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Hypothesis: Charge, size and concentration of depletants control the magnitude and range of depletion
and structural forces. Noncovalent association of nonionic polymers with ionic surfactants may therefore
synergistically enhance these forces to an extent that depends on the structure and composition of the
resulting complexes.
Experiments: Forces were measured between a silica sphere and a silica plate in solutions of Pluronic
F108 nonionic poly(ethylene oxide – block – propylene oxide – block – ethylene oxide) triblock copoly-
mers and anionic sodium dodecylsulfate (SDS) surfactants using colloidal probe atomic force microscopy
as a function of polymer, surfactant and NaCl background electrolyte concentrations. Trends in the mag-
nitudes of the depletion attraction minimum and the first repulsive maximum in the oscillatory struc-
tural force were interpreted with the aid of pyrene solubilization assays, sodium ion-selective
electrode analysis, and dynamic light scattering measurements that characterized the formation, charge,
and hydrodynamic radius of F108/SDS complexes respectively.
Findings: Synergistic enhancement of the depletion force and first repulsive maximum occurred within a
finite range of SDS concentrations, to an extent that depended on F108 and NaCl concentrations. This was
due mainly to charging of F108/SDS complexes. Size effects were important at low NaCl concentration.
Forces measured above the synergistic SDS concentration range were indistinguishable from those in
polymer-free SDS solutions due to the appearance of excess unbound SDS micelles.
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1. Introduction

In addition to the van der Waals and electrostatic double layer
forces considered by the classical DLVO theory [1], a variety of
other ‘‘non-DLVO” colloidal forces may act between surfaces in liq-
uids. Depending on the system composition, these forces may
include steric forces [2,3], bridging forces [4], or oscillatory struc-
tural forces [5–8], the first attractive minimum of which is known
as the depletion force [9–13]. The structural forces are caused by
non-adsorbed macromolecules, micelles, nanoparticles or similar
nanoscale objects in the liquid phase and arise from packing con-
straints imposed on these objects in the narrow gap between sur-
faces. Thus, the force is primarily entropic in nature. The depletion
force arises due to exclusion of those objects, often referred to as
‘‘depletants”, from the gap upon sufficiently close approach of
the two interacting surfaces. The resulting osmotic pressure differ-
ence between the bulk solution and the gap produces a stress that
would drive the surfaces together: an apparent force of attraction
that would act in addition to the van der Waals attraction and in
opposition to any electrostatic or steric repulsion between the
surfaces.

Inspection of the original Asakura and Oosawa [9,10] model of
the depletion force provides useful insights into how the depletion
force may respond to changes in solution conditions. The magni-
tude of the depletion interaction energy was assumed directly pro-
portional to the osmotic pressure, P, of the bulk solution. Factors
that would increase the osmotic pressure of a depletant solution
tend to increase the strength of the depletion attraction. This
model, expressed here in terms of the interaction between a sphere
of radius a and a flat plate as a function of surface-to-surface sep-
aration distance, h, gives the depletion interaction energy /dep hð Þ as
[14]

/dep hð Þ ¼ �pPa 2D� hð Þ2 h < 2D ð1Þ

/dep hð Þ ¼ 0 h > 2D ð2Þ
The interaction exists for separation distances smaller than twice a
depletion layer thickness, D, that equals the radius of the depletant,
rd, in the case of uncharged depletants. It is larger for charged deple-
tants due to an electrostatic exclusion zone that scales with the
Debye length, j�1, when the surfaces and depletants have the same
sign of charge. Experimental observations [14] indicate that D is
approximately rd + 5j�1 for hard spherical depletants. Thus, factors
that increase (decrease) the size of the depletant, such as surfactant
complexation with a polymer in a mixed solution, or factors that
increase (decrease) the range of the electrostatic exclusion zone will
contribute to an increase (decrease) in the strength of the depletion
interaction.

Assuming ideality for simplicity, the osmotic pressure differ-
ence between the bulk and gap in solutions containing nonionic
macromolecules with concentration, q1m, is given by

P ¼ RTq1m ð3Þ
and for charged macromolecules with valence, |z|, and concentra-
tion, q1m, in the absence of background electrolyte is given by [14]

P ¼ RTðjzj þ 1Þq1m ð4Þ
Thus charged polyelectrolytes tend to yield stronger depletion

forces than uncharged depletants at similar concentrations, due
to the contribution of counterions to the osmotic pressure
[11,14–16]. Background electrolyte may affect the depletion force
via several mechanisms, some of which tend to weaken the attrac-
tion [14], while others would strengthen it [17]. Among the major
effects, first note that increasing electrolyte concentration
decreases the Debye length and depletion layer thickness and
thereby decreases the range and magnitude of the depletion attrac-
tion imparted by charged depletants between charged surfaces
(see Eqs. (1) and (2)). It also weakens the effect of polyelectrolytes
in enhancing the osmotic pressure difference, which depends on
background monovalent electrolyte concentration, q1s, as [14]

P ¼ RT jzjþ1ð Þq1m þ 2q1s 1-

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jzjq1m

q1s
þ 1

s !" #
ð5Þ

The effect of polyelectrolyte on enhancing osmotic pressure differ-
ence relative to a nonionic polymer is eliminated at very high salt
concentrations. For q1s>>jzjq1m the osmotic pressure reverts to

P ¼ RTq1m ð6Þ
When the depletants are ionic surfactant micelles, the increased
screening of surfactant headgroup repulsions with increasing back-
ground electrolyte concentration decreases the critical micelle con-
centration (CMC) [17], thereby increasing the depletant
concentration for any given concentration above the CMC and tend-
ing to enhance the magnitude of the depletion attraction.

When ionic surfactants complex with nonionic polymers, they
impart charge to the polymer and introduce a polyelectrolyte char-
acter to their contribution to osmotic pressure and the depletion
interaction. The onset of complexation at the critical association
concentration (CAC) and the binding isotherm for ionic surfactant
binding to polymers is sensitive to background electrolyte concen-
tration. This introduces another manner in which electrolyte con-
centration may alter depletion forces in complexing systems.

The advent of sensitive force measurement techniques such as
the surface force apparatus, total internal reflection microscopy
and colloidal probe atomic force microscopy (CP-AFM) has enabled
direct measurement of depletion and oscillatory structural forces.
Depletion and oscillatory forces have been measured and predicted
for various depletants including spherical nanoparticles [18], poly-
mers [19], polyelectrolytes [20,21], micelles [22,23], non-spherical
particles [24], and nanogels [25]. These measurements have
focused primarily on systems containing a single type of depletant.
Depletion forces between colloidal particles mediated by single
component nanoscale depletants and their effects on colloidal
phase behavior have been reviewed by Briscoe [26].

Motivated by the importance of multicomponent effects in
commercially significant colloidal suspensions formulated with
mixtures of surfactants and polymers, some studies have
addressed depletion interactions in multicomponent systems.
Supramolecular assemblies formed by polymer/surfactant com-
plexation in solution and at interfaces have been thoroughly stud-
ied and reviewed [27–30]. Tulpar, Tilton and Walz [31] first
observed synergistic enhancement of the depletion force due to
polymer/surfactant complexation. That study reported the forces
between a silica sphere and a flat silica plate in the presence of
nonionic Pluronic F108 poly(ethylene oxide – block – propylene
oxide – block – ethylene oxide) triblock copolymers and anionic
sodium dodecylsulfate (SDS) surfactants. Ji and Walz [32] observed
synergistic enhancement of depletion and structural forces caused
by adsorption of poly(acrylic acid) polyelectrolytes (PAA) to solid
nanoparticle depletants. In both cases, depletion force enhance-
ment was due to complexation. Pluronic F108/SDS complexation
endowed the polymer with a polyelectrolyte character whereby
counterion osmotic pressure enhances the depletion force. Deple-
tion force enhancement in the mixture of PAA and nanoparticles
was attributed to the increased depletant size caused by PAA
adsorption to the nanoparticles.

Our prior work on depletion forces in the Pluronic F108/SDS
system [31] was limited to relatively low SDS concentrations and
did not address the effects of background electrolyte. Here we con-
sider a broader range of surfactant concentrations to address
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changes that occur as the degree of complexation approaches and
then exceeds saturation. We address a range of NaCl concentra-
tions because this controls not only the complexation stoichiome-
try [17] but also the counterion contribution to the osmotic
pressure of the ‘‘pseudo-polyelectrolyte” polymer/surfactant com-
plex and the width of the electrostatic exclusion zone that extends
the depletion layer thickness.

