppositely
charged silica surface is driven by the electrostatic attraction
and in this respect it is basically different from the polymer
adsorption onto a noncharged hydrophobic surface. Polyelec-
trolyte adsorption on hydrophobic surfaces is also less studied,
both experimentally and in terms of modeling. We will
therefore discuss this in more detail. The first important issue
is the way the hydrophobic surface is prepared and the resulting
surface properties. Chemical modification of silica by reactions
with, e.g,, octyldimethylchlorosilane, yields hydrophobized silica
surface.”® The main reactions in forming the hydrophobized
surface is the self-assembly by means of horizontal polymer-
ization the alkylchlorosilane on the surface, covalent attachment
to the silanol groups of the silica surface, but also vertical
polymerization might occur. For a more complete discussion of
the silanization, the paper by Feedev is strongly recommen-
ded.*® They also showed that octyldimethylchlorosilane in gas
phase as used in this study gives a high water contact angle
(~100°) with very low hysteresis, suggesting a smooth and
homogeneous surface. For this type of very hydrophobic
surface, hydrophobic interactions are expected to be the main
driving force for polymer adsorption. In fact, strong hydro-
phobic interactions may overcome the loss of entropy and
therefore contribute to considerably adsorption of cationic
polymers onto a hydrophobized silica surface.”® For instance,
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the two cationic cellulose derivatives, LM-200 and JR-400,
showed higher adsorbed amounts and thicker adsorbed layers
on hydrophobized silica than on silica."” In addition, Poncet et
al. have reported that the adsorbed amount of hydrophobically
modified poly (sodium acrylates) on hydrophobized silica
significantly increased with an increase in the hydrophobicity of
the polymer.* In a recent study, the adsorption of a series of
cationic copolymers of varying hydrophobicity on hydro-
phobized silica was investigated by in situ ellipsometry by
Santos et al.>* They concluded that the plateau value of the
adsorbed amount increased with increasing hydrophobicity as
inferred from the chemical structures of the neutral
comonomers. All the latter polymers formed rather thin layers,
which is in line with the strong hydrophobic interaction with
the surface.

Our results, summarized in Table 2, are in good agreement
with these observations. All cationic copolymers, i.e., 75VP/
25QVI, 50VP/50QVI, and 25VP/75QVI, adsorbed at the
hydrophobic surface and we expect that hydrophobic
interactions also play a role for the polymer adsorption studied
here. The isotherms in Figure 2 show that 7SVP/25QVI and
S0VP/50QVI give higher adsorbed amounts on hydrophobized
silica, than on silica. 7SVP/25QVI has more hydrophobic
character than SOVP/50QVI and is therefore less sensitive to
changes of the ionic strength. In fact, 7SVP/25QVI adsorption
in the presence and absence of salt yielded almost same plateau
values of ~1.0 mg/m* A similar trend is also observed for
SOVP/50QV], for which the adsorption isotherm (Figure 2) is
not markedly affected by increasing the salt concentration from
10 mM to 100 mM NaCl. Only in water, a slightly lower
plateau adsorption value of ~0.8 mg/m* was found.

