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amplitude of the oscillatory structural force
weight percentage of silica nanoparticles
molar concentration of surfactant

critical micelle concentration

thickness of layers in a layer-by-layer coated polymeric film
micelle diameter

force

normalized force measured by AFM
hydrodynamic force

bulk pair correlation function
separation between AFM colloidal probe and the substrate
maximum scattering intensity in arbitrary units

total ionic strength

ionic strength of added salt

stiffness of deformable surface

AFM cantilever spring constant

conductivity

Debye length

Debye length including the wall-counterions

number of layers in a layer-by-layer coated polymeric film
height of the first maximum of the solvation pressure
momentum transfer in the position of max. scattering
dimensionless correlation length of micelle

full width at half maximum of the structure peak

radius of the AFM colloidal probe

radius of the silica nanoparticle

effective particle diameter

root mean square roughness

decay length of electrostatic repulsive force

scanning velocity

dimensionless interaction strength of micelle

change in the nominal separation

valency of charged particle

effective valency of charged particle

AFM cantilever deflection

zeta-potential

surface potential of confining wall

volume fraction

deformation

phase shift in the oscillatory force (solvation force) curve
contact angle

viscosity

wavelength

wavelength in confinement

wavelength in bulk

dimensionless wavelength of micelle

Continued on next page. ..

*Non-essential and empirical parameters are not included
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Abbreviations and symbols

b
AFM

Brij 35
C,sTAB
B-C12Ga
CP-AFM

DLVO
GCMC
HA
HNC
InvOLS
MC
PAA
PAH
PEI
PSS
SAXS
SDS
Tween 20
TFPB
TMA 34
HS 40
SM 30

particle number density

number density of counterions

mass density of silica particle

mass density of solution

diameter of the silica nanoparticle

surface tension

relaxation time

correlation length

correlation length in confinement

correlation length in bulk

atomic force microscope/microscopy
poly(oxyethylene lauryl ether)
hexadecyltrimethylammonium bromide
[-dodecylmaltoside

colloidal probe atomic force microscope/microscopy
Derjaguin-Landau-Verwey-Overbeek

grand canonical Monte Carlo

hylaronic acid

hypernetted chain

deflection inverse optical lever sensitivity

Monte Carlo

poly(acrylic acid)

poly(allylamine hydrochloride)

poly(ethylenimin)

poly(sodium 4-styrenesulfonate)

small angle x-ray scattering

sodium dodecyl sulfate

poly(oxyethylene sorbitan monolaurate)

thin film pressure balance

silica particle suspensions with diameter of 26 nm
silica, particle suspensions with diameter of 16 nm
silica particle suspensions with diameter of 11 nm




Chapter 1

Introduction

Colloidal dispersions have large application in our daily life, for instance, as cosmetics,

1,2

advanced ceramics,'? coating,?® paints, and inks.®% Also, thin films of colloidal disper-

sions are confined to a solid substrate to manufacture advanced self-assembled materials

6-10

such as photonic crystals,®'% and sensors.!'!? In addition, special colloids have biological

applications, e.g. as pharmaceuticals, in drug delivery,'® and in food processing.

Many applications of colloids involve interactions on substrates, for example, the spreading
and adhesion phenomena on the substrates (e.g. paints and inks) or the transport of
colloids in micro fluidic devices or in porous media or at biological surfaces (e.g. drug
delivery, stacking of red blood cells). Besides, an enhanced interest in miniaturization
of the producing process draws increasing research attention. Therefore the confinement

effects on the colloidal structuring formation and properties are needed to be considered.

The confinement induces colloids to order differently as compared to the bulk. Colloidal

q14:15

crystal structure has been reporte in confinement at sufficiently high concentration.

At relatively low concentrations, layered ordering of colloids has been found. 14167242431

Among previous studies, the oscillatory wavelength of charged colloids was found to de-

pend on the bulk colloid volume fraction ¢ according to A oc ¢~ /3, 14:21,22,24,25,31

Previous work has focused on revealing the dependency of inter-colloid distance in con-
finement on the colloid concentration. However there are still numerous questions left to
be answered. How does the confinement effect behave on the two characteristic lengths:
the inter-colloid distance and the correlation length? What is the dependency of charac-
teristic lengths on the colloid size? Is the structuring of colloids in confinement affected
by the total ionic strength of the dispersions? What is the effect of confining surface
charge/potential on the corresponding structuring? Can oscillatory force still be observed
on rough or deformable confining surfaces? How does the surface charge and deformability

of colloids influence the corresponding structuring?