We use the CP-AFM method to measure structural and deple-
tion forces between the negatively charged surfaces of a colloidal
silica probe and a silica plate. We characterize the F108/SDS com-
plexes using dynamic light scattering, sodium ion-selective elec-
trode analysis and pyrene solubilization assays to investigate the
parameters that control depletion forces in different concentration
regimes, including the size, charge and binding regimes for F108/
SDS complexation. We find that complexation synergistically
enhances depletion forces at low SDS concentrations, and we iden-
tify a threshold SDS concentration above which depletion forces
are indistinguishable from those in polymer-free SDS solutions
due to the excess of free SDS micelles in solution. Finally we input
measured characteristics of the F108/SDS complexes into the Walz
and Sharma [33] depletion force model to compare experimental
trends with theoretical expectations.
2. Experimental section

2.1. Materials

Pluronic F108, a nonionic triblock copolymer with the composi-
tion PEO133-PPO49-PEO133 was provided by BASF Corp. Sodium
dodecylsulfate (SDS) was purchased from Sigma-Aldrich (BioXtra
grade, >99% purity) and was used as received. Purity was con-
firmed by the absence of a minimum in the surface tension iso-
therm near the CMC. All solutions containing SDS were prepared
on the day of the experiment to minimize SDS hydrolysis to dode-
canol. Water for all experiments was purified to 18.2 MX cm resis-
tivity using a Thermo-Fisher Barnstead Nanopure Diamond system.
Pyrene (�99% GC) was purchased from Sigma-Aldrich. Sodium
chloride, (Biotechnology grade) was purchased from VWR Life
Science.
2.2. Methods

2.2.1. Colloidal probe atomic force microscopy
All forces were measured between a spherical silica probe par-

ticle and a flat silica plate using the CP-AFM technique [34] with a
Bruker Multimode VIII AFM, operated in contact mode. Colloidal
probes were prepared by attaching a 10 lm diameter silica sphere
(Corpuscular Inc.) to the end of a tipless silicon nitride cantilever
with reflective gold coating on the back side (Bruker MLCT-O10,
B, nominal spring constant 0.02 N/m) using a UV-curable epoxy
glue (Norland optical adhesive 63), which was cured using a UV-
ozone ProCleaner (Bioforce Nanosciences) for 1 h after attachment.
The spring constant for each cantilever was measured using the
thermal tuning method [35]. The flat plates for force measure-
ments were silica discs with a diameter of 12.7 mm, thickness of
3.18 mm and RMS roughness of 0.5 nm, purchased from CVI Laser
Optics. These surfaces were cleaned prior to each experiment by
soaking first in NOCHROMIX� (Godax Laboratories) mixed with
sulfuric acid (MilliporeSigma) and then 6 N HCl (BDH Chemicals)
for 20 min each and lastly in 10 mM NaOH (Fisher Scientific) for
30 min [36] with water rinses between each step. The AFM fluid
cell (Bruker Model MTFML) was cleaned in purified water followed
by 200 proof ethanol (Pharmco) and then dried using a nitrogen jet.
Fluid cell tubing was sonicated in purified water prior to each
experiment for 2 min and thoroughly rinsed to clean any adsorbed
polymers or surfactants that might remain from the previous
experiment. Cleanliness was verified prior to each experiment by
measuring the highly reproducible force between the bare silica
probe and the bare disc in 0.1 mM NaCl solution prior to introduc-
ing the polymer and/or surfactant to solution.

After verifying surface cleanliness, approximately 10 times the
liquid cell volume of the solution of interest was pumped through
the liquid cell. After filling the cell, the systemwas allowed to equi-
librate for 15 min before measuring forces. The sphere-to-plate
approach and retract speeds were kept below 60 nm/s to decrease
the hydrodynamic force on the cantilever to the point where it
would not influence measured force curves [37]. Whereas force
measurements made at velocities below 60 nm/s exhibited no
detectable effect of speed, measurements made above 60 nm/s
showed more repulsive approach and more attractive retract
curves, indicating the influence of hydrodynamic forces [37]. For
each solution composition, forces were measured at five different
locations on the disc surface and an average force curve was calcu-
lated. This procedure was repeated in at least three independent
experiments with freshly prepared solutions, discs and colloidal
probes. All experiments were conducted in the temperature range
of 22 ± 2 �C. After each experiment, the colloidal silica probe radius
was determined by scanning electron microscopy (Hitachi 2460-
N), and it was verified that the epoxy had not migrated along the
probe to any location where it could interfere with the force
measurement.

2.2.2. Pyrene solubilization
A pyrene solubilization assay [17,38] based on ultraviolet-

visible spectrophotometry was conducted to identify the CAC for
the onset of SDS complexation with Pluronic F108 as well as tran-
sitions in the mode of binding and ultimately its saturation. Dis-
tinct binding regimes were identified by noting changes in
pyrene solubilization power as a function of SDS concentration.
For these measurements, an excess of pyrene powder was added
to 10 mL sample solutions containing a fixed F108 concentration
and spanning a range of SDS concentrations. Samples were bath
sonicated for 8 h (Branson 1200 ultrasonic bath). Then, samples
were equilibrated at room temperature (22 ± 2 ⁰C) for an addi-
tional 12 h and centrifuged at 3000 rpm (1800 g) for 1 h (Eppen-
dorf 5810 R) to remove any suspended solids. The absorbance of
the supernatant was measured at 336 nm (Cary 300 UV–Vis spec-
trophotometer) and converted to pyrene concentration using its
molar absorptivity (2.06 � 10�5 M cm) [17]. To ensure quantitative
reliability of absorbance measurements, any sample for which the
absorbance exceeded 1 was diluted by a standard solution of
130 mM SDS and 1000 ppm F108 for samples containing
1000 ppm F108 or 130 mM SDS and 10,000 ppm F108 for samples
containing 10,000 ppm F108. This prevented precipitation of solu-
bilized pyrene upon dilution.

2.2.3. Dynamic light scattering
Hydrodynamic radii of F108/SDS complexes formed in the pres-

ence of varying SDS concentrations were measured by dynamic
light scattering using a Malvern Zeta Sizer Nano ZS at 173�
backscatter angle. All samples were filtered for dynamic light scat-
tering using 0.2 lm polyethersulfone syringe filters. These mea-
surements were conducted at 23⁰C.

Autocorrelation functions were fitted to determine distribu-
tions of translational diffusion coefficients using the CONTIN algo-
rithm. As the F108/SDS complexes are highly charged, their
diffusion coefficients are affected by long range electrostatic inter-
actions among the complexes. It is therefore necessary to extrapo-
late diffusion coefficients to infinite dilution, in order to calculate
the correct hydrodynamic radius via the Stokes-Einstein equation.
This is non-trivial for polymer/surfactant complexes. We used the
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infinite dilution diffusion coefficient analysis method that Brown
and coworkers [39] developed for the PEO/SDS system. This
method assumes that the size of polymer/SDS complexes is fixed
for a fixed ratio of SDS to F108 concentration as long as the SDS
concentration is above the CAC.
2.2.4. Sodium ion-selective electrode (ISE) analysis
The osmotic pressure, and thus the magnitude of the depletion

force, depends on the number of charges per depletant, zj j. As
sodium is the counterion for the F108/SDS complexes, a sodium
ion selective electrode was used to determine |z| from the activity
of free sodium ions in solution as a function of SDS concentration
above the CAC, for a fixed F108 concentration in the presence of
a constant 0.1 mM concentration of NaCl background electrolyte.
Higher NaCl concentrations were not considered due to swamping
of Na+ contributions from SDS at low surfactant concentrations.
Measurements were made with an Orion Ross Combination
Sodium Ion Selective Electrode and Orion Star A329 potentiometer.
The electromotive force was converted to activity using the elec-
trode constants obtained from calibration with NaCl solutions
[40]. The sodium ion activity for F108/SDS mixtures was measured
first at the highest SDS concentration, and then the sample was
serially diluted with SDS-free F108 solution containing 0.1 mM
NaCl. After each dilution, the next reading was taken after approx-
imately 10 min to let the system equilibrate. During the measure-
ment the sample was gently stirred until a stable reading was
noted. All measurements were performed at 22 ± 2�C. This tech-
nique of measuring the counterion activity as a function of surfac-
tant concentration was originally developed for anionic surfactant
micellation [40,41]. We have extended it to polymer/surfactant
complexation. It was determined in the micellization studies that
counterions bound to micelles are not detected by the ion-
selective electrodes; only the free counterions contribute to the
measured activity.