Because of the high 25VP/75QVI polymer charge density,
the adsorption on hydrophobized silica is quite sensitive to
changes in the ionic strength. As evident from the adsorption
isotherms, increasing the concentration of salt results in a
significant increase in the adsorbed amount (Figure 2). Again,
salt screens the electrostatic repulsive interactions between the
cationic polymer charges. It is of interest to note that on
hydrophobized silica the 25VP/75QVI isotherms do not show
any leveling off to a true plateau within the concentration range
studied. Moreover, as the concentration of salt was increased
from 10 mM to 100 mM NaCl, a dramatic increase in the layer
thickness from 45 A to 150 A (Table 2) was observed. Despite
the higher adsorbed amounts on hydrophobized silica, in neat
water the adsorbed layers of 75VP/25QVI and 50VP/50QVI
were significantly thinner and close to the layer thickness on
silica (<SA), which implies that the polymer layers were much
denser on hydrophobized silica than on silica. However, also for
75VP/25QVI and 50VP/50QVI, the mean layer thicknesses
significantly increased with salt concentration (to about 100 A,
see Table 2). This change was accompanied by a significant
increase also in adsorbed amount. Finally, when comparing the
isotherms at high ionic strength, 100 mM NaCl, the layer
thicknesses strongly increases with the fraction of cationic
groups. An increase in the layer thickness as an effect of
increasing the ionic strength was also observed under certain
conditions by An et al, who studied the adsorption of an
amphiphilic and weakly charged block copolymer poly(2-
(dimethylamino)ethyl methacrylate-block-methyl methacry-
late) (poly-(DMAEMA-b-MMA)) containing 70% DMAEMA)
on hydrophobized silica with neutron reflectometry.*® They
discussed the reason for their findings in relation to the study of
polymer brushes by Pincus.’' He presented a simple scaling
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theory to describe the thickness of a polymer layer as a
consequence of counterion distribution, which was used to
calculate the disjoining pressure between opposing polymer
layers. He found that if the electrolyte concentration is such
that the Debye length is shorter than the thickness of the brush
(or in our case the polymer layer), which is the situation at the
highest ionic strength used in the present study, then the
counterions are located within the layer and their gain in
entropy will cause the polymer to swell (osmotic swelling). The
presence of large number of (hydrated) ions may thus cause a
swelling of the surface polymer layer (Figure 10).

Figure 10. Schematic representation of the copolymers adsorbed at
high ionic strength (100 mM NaCl) at hydrophobized silica surface.
The higher the fraction of cationic groups, the longer the loops and
tails. Counterions (spheres) with hydration shell (not indicated) are
accumulated close to the positively charged groups.

4.2. Adsorption/Formation of Copolymer/SDS Com-
plexes on Silica. In mixed solutions of oppositely charged
polymers and surfactants, associative phase separation is a well-
known phenomenon and we will start our discussion by
highlighting some of the main features.”> The main driving
force for the formation of the complexes is the release of
counterions from the polyelectrolyte and the ionic surfactant
upon association, which leads to a significant entropy gain. The
polymer—surfactant association can therefore be modulated by
the presence of electrolytes. In fact, the addition of salt can lead
to dissolution of the concentrated phase, if the polyion-
surfactant ion association is purely electrostatic. The interaction
between surfactant and the polymer are often cooperative, i.e.,
the polymer interaction promotes surfactant micellization, as a
consequence of the reduced water—hydrocarbon contact, and/
or by decreasing the headgroup repulsion between surfactants
in the micelle. Phase separation and redissolution of oppositely
charged complexes can generally be explained as function of
surfactant concentration as follows: In the presence of a low
concentration of surfactant, the molecules bind noncooper-
atively to the polymer chain. As the surfactant concentration is
increased, surfactant aggregates are formed on the polymer
chain at a critical aggregation concentration (cac). Eventually,
the increase of surfactant concentration leads to charge
neutralization of the polyelectrolyte and the solubility of the
formed complexes decreases. Thus, the solution becomes
turbid and the aggregates precipitate. It should be noted that
this process is generally kinetically controlled and consequently
the adsorption in this regime occurs under nonequilibrium
conditions.>>* When the surfactant concentration is further
increased, a second cooperative surfactant binding step to the
polyion may occur (cac2).33’55’56 This step requires an
additional hydrophobic interaction between the polymer and
the surfactant, giving rise to a reversal of the charge and, finally,
a redissolution of the complexes. As a result, the solution
becomes clear again. Various aspects of bulk properties in
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polymer/surfactant solutions have been discussed in a number
of reviews.”*>%7~%

Decrease in Solubility Drives the Deposition/Formation of
Polymer/SDS Complexes. We have previously discussed that
the polymer itself adsorb to the silica surface because of the
attractive interaction with the oppositely charged surface.
However, SDS does not adsorb on silica itself,'” and due to the
electrostatic repulsion between the ionized silanol groups on
the silica surface and the negatively charged dodecylsulfate ions,
one would expect that anionic surfactant molecules are
depleted from the interfacial region unless they are in a
complex with the polymer.