This thesis is aimed to answer the above questions. The structuring of colloids under con-
finement is studied via force measurements with CP-AFM. In chapter 4, the structuring
of silica nanoparticles confined between two smooth, solid surfaces is investigated, subdi-
vided into three parts based on the effect of particle concentration, ionic strength, and
particle size. The characteristic quantities, ¢.e. interparticle distance, correlation length,
and interaction strength are extracted from the oscillatory force and their relation with

the system parameters is investigated. Additionally, SAXS measurements, Monte Carlo
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simulations and hypernetted chain (HNC) calculations (done by Sabine Klapp group, TU
Berlin) are included in order to examine in detail the effect of confinement on the charac-
teristic quantities. Chapter 5 discusses the influence of surface potential and roughness of
the confining surfaces on the structuring of nanoparticles. Monte Carlo simulation with a
modified particle-wall potential are combined to reveal the mechanism behind the change
in force amplitude. In chapter 6, the effect of the surface deformability on the structuring
of silica nanoparticles is investigated by confining nanoparticles between a solid sphere
and an air bubble. Various surfactants are used to tune the bubble deformability. Chap-
ter 7 describes the influence of the surface charge and deformability of colloids on their
structuring formation by probing non ionic surfactant micelles. Theoretical calculations
done by Krassimir Danov (Uni Sofia) based on the hard-sphere model is combined to

provide a deeper understanding of the observed processes.



Chapter 2

Scientific background

A colloidal system consists of two separate phases: a dispersed phase (or internal phase)
and a continuous phase (or dispersion medium). The dispersed phase and the continuous
medium can be in gas, liquid, and solid states. The dispersed-phase has a diameter of
between approximately 1 and 1000 nanometers. Homogeneous mixtures with a dispersed
phase in this size range may be called colloidal aerosols, colloidal emulsions, colloidal
foams, colloidal suspensions, or hydrosols depending on varying combinations of dispersed

phase and continuous phase.

A distinguishing feature of colloidal systems is that the contact area between dispersed
phase and the dispersing medium is large. As a result, surface forces strongly influence
dispersion behavior. By tailoring interactions between dispersed-phase, one can design
colloids needed for specific applications. The stability, rheology, and other desired prop-
erties of colloids are controlled internally by the surface charge of the dispersed-phase and
externally by the properties of the dispersing medium, such as temperature, pH, and ionic

strength.

2.1 Surface forces

The forces of charged colloids interacting through a liquid medium can be described by
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.??33 Tt combines the effects of the
van der Waals attraction and the electrostatic repulsion due to the so-called double layer
of counterions. Because of the markedly different distance dependency of the van der
Waals and electrostatic interactions, the total force can show several minima and maxima
with varying interparticle distance. Additional forces, such as structural force (solvation
force) and hydrophobic force commonly occur in aqueous solutions. Considering the
present experimental systems, the involved forces will be described: van der Waal force,

electrostatic force, structural force and hydrophobic force.

2.1.1 Van der Waals force

Van der Waals forces are a family of short-range forces, including the dipole-dipole force,
dipole-induced dipole force, and dispersion forces. The expression of the van der Waals
interaction between particles can follow the method by Hamaker,?* in which the net

interaction energy is the integration of all pair contributions between two bodies. Thus
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the non-retarded van der Waals interaction energy of two spheres of radius R; and R,

can be obtained as

V(D) = _@[ 2R\ R, . 2R Ry
vaw 6 'D24+2(Ri+ Ro)D ' D?+2(Ry + Ry)D + AR\ R,
D?+ 2R, D + 2R,D
+ In( T 2D + 2R, (2.1)

D? +2(Ry + R2)D + 4R1R2)]

where Ay is the Hamaker constant, R; and R, are the radius of particle 1 and 2, respec-
tively, and D is the surface-to-surface distance, that is, D = r — (R; + Ry) (r being the

particle center-to-center distance).

The corresponding simplified expression of the van der Waals interaction energy of a

particle approaching a surface is

AH Rnorm

Veaw (D) = — 6D

(2.2)

where R, is the normalized radius, which depends on the geometry used. In the case
of sphere/flat geometry: Ry,orm = Rsphere, sphere/sphere geometry: R, = R1Ro/(Ry +
Ry).

The van der Waals force can be obtained by differentiating the energy with respect to

distance
d‘/vdW o AHRnorm

Foaw = — —
aw dD 6D2

(2.3)

The van der Waals force is always attractive between identical surfaces of the same ma-
terials, and can be repulsive between surfaces of dissimilar materials. Hamaker’s method
and the associated Hamaker constant Ay assumes that the interaction is pairwise ad-
ditive and ignores the influence of an intervening medium between the two particles of

interaction.