For SDS concentrations above the CAC but below the polymer/
surfactant binding saturation concentration, the measured Na+

activity in solution is divided among four sources of free Na+.
Firstly, the background NaCl electrolyte contributes a constant
concentration of free Na+. Secondly, since SDS is a strong elec-
trolyte fully dissociated into Na+ and monovalent dodecylsulfate
anions below the CAC, there is a constant free Na+ concentration
that is equal to the CAC. Next, free Na+ corresponding to counteri-
ons dissociated from polymer-bound dodecylsulfate ions con-
tribute to an extent that varies with the total SDS concentration.
Finally, there is a free Na+ contribution corresponding to counteri-
ons of dodecylsulfate ions that are not bound to F108 and are
therefore assumed to be in unimeric form and fully dissociated.
This contribution to the measured Na+ activity also varies with
total SDS concentration. The analysis here was restricted to SDS
concentrations below the appearance of unbound SDS micelles in
solution.

The determination of |z| requires a calculation of the fraction of
the total number of sodium dodecylsulfate molecules beyond the
CAC that are bound to F108. This is represented ash. Similar to
the definition of counterion binding fraction for surfactant
micelles, the fraction of polymer-bound dodecylsulfate ions with
bound Na+ counterions is represented asa. The concentration of
sodium ions contributed from background electrolyte is constant
and equal to CNaCl; from the completely dissociated SDS below
CAC is constant and equal to CAC; from the unbound SDS mole-

cules beyond CAC is 1� hð Þ CT
SDS � CAC

� �
; and from the dissociated

counterions corresponding to polymer-bound dodecylsulfate ions

is 1� að Þh CT
SDS � CAC

� �
.These contributions together make up the

total concentration of free sodium ions (CNaÞ in the mixture:
CNa ¼ CNaCl þ CACþ ð1� hÞ CT
SDS � CAC

� �
þ ð1� aÞh CT

SDS � CAC
� �

ð7Þ
Here, CT

SDS refers to the total surfactant concentration added to
the solution. The ion-selective electrode measures the activity of
free Na+ ions (aNaÞ, which is related to CNa by an activity coefficient,
cNa, [40]:

aNa ¼ cNaCNa ð8Þ
To determine, CNa, from the measured activity, aNa, the activity

coefficient, cNa, is specified using the modified Debye-Hückel equa-
tion [42]

cNa ¼ 10
Az2
ffi
I

p

1þakejlB
ffi
I

p
h i

ð9Þ
where A and B are constants equal to 0.51 M�0.5 and 3.32 nm�1-
M�0.5, respectively, at room temperature, and the Kjelland parame-
ter, aKjel, is 0.45 nm for sodium ions [42]. The ionic strength, I, is
calculated as:

I ¼ z2CNa þ z2CCl þ z2CDS

2

¼
�
2CNaCl þ 2CACþ 1� að Þh CT

SDS � CAC
� �

þ 2 1� hð Þ CT
SDS � CAC

� ��
2

ð10Þ

where z2 is the square of valence of the ions contributing to the
ionic strength and is equal to one here as sodium, chloride and
dodecylsulfate ion are each univalent. Following Pashley and Nin-
ham [43] for the lack of contribution of micelles to ionic strength,
it was assumed that F108/SDS complexes likewise do not contribute
to the ionic strength of the solution. The concentration of chloride
ions, CCl, is equal to the background NaCl concentration, CNaCl. The
free dodecylsulfate ion concentration, CDS; is

CDS ¼ CACþ 1� hð Þ CT
SDS � CAC

� �
ð11Þ

The Na+ activity, aNa, is measured as a function of the total SDS
concentration, CT

SDS. Eqs. (7)–(11) are combined to relate aNa to CT
SDS

with a and h as the unknowns. It is important to note that a and h

are not constants and indeed are functions of CT
SDS. Models for a and

h are given below in Eqs. (12) and (13). The CAC value needed for
the calculation is obtained from the pyrene solubilization assay.

In order to capture the essential idea that the number of dode-
cylsulfate ions bound per polymer must increase with increasing
total SDS concentration and smoothly approach saturation, dode-
cylsulfate binding to F108 chains above the CAC was proposed to
follow a Langmuir isotherm as the simplest model that would cap-
ture this behavior:

hðcTSDS � CACÞ
Nmax

¼ N
Nmax

¼ ðcTSDS � CACÞ
cTSDS � CAC
� �þ K

ð12Þ

In the above equation, N is the total concentration of polymer-
bound SDS and is equal to h cTSDS � CAC

� �
: In this Langmuir model,

N is normalized by Nmax, the maximum concentration of SDS that
can bind to F108 and K is the apparent equilibrium constant. Thus,
Nmax and K are fitting parameters.

It was further assumed that the fraction of Na+ counterions dis-
sociated from the polymer-bound dodecylsulfate ions, (1� a),
decreases from unity at the CAC with increasing extent of dodecyl-
sulfate binding to F108, since the increasing electrostatic repul-
sions among more closely packed dodecylsulfate ions would
favor counterion binding. We thus formulated a Langmuirian
model for the dependence of a on the total SDS concentration, as



440 B.J. Lele, R.D. Tilton / Journal of Colloid and Interface Science 553 (2019) 436–450
a simple model that allows for a variable degree of counterion dis-
sociation from polymer-bound dodecylsulfate ions:

ð1� aÞ ¼ CAC
cTSDS � CAC
� �

bþ CAC
ð13Þ

where b is an empirical fitting parameter associated with the appar-
ent counterion binding affinity for F108-bound dodecylsulfate ions.
The equation follows the trend that the degree of counterion disso-
ciation from polymer-bound dodecylsulfate ions decreases with
increase in total SDS concentration as more and more SDS binds
to F108 backbone. The concentration of undissociated sodium ions,
i.e., the concentration of sodium ions bound to dodecylsulfate ions,
at any given SDS concentration is aN.

Eqs. (7)–(13) describe the variation of free Na+ activity with
respect to changing the total SDS concentration. This model was
compared to measurements of Na+ activity vs cTSDS to fit for K, Nmax

and b using the Matlab optimization function fmincon (Matlab ver-
sion R2016a, MathWorks). With these fitted parameters, we recon-
struct the number of surfactants bound per polymer and the
charge of the complexes |z| as functions of the total SDS concentra-
tion, as

zj j ¼ ð1� aÞ h cTSDS � CAC
� �� �
CF108

ð14Þ

where CF108 is the F108 concentration. It is assumed that the con-
centration of F108/SDS complexes is the same as the F108
concentration.

3. Results and discussion

3.1. Force curve analysis: Effect of SDS and F108 concentrations

Representative force curves for a silica sphere interacting with a
silica plate in NaCl solutions containing SDS alone or F108 alone
are shown in Fig. 1. All forces were normalized by the measured
radius of the spherical probe particle. Fig. 1a shows forces in SDS
solutions ranging from 4 to 64 mM in the presence of 0.1 mM NaCl.
Forces measured for 0 and 2 mM SDS are given in Supporting
Material Fig. S1. Forces were purely repulsive for SDS concentra-
tions of 0, 2, 4 and 8 mM and were consistent with exponentially
decaying electrostatic double layer forces, as expected for non-
micellar solutions. The exponential decay lengths for these condi-
tions were 33.0, 6.3, 4.9, and 3.5 nm respectively, consistent with
the Debye lengths that correspond to those ionic strengths based
Fig. 1. Normalized approach force profiles between silica sphere and fused silica disc in s
the presence of 100 mM NaCl background electrolyte.
on fully dissociated SDS plus 0.1 mM NaCl concentrations (30.3,
6.6, 4.7, and 3.4 nm respectively).