At low surfactant concentration, the adsorption is controlled
by the polymer adsorption, likely to be driven by electrostatic
attractive interaction. The cooperative binding of SDS to the
oppositely charged polymer at the cac occurs well below the
critical micelle concentration (cmc). As a consequence,
significant changes in the adsorption from copolymer/
surfactant mixtures are expected to occur at a surfactant
concentration below the cmc. Indeed, we observed that a
marked increase in adsorbed amount is observed far below the
surfactant cmc (cf. Figure 3). Since the polymer surfactant
complex is now less cationic this cannot be explained by
electrostatic attractive interaction between the surface and the
polymer complex. In fact the adsorbed amount peaks at a SDS
concentration that corresponds closely to the concentration of
cationic charges of the different polymers as indicated in the
figure. The fact that peak in adsorbed amount scales so well
with the charge density of the polyelectrolytes suggests that the
cac and hence the concentration of noncomplexed surfactant
are low. The adsorption behavior is governed by the net charge
of the polymer—surfactant complex as the surfactant binding to
the oppositely charged copolymers results in a significant
decrease in the solubility of the complexes, which leads to very
high adsorbed amounts (Table 3), up to 20 times the amount
adsorbed for the neat polymer (Table 2), as seen in Figure 3a,b.
This mechanism of adsorption, being driven by a decrease in
solubility is expected to give a maximum in adsorption when
stoichiometric polymer/surfactant complexes are formed as
observed in this study. Previous work revealed the effect of SDS
on the adsorption behavior of three different cationic
hydroxyethyl celluloses (JR-125, JR-400, and JR-30M) at silica
surface.'” Adsorption from these systems was observed to
increase dramatically at surfactant concentration slightly below
the bulk phase separation region, which suggested that the
decrease in solubility of the complex causes the large increase in
deposition on the surface.

The importance of electrostatic interactions between the
polyion and the surfactant was verified by the fact that SOVP/
50QVI/SDS and 25VP/75QVI/SDS solutions were found to
give significantly higher adsorbed amounts and layer thick-
nesses than 7SVP/25QVI/SDS at low ionic strength of the bulk
solution. This is most likely due to the high cationic charge
density of these polymers (3.32 and 4.18 mequiv/g,
respectively), which require higher amounts of oppositely
charged surfactant to compensate for the positive charges than
for 75VP/25QVI (1.20 mequiv/g).

An increase in salt concentration from 10 to 100 mM NaCl
decreases the electrostatic attraction between the polyion and
the oppositely charged surfactant, but also decreases the
repulsion between and within the complex particles. It is
interesting to note that for the SOVP/50QVI and 25VP/75QVI
complexes with SDS, the maxima in adsorbed amount occur at