Evidence of a depletion attraction was observed for 16 mM SDS
as a minimum in the force curve at approximately 7.5 nm apparent
surface separation distance. Increasing the SDS concentration to 32
and then to 64 mM deepened the attractive well, shifted the force
minimum to smaller separation distances, and produced a promi-
nent repulsive barrier at 9 nm for 64 mM SDS. The attraction at
small separation distance and repulsion at large distance is charac-
teristic of the oscillatory structural forces previously observed in
micellar surfactant solutions [22,23]. The inward shift of the force
minimum is due to the increase in the strength of the depletion
attraction superimposed on the electrostatic double layer repul-
sion between the surfaces. It should be noted that anionic SDS does
not adsorb to negatively charged silica surfaces [17,44,45].

Force curves were measured for 1,000 and 10,000 ppm F108
solutions that contained no SDS. F108 micelles were not expected
at either of these concentrations, as the CMC of F108 at 22 �C is
approximately 70,000 ppm [46]. Fig. 1b shows that forces in these
F108 solutions were purely repulsive, even at a background NaCl
concentration of 100 mM, which was intentionally made large to
fully screen double layer repulsions and reveal any indication of
a depletion force. No evidence for a depletion attraction was
observed. The repulsion was of a significantly longer range than
would be expected for the double layer force, and the force curves
were not smoothly decaying, indicating steric repulsion between
adsorbed F108 layers. This is consistent with prior observations
of F108 adsorption to silica [17]. At 0.1 mM NaCl, the force profiles
with either 1,000 or 10,000 ppm F108 were purely repulsive and
exhibited a smooth exponential decay that was indistinguishable
from the long range electrostatic double layer force with 0.1 mM
ionic strength (See Supporting Material Fig. S2). The threshold can-
tilever deflection was set relatively low in those measurements to
avoid damaging the probe, and thus the forces were measured with
minimal overlap of adsorbed F108 layers and minimal influence of
steric forces at the smaller separation distances.

Forces were measured at twelve different SDS concentrations in
the presence or absence of F108, for a constant 0.1 mM NaCl con-
centration. Fig. 2 depicts the force profiles in SDS-only and F108/
SDS mixed solutions for selected SDS concentrations ranging from
4 to 64 mM. These conditions capture the trends observed upon
addition of 1,000 or 10,000 ppm F108 to a solution of SDS. All force
measurements conducted for SDS concentrations below 128 mM
were non-hysteretic: forces measured on approach were indistin-
guishable from forces measured on separation of the surfaces. In
olution containing (a) SDS alone in the presence of 0.1 mM NaCl or (b) F108 alone in



Fig. 2. Representative normalized force profiles for selected SDS concentrations with 0, 1000 or 10,000 ppm F108. (a) 4 mM SDS (b) 8 mM SDS (c) 16 mM SDS (d) 64 mM SDS.
Background electrolyte concentration was 0.1 mM NaCl.
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solutions containing 128 mM SDS with or without F108, the strong
depletion attraction caused a jump into surface contact at the point
where the force gradient exceeded the cantilever spring constant.
Hence, we did not analyze the forces at or beyond 128 mM SDS
concentration.

In the presence of 4 mM SDS (Fig. 2a), while the force remained
purely repulsive for 1,000 ppm F108, an attractive minimum
occurred with 10,000 ppm F108. Although no attractive minimum
occurred in the mixture of 4 mM SDS and 1,000 ppm F108, the
repulsive force was of significantly shorter range than the electro-
static double layer repulsion in the solution of 4 mM SDS alone.
This indicates that a depletion attraction was contributing to the
net interaction between the surfaces. With 8 mM SDS (Fig. 2b),
addition of 10,000 ppm F108 again produced an attractive force
minimum. The forces in the 1,000 ppm F108 still produced no min-
imum, and now deviated only slightly from the double layer repul-
sion in the 8 mM SDS solution (which has a smaller Debye length
than the solution of 4 mM SDS). With 16 mM SDS (Fig. 2c), all three
mixtures exhibit rather distinct force profiles. All exhibit depletion
attraction minima, but the minima are significantly deeper with
1,000 and 10,000 ppm F108 than with 16 mM SDS alone, and the
10,000 ppm F108 solution now exhibits a pronounced repulsive
maximum associated with the oscillatory structural force. Finally,
with 64 mM SDS, all three mixtures exhibited both an attractive
depletion force minimum and a repulsive structural force maxi-
mum. The depth of the minima and the height of the maxima were
similar for all three solutions.
The force profile results for selected SDS concentrations in Fig. 2
revealed synergistic depletion force and structural force enhance-
ment. The onset of a primary minimum in the net force profile
was observed at significantly lower SDS concentrations when
F108 was present. In the presence of 1,000 or 10,000 ppm F108,
attractive minima were first observed with 10 mM or 4 mM SDS,
respectively, whereas an attractive minimum was first observed
at 16 mM SDS in the absence of F108. Thus, the presence of F108
introduced a strong depletion attraction at concentrations below
the CMC of SDS. The occurrence of a depletion attraction in F108/
SDS mixtures at SDS concentrations where no attraction was
observed for solutions of either SDS or F108 alone is attributed to
the binding of dodecylsulfate anions to uncharged F108. This forms
a charged F108/SDS complex that is larger than a F108 chain in
SDS-free solution, effectively creating a pseudo-polyelectrolyte.
Details of the charge and size of F108/SDS complexes will be pre-
sented below. Inspection of Eqs. (1)–(6) shows that increasing size
and charge of the depletant both strengthen the depletion attrac-
tion, consistent with this observation of synergistic enhancement
of the depletion attraction.

In order to summarize the dependence of the depletion force
strength on the SDS and F108 concentrations, the depth of the
attractive force minimum was extracted from each force curve
and plotted as a function of SDS concentration in Fig. 3a. A syner-
gistic enhancement of the depletion attraction was most clearly
observed at low SDS concentrations (see inset), where neither
SDS alone nor F108 alone produced depletion attractions. Synergis-



Fig. 3. Summary plots for the magnitude of (a) the primary minimum or (b) the repulsive maximum in the net force profiles as a function of SDS concentration with and
without polymer. Background electrolyte concentration was 0.1 mM NaCl.
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tic enhancement only occurred in a finite range of SDS concentra-
tions corresponding to approximately 4 to 20 mM SDS for solutions
containing 10,000 ppm F108 and 10 to 20 mM SDS concentration
for solutions containing 1,000 ppm F108. At SDS concentrations
of � 30 mM and above, the magnitude of the force minimum was
indistinguishable for mixtures or solutions of SDS alone. We pro-
pose that at these higher SDS concentrations, both charged F108/
SDS complexes and free SDS micelles contribute to the depletion
attraction, and the relative contribution of the complexes becomes
small as the free SDS micelles become increasingly abundant.
Important transitions in the mode of binding and the relative
abundance of free micelles and complexes will be discussed in
the section below.

It is important to note that although it is plausible that the
aggregation number or degree of ionization of SDS micelles could
change under confinement in the gap between the silica surfaces
relative to the bulk, SDS micelles in bulk solution remain spherical
over the full range of SDS and background NaCl concentrations
investigated here [47,48]. Thus, any changes in forces associated
with increasing SDS concentration cannot be attributed to changes
in the structure of free micelles. Another important issue to note is
that in the lower range of SDS concentrations, there is likely an
additional electrosteric repulsion force that would oppose the
depletion force, due to adsorption of F108/SDS complexes [17].
Using ellipsometry, we confirmed that F108/SDS complexes adsorb
on silica surfaces at lower SDS concentrations (Supporting Material
Section III). Adsorption was not observed beyond 16 mM SDS con-
centration for either F108 concentration, consistent with results
reported previously [17]. It was not possible to discern an electros-
teric force from the measured force profiles, but the effect of such
an additional repulsion would be to partly mask the depletion
attraction.

Just as complexation enhanced the depletion attraction, it
enhanced the repulsive barrier associated with the oscillatory
structural force as shown in Fig. 3b. These barriers are evident at
higher SDS concentrations and they become increasingly promi-
nent as the SDS concentration increases. In the absence of F108,
this repulsive barrier was observed in the net force profile for
SDS concentrations of 32 mM and above. In the presence of 1,000
or 10,000 ppm F108, a repulsive barrier was observed for SDS con-
centrations of 12 mM and above. The magnitude of the repulsive
barrier was greater for 10,000 ppm F108 than for 1,000 ppm. This
shows that the creation of highly charged and larger complexes
affected the way in which these depletants organize in the gap
between two surfaces at larger separations. This strengthened
the consequent repulsive structural force compared to free SDS
micelles. Similar to the synergistic enhancement of the depletion
attraction, the synergistic enhancement of the repulsive barrier
was observed in a finite SDS concentration range. Repulsive barrier
heights for mixtures and SDS-only solutions became indistinguish-
able for measurements made at 50 mM SDS and above.

3.2. Force curve analysis: Effect of background electrolyte
concentration

Since the background electrolyte concentration affects not only
the thermodynamics of F108/SDS binding, but also the osmotic
pressure and the range of the electrostatic exclusion zone, it is
expected to significantly influence depletion interactions. Thus,
forces were compared for solutions containing F108 with varying
SDS concentrations for either 0.1, 10 or 100 mM NaCl. Results are
summarized in Fig. 4.

In these experiments, the F108 concentration was fixed at
10,000 ppm and SDS concentrations were varied between 0 and
90 mM. Increasing the background electrolyte concentration
affected the magnitude of the depletion force as well as the SDS
concentration range over which synergistic enhancement was
observed in mixtures. Comparing representative force profiles for
32 mM SDS solutions in the presence of 10,000 ppm F108 and
varying NaCl concentrations (Fig. 4a) shows that increasing NaCl
concentration decreased the magnitude of both the attractive min-
imum and the repulsive barrier. At 100 mMNaCl, neither an attrac-
tive minimum nor a repulsive maximum were discernable in the
mixture of 10,000 ppm F108 with 32 mM SDS.

Examining the summary of the magnitudes of the attractive
minima for varying SDS concentrations in Fig. 4b shows that
increasing NaCl concentration weakened the depletion attraction
for any given SDS concentration with or without polymer. Increas-
ing NaCl concentration also increased the minimum SDS concen-
tration at which a primary attractive minimum was first
detected, either with or without the presence of polymer. For
example, for mixtures in the presence of 100 mM NaCl, in SDS-
only solutions the primary minimum was not detected at all,
whereas for 0.1 mM and 10 mM NaCl, the primary minimum was
first observed at 16 and 32 mM SDS respectively. This reflects both
the reduction in osmotic pressure (see Eq. (5)) and the reduction in
depletion layer thickness (see Eq. (1)).

Despite the effect of increasing background electrolyte to dam-
pen depletion forces, an enhancement in the depth of the primary
attractive minimum in the presence of 10,000 ppm F108 was still



Fig. 4. (a) Representative force profiles for 32 mM SDS in the presence of 10,000 ppm F108 at 0.1, 10 or 100 mM NaCl as background electrolyte. (b) Summary plot of the
magnitudes of primary attractive minima from the net force profiles for 0.1, 10 or 100 mM NaCl for solutions.
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observed, relative to SDS alone, in the presence of 10 and 100 mM
NaCl (Fig. 4b). Although significantly higher SDS concentrations
were required to observe the depletion attraction in 100 mM NaCl
(above 50 mM SDS) relative to the lower NaCl concentrations, the
presence of the polymer did indeed enhance depletion attractions
in the presence of this high background electrolyte concentration.
This shows that even at high salt concentration binding of SDS to
F108 leads to formation of a pseudo-polyelectrolyte complex with
greater potency for inducing depletion attractions. F108 by itself
did not produce any depletion attraction or repulsive structural
force at any of these NaCl concentrations. At 100 mM NaCl, the
repulsive barrier was not observed for 10,000 ppm F108 for any
SDS concentration under investigation. For 10 mM NaCl, a repul-
sive barrier was observed only in the solutions containing 64 mM
and 90 mM SDS, and the magnitudes of these barriers were about
four times lower than in the 0.1 mM NaCl solutions for the same
SDS concentrations.

Enhancement of the depletion attraction was produced by addi-
tion of 10,000 ppm F108, relative to the attraction produced in the
corresponding polymer-free SDS solution, even at the highest NaCl
concentration (100 mM) under investigation, where the osmotic
pressure enhancement due to counterions is weakened but not
eliminated. While complexation did still enhance depletion attrac-
tions in the presence of 0.1, 10 and 100 mM NaCl, the overall effect
Fig. 5. Pyrene solubilization assays for F108/SDS solutions containing (a) 1,000 ppm F10
Unfilled triangles represent SDS with no F108 (same data reproduced for comparison in
respectively.
of increasing background electrolyte concentration is to weaken
the attraction. The result is forces that are generally more repulsive
for a given separation distance in SDS solutions or F108/SDS mixed
solutions that contain more NaCl, despite the greater screening of
the electrostatic double layer force in the more concentrated NaCl
solutions.

3.3. Characterization of F108/SDS complexes

To better understand the observed synergistic enhancement of
the depletion attraction that was caused by F108 addition to SDS
solutions, including the fact that the enhancement only occurred
within a finite range of SDS concentrations, we investigated the
modes of binding, the size of complexes and the charge of com-
plexes formed in different SDS concentration ranges. This informa-
tion was obtained from pyrene solubilization, dynamic light
scattering and sodium ion activity measurements.

3.3.1. Pyrene solubilization
Comparing pyrene solubilization in SDS solutions in the pres-

ence or absence of F108 reveals transitions in the mode of SDS
self-assembly from the formation of F108-bound complexes to
the formation of free micelles. Fig. 5 shows the dependence of
the concentration of pyrene solubilized as a function of SDS con-
8 or (b) 10,000 ppm F108. Background electrolyte concentration was 0.1 mM NaCl.
both panels). Squares and circles represent 1,000 and 10,000 ppm F108 solutions
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centration for both F108 concentrations under investigation. Dif-
ferent modes of SDS self-assembly produce different slopes, i.e. dif-
ferent solubilizing powers [38].

For the case of 1,000 ppm F108, the pyrene solubilization assay
shows four well-defined regimes with easily discernable slopes,
culminating in apparent saturation near 17 mM SDS. The slope in
the pyrene solubilization plot for 1,000 ppm F108 beyond 17 mM
SDS concentration is similar to that of SDS-only solutions beyond
the CMC (8.9 mM), indicating the prevalence of free SDS micelles
as more SDS is added to solution beyond 17 mM SDS concentra-
tion. Different solubilizing powers likely reflect different molecular
arrangements on the F108 chain as discussed previously [17]. The
first distinct change of slope occurs at 0.2 mM SDS concentration as
shown by the inset in Fig. 5a. This marks the onset of binding and
hence the CAC of SDS. Below 0.2 mM SDS concentration the slope is
almost zero indicating the absence of SDS assemblies.

For any SDS concentration, the concentration of pyrene solubi-
lized was significantly greater for 10,000 ppm F108 than for
1,000 ppm F108. This may be due at least in part to pyrene solubi-
lization by association with the hydrophobic poly(propylene oxide)
block [49], and it is simply more pronounced in the more concen-
trated F108 solution. Direct solubilization by F108 was evident in
the non-zero intercept for solubilized pyrene concentration at zero
SDS concentration. These solutions are still well below the CMC of
F108, so solubilization in polymer micelles is not a factor. The inset
of Fig. 5b indicates that the CAC remains approximately 0.2 mM for
10,000 ppm F108, based on a distinct slope change at that concen-
tration. In the range of SDS concentrations examined, no concen-
tration regime was identified where the solubilizing power in the
mixture was similar to the solution of SDS alone. It is probable that
the saturation concentration had not yet been reached, or that both
free micelles and complexes were forming simultaneously at the
high end of the considered SDS concentration range for
10,000 ppm F108. Pyrene solubilization results obtained here for
0.1 mM NaCl are consistent with previously reported results for
1,000 ppm F108 solutions [17]. The prior study established that
increasing NaCl concentration to 10 and then to 150 mM slightly
decreased the CAC and had little effect on the binding saturation
concentration.