1508

0.63 and 0.97 mM SDS, respectively, at 10 mM NaCl, whereas
in 100 mM NaCl, they occur at 0.4 and 0.63 mM SDS,
respectively. These values should be compared with the amount
needed for charge equivalence, which at a polymer concen-
tration of 100 ppm is expected to occur at 0.33 and 0.42 mM
SDS for the SOVP/S0QVI and 25VP/75QVI, respectively. It
should also be noted that the cmc of SDS is 5.7 and 1.5 mM in
10 and 100 mM NaCl, respectively.”” The maxima in
adsorption at low ionic strength (10 mM NaCl) occur above
the calculated point of charge neutralization. This can be an
affect of that not all surfactant molecules bind to the polymer.
In fact, increasing the jonic strength move the maxima in
adsorption to lower concentration of SDS, as also observed for
cmc of the neat SDS solution. This may be an effect of a
decrease in cac with increasing salt promotes of the surfactant
to the polymer. The 75VP/25QVI/SDS adsorption peaks 0.2
mM SDS at both 10 and 100 mM NaCl, which is higher than
the expected point of charge neutralization at 0.12 mM. It is
noteworthy, that unlike for the more charged polymers, the
position of the maxima in adsorption from the surfactant
polymer mixture is not affected by the ionic strength. It should
also be noted that for the neat polymer adsorption lowest effect
of ionic strength on adsorption, in particular on the
hydrophobic surface, is observed for the polyelectrolyte with
the lowest charge density, 7SVP/25QVI As discussed in a
number of studies, the effect of added salt on the associative
phase separation for mixtures of polyelectrolyte and oppositely
charged surfactants is complex and strongly dependent on the
system.**®" In fact, both increase and decrease in the phase
separation region has been reported. For instance, poly{[2-
(propionyloxy) ethyl]trimethylammonium chloride} (PCMA)/
SDS mixed systems showed that the phase separation occurs
over a wider SDS concentration range at higher ionic strength
to 100 mM NaCl® On the other hand, studies of anionic
polysaccharide sodium hyaluronate (NaHy) and the cationic
surfactant tetradecyltrimethylammonium bromide (C14TABr),
show that low concentrations of NaBr reduces the two-phase
region, which disappears at 250 mM NaBr, whereas high NaBr
concentrations (=500 mM) leads to segregative phase
separation.”> The present study confirms that the effect of
ionic strength depends on the polymer/surfactant system as
increasing ionic strength only influences the adsorption of SDS
mixtures with highly charged polymers SOVP/S0QVI and
25VP/75QVLI. For these polymers, we observed both a decrease
in adsorbed amount of material and a shift in adsorption
maxima to lower SDS concentrations. The reason for this can
be that less surfactant is needed to neutralize the complex,
hence the shift of the adsorption maxima to lower SDS
concentration. The decrease in the adsorbed amount with
increasing ionic strength can possibly be explained as either the
effect of the difference in aggregate composition or as a
consequence of the shift in balance from surface deposition to
bulk aggregation. The reduction in repulsion between
complexes in solution as a consequence of electrostatic
screening can promote aggregation rather than deposition.
High Surfactant Concentration Can Solubilize Polymer/
SDS Complexes and Decrease Adsorption. Polyelectrolytes
and oppositely charged surfactants form precipitates, which in
many cases can be resolubilized by addition of excess
surfactant.%* The interaction is more favorable the longer the
surfactant hydrocarbon chain and the presence of hydrophobic
functionalities on the polymer also favors resolubilisation.”
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The amount and thickness of the layer adsorbed from
polymer/surfactant mixtures were found to decrease signifi-
cantly with increasing surfactant concentration well above the
neutralization point as seen in Figures 3 and 4. It is clear that
this decrease can be attributed to a recharging of the polymer/
surfactant complexes because of additional association of
surfactant to the polymer. The sharp decrease is a manifestation
of the cooperativity of this process, that is the second
cooperative surfactant binding step to the polymer
(cac2).55’56 However, it is noteworthy that in contrast to our
previous studies, we do not observe an increase in thickness of
the layer at high surfactant concentration, which was explained
as a swelling of the aggregates at the surface due to internal
electrostatic repulsion.” In this early study, we used a low
concentration of added electrolyte (max 10 mM), whereas in
the present study, the concentration added up to 100 mM. This
clearly demonstrates the effect of added salt and the internal
electrostatic repulsion for the polymer/surfactant layer proper-
ties. As mentioned above, the adsorption of 75VP/25QV1/SDS
is qualitatively similar to that obtained for SOVP/50QVI and
25VP/75QV1/SDS, but both the amounts adsorbed and the
corresponding layer thicknesses are significantly smaller. This
can be attributed to the lower cationic charge density of 7SVP/
25QVI as discussed above.