Pyrene solubilization gave evidence for F108/SDS binding satu-
ration at 17 mM in the case of 1,000 ppm F108. In the context of
the depletion force measurements, this means that any new deple-
tants formed by SDS self-assembly at higher concentrations would
be free micelles, and as the SDS concentration was further
increased, the free micelles would become the predominant deple-
tants. This is the likely explanation for the loss of synergistic
enhancement of the depletion force beyond 20 mM SDS concentra-
tion. For 10,000 ppm F108 solutions, no evidence for binding satu-
ration was obtained for SDS concentrations as large as 90 mM, yet
the loss of synergistic depletion force enhancement for this higher
F108 concentration was still observed beyond 20 mM SDS. During
binding at the high polymer concentration, SDS molecules must be
distributed over a larger number of chains, and we hypothesize
that surfactants may form free micelles in parallel with their bind-
ing to F108 chains. This has been noted in prior studies of SDS
binding to nonionic polymers [50]. Those free micelles could again
become the majority depletants and lead to the loss of synergistic
enhancement of the depletion force at high SDS concentrations in
the presence of 10,000 ppm F108.

3.3.2. Dynamic light scattering
Since the depletion interaction is sensitive to the size of the

depletant, dynamic light scattering was used to determine the
hydrodynamic diameters of the species present in solution for
varying SDS and F108 concentrations. The sensitivity of the hydro-
dynamic diameter to the relative concentrations of SDS and F108
also provides insight into the mode of SDS self-assembly that com-
plements the pyrene solubilization assay. The charge and size of
the SDS/F108 complexes are not constant but depend on the SDS
concentration. To obtain the hydrodynamic diameter of a polyelec-
trolyte or other highly charged species in solution, one would per-
form DLS measurements for serial dilutions and extrapolate to
infinite dilution to account for the effect of long-range interactions
on the diffusion coefficient.

Brown and coworkers [39] developed a method to acquire the
infinite dilution diffusion coefficient, and thus the true hydrody-
namic diameter, for PEO/SDS complexes as a function of SDS con-
centration. We used this method here, which is applicable for
surfactant concentrations between the CAC and the binding satura-
tion concentration. Thus, dilutions were conducted for a fixed SDS/
F108 concentration ratio to maintain a constant number of surfac-
tants bound per polymer while decreasing the overall concentra-
tion of complexes. The diffusion coefficient, D, of charged species
varies with the species concentration as D ¼ D0 1þ kDCð Þ; where
C is the species concentration (polymer/surfactant complexes in
this case),D0 is the diffusion coefficient at infinite dilution, and kD
is the concentration coefficient proportional to the second virial
coefficient.

Diffusion coefficients were obtained from the peak of the
intensity-weighted distribution determined by the CONTIN algo-
rithm. Monomodal diffusion coefficient distributions for a SDS/
F108 mass ratio of 3.7 with varying F108 concentration are shown
in Supporting Material Section IV to illustrate representative
trends. Fig. 6a shows representative examples of the dependence
of the diffusion coefficient on the concentration of F108 for three
values of the fixed SDS/F108 mass ratio. Ten such ratios were
tested to obtain infinite dilution diffusion coefficients for different
SDS/F108 ratios, and thus for different extents of binding. For each
SDS/F108 ratio, F108 concentrations where the diffusion coeffi-
cients no longer varied linearly with increasing F108 concentration
were not analyzed. Hence 10,000 ppm F108 could not be consid-
ered in this analysis since the apparent diffusion coefficient no
longer varied linearly with F108 concentration.

Diffusion coefficients were fitted to a line and extrapolated to
zero concentration. The resulting infinite dilution diffusion coeffi-
cients are plotted against SDS/F108 mass ratio in Fig. 6b. As the
SDS/F108 ratio increased from zero to 3.7, Do initially decreased,
corresponding to an increase in hydrodynamic diameter of the
complexes with increasing amounts of SDS binding to F108. The
associated increase in negative charge would tend to swell the
complexes. Beyond a ratio of 3.7, Do increased. This is attributed
to a weakened swelling effect because of the increased screening
provided by dissociated sodium counterions coming from the free
SDS micelles, as explained by Brown and coworkers for SDS/PEO
complexation [39]. The minimum in Do at the ratio of 3.7 marked
the saturation of polymer/surfactant binding.

Fig. 6c shows that kD increases as a function of SDS/F108 ratio
until 4.2. This demonstrates the increasing importance of long-
range electrostatic repulsions among the complexes as they
acquire increasing charge with increasing SDS binding. Beyond a
ratio of 4.2, kD decreases as the repulsive contribution is increas-
ingly screened by the dissociated sodium counterions noted above.
The maximum in kD is also an indication of binding saturation of
F108. This maximum occurred at a ratio of 4.2, close to the 3.7 ratio
for the minimum in Do.

The hydrodynamic diameters corresponding to these SDS/F108
ratios, calculated via the Stokes-Einstein equation using infinite
dilution diffusion coefficients, are plotted in Fig. 6d. The indepen-
dent variable shown on the abscissa is the SDS concentration cor-
responding to each SDS/F108 ratio if the F108 concentration were



Fig. 6. (a) Diffusion coefficient determined by DLS as a function of F108 concentration at the indicated CSDS/CF108 mass ratios. (b) Dependence of diffusion coefficient at
infinite dilution on the CSDS/CF108 mass ratio. (c) Concentration coefficient based on intermolecular repulsive interactions as a function of CSDS/CF108 mass ratio. (d)
Hydrodynamic diameter of F108/SDS complexes with increasing SDS concentration for 1,000 ppm F108. The arrow indicates a maximum diameter at 12.8 mM SDS.
Background electrolyte concentration was 0.1 mM NaCl.
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1,000 ppm. First note that the hydrodynamic diameter of F108 in
the absence of SDS is 9.5 ± 0.5 nm, consistent with the size of a
non-micellized F108 chain in aqueous solution reported elsewhere
[31]. The diffusion coefficient for nonionic F108 in the absence of
SDS was a weak function of F108 concentration in the range con-
sidered, due to the lack of long-range electrostatic repulsions (Sup-
porting Material Section V).

The location of the maximum in hydrodynamic diameter in
Fig. 6d indicates that the saturation of F108/SDS binding occurred
at approximately 13 mM SDS for 1,000 ppm F108. Complexation
with SDS produced a significant growth in hydrodynamic diameter
to a maximum of �19 nm, nearly a two-fold increase from the
diameter of an F108 chain in solution. The swelling observed in
the PEO/SDS system by Brown and coworkers [39] increased the
hydrodynamic diameter at the point of saturation by a factor of
approximately 1.6 relative to SDS-free PEO. That study was based
on PEO with a molecular weight of 996,000.

The conclusion from dynamic light scattering and pyrene solu-
bilization assay is that complexation in the 1,000 ppm F108 solu-
tions has saturated at SDS concentrations below 20 mM SDS,
where force measurements indicated the loss of synergistic deple-
tion force enhancement. Furthermore, the size distributions
obtained from dynamic light scattering for 1,000 ppm F108 at
SDS concentrations of 20 mM and above exhibited distinct peaks
arising from complexes and from free micelles (See Supporting
Material Section IV). This supports the interpretation that the loss
of synergistic depletion force enhancement was due to the emer-
gence of free SDS micelles as the majority depletants at high con-
centrations. Thus, concentrated SDS solutions with or without
F108 produced similar depletion forces. Both DLS and pyrene solu-
bilization data indicate that the predominant depletant in solu-
tions containing 1,000 ppm F108 and 0.1 mM NaCl would be
SDS/F108 complexes for SDS concentrations up to approximately
13 to 17 mM, and free micelles would dominate at higher
concentrations.

The hydrodynamic diameter analysis that showed an increase
in the size of the F108/SDS complexes until saturation is also con-
sistent with the argument that one of the reasons for the observed
synergistic enhancement of depletion forces is the increase in
depletant size, as expected from Eqs. (1) and (2). As 10,000 ppm
F108 solutions could not be included in the DLS study for reasons
explained above, we were unable to determine the infinite dilution
hydrodynamic diameter of the F108/SDS complexes with
10,000 ppm F108.

The infinite dilution DLS analysis for F108/SDS complexes was
performed for 10 and 100 mM NaCl, and the results are reported
in Supporting Material Section VI. For these higher NaCl concentra-
tions, the hydrodynamic diameter of the F108/SDS complexes dis-
played a maximum at 2 mM SDS for both NaCl concentrations but
then returned to a size similar to the unbound F108 chains at
higher SDS concentrations. The diminished swelling of complexes
at the higher NaCl concentrations relative to the strong swelling
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at 0.1 mM NaCl is attributed to the enhanced screening of the
charges imparted by polymer-bound dodecylsulfate ions. The
screening effect of NaCl addition also decreased kD relative to
0.1 mM NaCl solutions, but this concentration coefficient contin-
ued to increase with increasing SDS/F108 mass rations, even with
100 mM NaCl. This confirms the formation of charged complexes
at all NaCl concentrations considered. The decreased swelling of
charged complexes and the weakening of electrostatic repulsions
arising from the complexes are responsible for the smaller magni-
tudes of depletion forces measured in F108/SDS solutions at higher
NaCl concentrations (Fig. 4a).

The final result of the DLS analysis addresses a concern that
high NaCl concentrations may alter the assembly and phase behav-
ior of F108 in solution. Prior studies have indicated that certain
salts at high concentrations affect the hydration and hence the
phase separation temperatures of Pluronic polymers and PPO
homopolymer chains [51,52]. DLS results obtained in the absence
of SDS confirmed that the infinite dilution diffusion coefficient,
and hence the hydrodynamic diameter of the F108 chains, was
independent of NaCl concentration under the conditions of this
study. Thus, no NaCl-induced F108 self-assembly or phase separa-
tion occurred in these systems.
3.3.3. Sodium ion selective electrode measurements
Self-assembly of SDS, whether in the form of free micelles or

polymer-bound aggregates, decreases the activity of Na+ counteri-
ons depending on the extent of counterion binding to the assem-
blies. Sodium ion activity data from ISE measurements for
various SDS and F108 concentrations in the presence of a constant
0.1 mM NaCl background electrolyte are shown in Fig. 7a. ISE mea-
surements were only made for 0.1 mM NaCl background elec-
trolyte concentration. The abscissa of the plot is NaCl
concentration only for the NaCl reference line measured in the
absence of SDS or F108. For all other conditions, the abscissa is
SDS concentration.

The effect of counterion binding to micelles is evident in the
data for SDS in the absence of F108, where Na+ activity increases
approximately linearly with increasing SDS concentration until
the slope decreases abruptly at 7.2 mM. The slope change is due
to counterion binding to SDS micelles and indicates a CMC
of � 7.2 mM. This is lower than the CMC inferred from pyrene sol-
ubilization (8.9 mM), since sodium ion activity would be affected
by any pre-micellation assembly that may occur but which might
not produce aggregates capable of solubilizing detectable amounts
of pyrene. The ratio of the slopes immediately above and below the
CMC is a good indication of the degree of counterion binding to
micelles. This data indicate approximately 77% counterion binding
to SDS micelles, which matches very well with the literature values
[53,54]. Below the CMC, the Na+ ion activity increase with increas-
ing SDS is indistinguishable from the Na+ activity measured in ref-
erence solutions of increasing NaCl concentration, as expected for
complete dissociation of non-micellar SDS. We have confirmed
that the presence of F108 does not affect the measurement of the
free sodium ion activity using sodium ISE (See Supporting Material
Section VII).

Since the decrease in Na+ activity relative to a fully dissociated
state is to due to Na+ counterion association with dodecylsulfate
assemblies, information about the number of dodecylsulfate sur-
factants bound per polymer and the fraction of those bound surfac-
tants that have an associated Na+ counterion can be extracted by
applying the activity model expressed as Eqs. (7)–(13) to the ISE
data in Fig. 7a. It should be noted that the measured sodium ion
activity is quite similar for both the F108 concentrations in the
SDS concentration range under investigation. The CAC could not
be detected from the ISE data: there was no abrupt change in the
shape of the curve at low SDS concentrations. As discussed below,
this lack of an abrupt change is attributed to the nearly complete
counterion dissociation of polymer-bound SDS molecules at con-
centrations near the 0.2 mM CAC that was revealed by the pyrene
solubilization assay. The ISE cannot distinguish between the
sodium ions coming from unbound dissociated SDS and those from
polymer-bound dissociated SDS. Therefore the decrease in Na+

activity relative to the fully dissociated state only becomes appar-
ent when the degree of counterion dissociation of the bound SDS
deviates from unity.

The model was fitted to the experimental data for 1,000 and
10,000 ppm F108 concentrations. The analysis was conducted for
SDS concentrations up to 15 mM, near the binding saturation con-
centrations determined for 1,000 ppm F108 via pyrene solubiliza-
tion and DLS measurements. This was done because the current
model does not include free micelles formed at higher SDS concen-
trations. The model was fitted to the experimental data to obtain
the fitting parameters by minimizing the squared error. Fig. 7a
shows that the model fits the experimental data well for both
F108 concentrations. Values obtained for the empirical fitting
parameters Nmax, K and b are 1.8 ± 0.8 M, 2.4 ± 1.1 M and
0.047 ± 0.005 for 1,000 ppm F108 and 0.14 ± 0.008 M,
0.18 ± 0.015 M and 0.08 ± 0.008 for 10,000 ppm F108 respectively.
Information extracted from the model fitting is summarized in
Fig. 7b–d and in Fig. 8.

Error bars on the parameters and calculated points in Fig. 7b–d
and Fig. 8 were obtained by fitting the activity model for two inde-
pendent ISE data sets. It should be noted that the fitted values of
Nmax and K were found to be proportional to each other; their ratio
remained essentially constant at about 0.75 when fitting the data
sets for 1,000 and 10,000 ppm F108. This coupling is responsible
for the large uncertainty in the individual values of Nmax and K. This
is a characteristic of fitting Langmuir isotherm constants when the
available data are for concentrations well below the isotherm pla-
teau (see Eqs. (12) and (13)), in which case the ratio of Nmax/K is
the significant parameter.

The Na+ activity dependence on SDS concentration for
1,000 ppm F108 was quite similar to 10,000 ppm F108 in the SDS
concentration range measured (0 to 15 mM). This suggests little
quantitative effect of F108 concentration on the thermodynamics
of complexation and counterion binding. Using Eqs. (12) and (13)
and the fitted model parameters, we plotted in Fig. 7b and c the
fraction of sodium dodecylsulfate molecules in the system that
were bound to F108 chains, h, and the degree of Na+ dissociation
from polymer-bound dodecylsulfate ions, 1- a, as a function of
total SDS concentration. Fig. 7b indicates that h was nearly con-
stant at �0.75 over the range of 0.2–15 mM SDS and was rather
similar for both polymer concentrations. The 10,000 ppm F108
data showed a mild decrease in h with increasing SDS concentra-
tion. Thus, not every surfactant added to solution between the
CAC and the saturation concentration joins a complex; they dis-
tribute between polymer-bound and unbound states in solution,
as noted in other SDS/nonionic polymer binding systems [50].
Accordingly, the concentration of unbound SDS molecules in solu-

tion, 1� hð Þ CT
SDS � CAC

� �
þ CAC; grows nearly linearly with

increasing total SDS concentration for both 1,000 and
10,000 ppm F108 solutions. This is plotted in Fig. 7d. The unbound
SDS concentrations in solution at a total SDS concentration of
15 mM were calculated to be 3.8 and 4.7 mM, for 1,000 and
10,000 ppm F108, respectively. These are both below the SDS
CMC, supporting the assertion made above that complexes, rather
than free micelles, are the predominant depletants below � 20 mM
SDS.

The degrees of counterion dissociation 1� að Þ plotted in Fig. 7c
are fairly similar for 1,000 and 10,000 ppm F108 at each SDS con-



Fig. 7. (a) Experimental Na+ activity ISE data for varying SDS concentrations in the presence of 0.1 mM NaCl with either 0, 1,000 or 10,000 ppm F108, or for reference NaCl
solutions containing various NaCl concentrations but no SDS or F108. Curves show model fits for SDS/F108 mixtures. (b) Fraction of SDS molecules binding to F108, h, as a
function of total added SDS concentration, CT

SDS;beyond CAC. (c) Fraction of counterions dissociated from polymer-bound SDS molecules, 1� a; as a function of total SDS
concentration,CT

SDS. (d) Concentration of unbound SDS molecules in solution, CAC þ 1� hð ÞCT
SDS , as a function of total SDS concentration, CT

SDS. Background electrolyte is
0.1 mM NaCl.