Finally, at low ionic strength and high surfactant level, 10
mM SDS, we do not observe any adsorption from premixed
solutions. This implies that complexes under these conditions
are negatively charged with no affinity to the negatively charged
surface. However, in the presence of 100 mM NaCl
considerable adsorption of the copolymer/surfactant complexes
was observed even at high concentration of SDS (Figure 3b).
This implies an effect of charge screening, which allows
considerable amounts of complex to adsorb onto the negatively
charged surface. As would be expected, the amount of
complexes adsorbed at high surfactant concentration was
found to increase with increasing cationic charge density of
the polymer, with decreasing excess of SDS, and with increasing
ionic strength (Figure 3). Thus, at high ionic strength, 1.0S,
1.50, and 2.90 mg/m* for 7SVP/25QVI, S0VP/S0QVI, and
25VP/75QVI/SDS, respectively, were found. Despite the
higher adsorbed amount of the 25VP/75QVI/SDS complex,
the layer thickness is similar to the values observed for SOVP/
50QVI and 75VP/25QVI/SDS. This implies less dense layers
on silica of the two latter complexes at high ionic strength.

It is interesting that many of the above trends regarding the
absorbed amount vanish after dilution with salt solutions. The
difference between the various copolymer-SDS complexes in
the adsorbed amount that remains after dilution is rather small
(Figure 6), but the weak trend observed is more in line with the
adsorption of the neat polymer in Figure 2, that is, an increase
in adsorption with a decrease in charge density. This implies
that little excess surfactant remains on the surface after dilution.
Comparing panels a and b in Figure 6, we also see that the
adsorption generally increases with increasing ionic strength of
the salt solution used for dilution, again in accordance with the
ionic strength trend in Figure 2. However, the initial conditions
of deposition nevertheless seems to affect the layer properties
after dilution, because for each polymer, a weak maximum in
adsorbed amount is still observed, after dilution, around the
SDS concentration giving the maximum initial adsorbed
amount.

Adsorption from Polyelectrolyte and Oppositely Charged
Surfactant Mixtures Is Path Dependent. Previous work has
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shown that the formation of the adsorbed layer is dependent on
the path of by which the layer is obtained.'®'”** This can be
used to obtain a polymer—surfactant surface layer trapped in a
nonequilibrium state, which is frequently used in many
applications.'”**** For this purpose, we investigated to what
extend the studied system is determined by the mode of adding
the surfactant and polymer is affecting the adsorption behavior.
This was done by comparing the adsorption from premixed
polymer/surfactant solution and by sequential increase of
surfactant concentration in the polymer solution. Figure 11
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Figure 11. (a) Amount of the complex adsorbed from premixed
SO0VP/50QVI/SDS solutions on silica (open triangles) and the effect
of SDS addition on the adsorbed amount to preadsorbed SOVP/
SO0QVI layers on silica (filled triangles). (b) Adsorbed layer thickness
formed from premixed SOVP/S0QVI/SDS solutions on silica (open
triangles) and the effect of sequential increase of SDS concentration
on the preadsorbed SOVP/S0QVI layers on silica (filled triangles). The
polymer concentration was fixed at 100 ppm. The NaCl concentration
was 100 mM.