Fig. 8. (a) Number of SDS molecules bound per F108 molecule as a function of total SDS concentration, h CT
SDS � CAC

� �
=CF108 vs CT

SDS . (b) Number of charges per complex |z|,
corresponding to the number of dissociated sodium ions per complex as a function of total SDS concentration,ð1� aÞh CT

SDS � CAC
� �

=CF108 vs CT
SDS . Background electrolyte is

0.1 mM NaCl.
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centration, despite the ten-fold difference in F108 concentration.
At the onset of binding, the degree of dissociation was assumed
to be unity in the model, consistent with the lack of an abrupt
change in free Na+ activity at the onset of binding in Fig. 7a. As
the SDS concentration increased the value of counterion dissocia-
tion decreased smoothly to 0.23 and to 0.14 for 1,000 and



448 B.J. Lele, R.D. Tilton / Journal of Colloid and Interface Science 553 (2019) 436–450
10,000 ppm F108, respectively. These values are similar to the
observed degree of dissociation of free SDS micelles, 0.23, mea-
sured in the absence of F108. This suggests that polymer-bound
dodecylsulfate aggregates exhibit molecular packing that is com-
parable to that in free micelles, since head group proximity plays
an important role in the thermodynamics of counterion binding.
In the case of PEO homopolymer binding, the arrangement of
SDS micelle-like clusters in a string of pearls configuration has
been demonstrated experimentally [55–58]. Although surfactants
may arrange themselves differently along the PPO and PEO blocks
of F108, the ISE data suggest that on average, they exhibit micelle-
like counterion binding and thus micelle-like cooperative
assembly.

Although further research would be needed on this matter, the
implication of similar cooperativity in binding with a ten-fold dif-
ference in polymer concentration could further imply polydisper-
sity in the amount of surfactant bound to discrete polymer
chains. It is known that polydispersity in the charge of depletants
can dampen the depletion force [59]. It is possible, though our data
cannot prove or disprove, that charge polydispersity might be
dampening the depletion force in solutions containing SDS and
10,000 ppm F108.

Finally, to estimate the average charge of the complexes, the
concentration of polymer-bound dodecylsulfate anions was
assumed to be equally distributed among all of the polymer chains.
Thus the average number of sodium dodecylsulfate molecules per
chain is N/CF108.This is plotted as a function the total SDS concen-
tration in Fig. 8a, and the average number of charges per complex,
|z|, was calculated according to Eq. (14) and plotted in Fig. 8b. The
assumption of uniform distribution of charge among all polymer
chains produces approximately ten-fold more dodecylsulfates
bound per chain and ten-fold greater charge per complex for
1,000 ppm than for 10,000 ppm F108. While the possibility of poly-
dispersity in binding is not addressed by this data, this average
behavior is the result of the similarity of the measured changes
in Na+ activity for 1,000 and 10,000 ppm F108. Hence, it is clear
from the ISE data that the charge per F108/SDS complex increases
as more SDS binds to the polymer with an increase in bulk SDS
concentration. This is true for both the F108 concentrations under
investigation.

As a check on assumptions made in the ISE model, we indepen-
dently determined |z| for F108/SDS complexes at two different SDS
concentrations in solutions containing 1000 ppm F108 and 0.1 mM
NaCl by performing dialysis experiments with a titrating surfactant
ion selective electrode (Supporting Material Section VIII). Results
from the dialysis method matched those obtained by the sodium
ion selective electrode measurements.

3.4. Theoretical examination of the consistency of force profiles with
measured properties of complexes.

The depletion force depends on the size, charge and concentra-
tion of depletants; the Debye length consistent with the ion con-
centrations in the solution; and the charge of the surfaces bathed
by the solution. To probe the consistency of measured changes in
depletion forces with the properties of the complexes determined
here in the presence of 0.1 mM NaCl, we fed the hydrodynamic
diameters obtained from dynamic light scattering and the average
charge per complex from the ISE analysis, as well as the concentra-
tions of unbound dodecylsulfate ions and free sodium ions in solu-
tion calculated from the ISE data, into the Walz and Sharma
depletion force model [33]. Full details of the model and its imple-
mentation here are presented in Supporting Material Section IX.

Theoretical force profiles were generated for 1,000 ppm F108
and SDS samples with 0.1 mM NaCl background electrolyte con-
centration. We could not obtain theoretical force profiles for
10,000 ppm F108 and SDS samples due to lack of hydrodynamic
diameter measurements from infinite dilution diffusion coefficient
analysis. We observed that the model consistently over-predicted
the magnitude of the depletion forces in solutions both with and
without the polymer, by a factor of approximately 4–9. Reasons
for the quantitative over-prediction based on model assumptions
are discussed in the Supporting Material. Most importantly, the
synergistic enhancement of the depletion force in F108/SDS mix-
tures relative to the depletion force in polymer-free SDS solutions
was observed to be same for the experimental and theoretical
results. This supports the interpretation of depletion force
enhancement as the result of an increased size of complexes and
the pseudo-polyelectrolyte effect of imparting charge by anionic
surfactant binding to the nonionic polymer.
4. Conclusions

Colloidal probe AFMmeasurements of the force between a silica
sphere and silica plate confirmed a previously observed [31] syner-
gistic enhancement of the attractive depletion force and the repul-
sive barrier associated with the oscillatory structural force in
solutions containing anionic sodium dodecylsulfate surfactants
and nonionic Pluronic F108 polymers. By examining the effects of
surfactant, polymer and electrolyte concentration, and probing
the physical characteristics of the complexes, this work deter-
mined the bounds of synergism and the coupled factors that con-
trol these forces in different solution composition regimes.

Synergism was found to exist within a finite range of SDS con-
centrations. The onset of synergism occurred well below the nor-
mal SDS critical micelle concentration and occurred at a lower
SDS concentration when the F108 concentration was higher.
Within the finite synergistic concentration range, both the deple-
tion attraction and the repulsive barrier were greater in magnitude
for the higher F108 concentration at a given SDS concentration. The
upper end of the synergistic concentration range was the same for
both polymer concentrations, corresponding to approximately
twice the normal SDS CMC. Increasing the concentration of NaCl
background electrolyte between 0.1 and 100 mM weakened the
magnitudes of both the depletion attraction and the repulsive
structural force barrier, but these forces in SDS/F108 mixtures were
consistently enhanced relative to polymer-free SDS solutions for
each of these background electrolyte concentrations. Complemen-
tary probes of surfactant/polymer complexation showed that its
effects on the size and charge of the dominant depletant species
dictate the magnitude of synergistic force enhancement and the
surfactant concentration range over which synergism occurs. In
the presence of dilute background electrolyte, both charging and
swelling of complexes contribute to the depletion and structural
force synergism. At higher background electrolyte concentrations,
swelling plays a diminished role in the synergistic enhancement.

Depletion and oscillatory structural forces in systems contain-
ing a single type of depletant species are well understood
[5,9,12,15,23,33]. This work enhances the fundamental under-
standing of depletion and structural colloidal forces in multicom-
ponent systems containing polymers and surfactants that self-
assemble into mixed complexes that may become the dominant
depletant. Such systems are common in complex fluid products.
The propensity to synergistic effects is a critical attribute of such
systems and should be considered in their formulation. In synergis-
tic systems, colloidal forces, and thus colloidal suspension phase
behavior and rheology, cannot be predicted on the basis of the
forces imparted by any individual component acting in isolation.
It may be expected that major trends in these systems will be well
represented by the current SDS/F108 system. In contrast to rela-
tively simple single-component systems, changing the concentra-
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tion of one or both components of these significantly more com-
plex mixed systems not only changes the depletant concentration
but may also change the depletant size and charge and may even
shift the identity of the dominant depletant, for example from
mixed complexes to free micelles, all in an ionic strength-
dependent manner.

This work considered amphiphilic polymers that are capable of
micellization, albeit at concentrations that are well below the poly-
mer CMC and at temperatures that are well below a critical micelle
temperature. There is evidence that surfactant binding can pro-
foundly affect polymer micellization, especially if the temperature
is close to the critical micelle temperature [60–63]. Future work
may address the alteration of polymer micellization by surfactant
binding in different concentration regimes and the corresponding
effects on the associated depletion and structural forces.
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