compares the data from Figures 8 and 9 with those from
Figures 3 and 4. Figure 11a shows the amount of the complexes
adsorbed from premixed SOVP/S0QVI/SDS solutions com-
pared to the effect of SDS addition on the adsorbed amount to
a preadsorbed S0VP/S0QVI layer on silica. The corresponding
effect on the adsorbed layer thickness is shown in Figure 11b.
When the bare surface was exposed to premixed S0VP/50QVI
and SDS solutions, changes in the adsorbed amount were
qualitatively similar to the results obtained when the SDS
concentration was sequentially increased in the polymer
solution. However, we note two marked differences between
the two sets of data, namely that the adsorbed amount at SDS
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concentration slightly below the peak in adsorption is higher
and that the peak in adsorption is shifted toward higher SDS
concentration for the sequential addition of the surfactant
relative to the premixed solution. It is clear that this is a kinetic
effect, that is a balance between the rate of adsorption and the
rate of formation of the polymer/surfactant complexes. From
Figure 8, we note that the kinetics of adsorption is particularly
slow in the two-phase region. This implies that the complexes
are formed as the surfactant concentration is increased. Thus,
additional surfactant is needed and the maximum is shifted
toward higher surfactant concentration for the case where the
surfactant is sequentially added.

Another manifestation of the importance of the kinetics of
the process is the effect of dilution of the bulk solution
illustrated in Figure 5. The maxima in the adsorbed amount,
observed when diluting a polymer surfactant solution at
surfactant concentrations beyond the 2-phase region within
the first few minutes is likely to be related to the decreased
solubility of the copolymer/surfactant complex as we pass the
two-phase region. The decreased solvency upon dilution is a
very important factor in controlling the adsorption in mixed
polymer/surfactant solutions, and explains why additional
adsorption can be induced by the dilution of a mixed solution.
We have previously observed the same é)henomena for a range
of polymer surfactant systems.'”'**¥%>% The deposition upon
dilution is highly relevant for a range of applications such as
hair shampoo. Such formulation usually contains large excess of
surfactant and during dilution the system phase separation and
an increased deposition (of a particular active component) is
obtained. Recently, we have shown that the system can be
tuned in such a way that the deposition can be made selective
for a certain type of surface.”®

5. CONCLUSIONS

The adsorption of the cationic VP/QVI copolymers onto
charged or hydrophobized silica surfaces is influenced by the
polymer charge density. The adsorbed amount decreases with
increasing polymer charge density and, consequently, an
increase in ionic strength leads to an increase in adsorbed
amount. These effects of polymer charge density and ionic
strength were, in fact, even more pronounced on the
hydrophobic surface.

The maxima in adsorption/deposition of polymer—SDS
complexes occur close to the point of phase separation slightly
above the SDS concentration corresponding to charge
equivalence in the phase separation region. This suggests that
the cac is low and that the adsorption behavior is governed by
the net charge of the polymer-surfactant complexes. The
amount and thickness of the layer adsorbed from polymer/
surfactant mixtures were found to decrease significantly with
increasing surfactant concentration well above charge equiv-
alence. This decrease can be attributed to a recharging of the
polymer/surfactant complexes because of the additional
association of surfactant to the polymer, where the association
between SDS and uncharged VP units presumably plays an
important role.

Above the adsorption maxima, the adsorption of polymer—
surfactant complexes increased with increasing polyion charge
density, with decreasing excess surfactant concentration, and
with increasing ionic strength. These observations imply that
the complexes in this region are net negatively charged, but that
the total charge on the complex is less for a more highly
charged cationic copolymer.
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After dilution with salt solution, the variation in adsorbed
amount was less, and the trends with polyion charge density
and ionic strength of the solution were now the same as for the
adsorption of the polyion alone. This suggests that little
surfactant may remain after dilution.

The adsorption from polyelectrolyte and oppositely charged
surfactant mixtures is path dependent as the sequential addition
of surfactant to the polymer gives a different adsorption
behavior compared to a premixed solution, namely adsorption
peaks at a higher surfactant concentration compared to that of
the premixed solution.

The decreased solvency upon dilution is a very important
factor in controlling the adsorption from mixed polymer/
surfactant solutions, and explains why additional adsorption can
be induced by the dilution of a mixed solution. These effects
can be utilized in a range of applications and tuned by the
polymer charge density, hydrophobic modification of the
polymer, and the surfactant system.
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