Ag =12 x C X py X pa (2.4)

where p; and p, are the number of atoms per unit volume in two interacting bodies and
C is the coefficient in the particle-particle pair interaction. The more advanced Lifshitz
theory® has a same expression of the van der Waals energy but with consideration of the
dielectric properties of the intervening medium, thus the Hamaker constant has a different

value.
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2.1.2 Electrostatic force

The electrostatic force originates from the fact that most surfaces in contact with any
liquid of high dielectric constant acquire a surface charge. The surface can either be
charged by ionization of surface groups (e.g. silanol groups for glass or silica surfaces) or by
adsorption of charged ions from the surrounding solution. This results in the development
of a surface potential which attracts counterions from the surrounding solution and repels
co-ions. In equilibrium, the surface charge is electrically neutralized by oppositely charged
counterions in solution within some distance from the surface. The region near the surface
of enhanced counterion concentration is called the electrical double layer (EDL).3* The
EDL can be approximately sub-divided into two regions. Ions in the region closest to
the charged wall surface are strongly bound to the surface. This immobile layer is called
the Stern or Helmholtz layer. The region adjacent to the Stern layer is called the diffuse
layer and contains loosely associated ions that are comparatively mobile. The whole
electrical double layer, due to the distribution of the counterion concentration, results in

the electrostatic screening of the surface charge.

The decay length of the diffuse electric double layer is known as the Debye screening
length,3 k=1, which is purely a property of the electrolyte solution. The Debye length
falls with increasing ionic strength of the solution. In totally pure water at pH 7, k! is

960nm, and in 1 mM NaCl solution x~! is 9.6nm. The value & is given by the relation

K= \/Z Pooi€2? [ecok T (2.5)

where p.; is the number density of ion ¢ in the bulk solution, z; is the valency of the ion
i, €g is the elementary charge, ¢y and € are the permittivity of the vacuum and the solvent

dielectric constant, respectively, and kg is Boltzmann’s constant.

The Debye length determines the range of the electrostatic double-layer interaction be-
tween two charged surfaces. The repulsive interaction between two equally charged sur-
faces is an entropic (osmotic) force. Actually, the electrostatic contribution to the net
force is attractive. What maintains the diffuse double layer is the repulsive osmotic pres-
sure between the counterions which forces them away from the surfaces and from each
other so as to increase their configurational entropy. When bringing two equally charged
surfaces together, one is therefore forcing the counterions back onto the surfaces against
their osmotic repulsion, but favored by the electrostatic interaction. The former dom-
inates and the net force is repulsive. Commonly speaking, when two charge surfaces

approach each other, the electric double layers overlap and results in the so-called electric
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or electrostatic double layer repulsion force, even though the repulsion really arises from

entropic confinement of the double layer ions.

The electrostatic interaction can be obtained by solving the Poisson-Boltzmann equation3’
for the potential distribution or counterion distribution in the liquid, subject to suitable
boundary conditions.?%3® These conditions are usually either constant surface potential
if the concentration of counterions is constant as D is decreased (e.g. metal sols in a
solution) or constant surface charge if the total number of counterions in liquid does not
change (e.g. clay minerals). Using weak overlap approximation at constant potential,?®

the free energy per unit area of interaction between two spheres is

W = (64kpT posy1y2/K)e P (2.6)

where 7 is the reduced surface potential v = tanh (Z,:Z%), 1o is the potential on the

surface.

Using Derjaguin approximation F' = 27 R, W, the expression of electrostatic force F'

between two spheres becomes
Fgp = (1287r/€BT,000anm’yl’yg//i)e_“D (2.7)

In the simplest case, Fgr, = (647kpT poo Ry?/K)e P for two identically charged particles
of radius R. This approximation is appropriate for surface potential between 30-100 mV.
At low surface potentials, below 30 mV, the electrostatic force can be simplified with

linear Poisson-Boltzmann approximation,
Fgp, =~ 2n Reegigre P = QWRq?e’“D/ﬁeeo (2.8)

where the surface potential ¢y and surface charge density ¢, are related by ¢; = keeyty.
For more general case, the surface charge density is calculated by using the Grahame

equation?®

ety )
2kgT

qr = \/SGOEkBT]tOtNA sinh( (2.9)

where I,,; is the bulk total ionic strength, I,,; = ﬁ S PociZ

It should be noted that the above equations are accurate for surface separation beyond
one Debye length. At small separation one has to use numerical solutions of the Poisson-
Boltzmann equation to obtain the exact interaction potential, for which there are no
simple and accurate expressions. The charge regulation due to the counterion binding

needs to be taken into account, therefore the strength of the double layer interaction is
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always less than that obtained at constant surface charge condition and higher than that

at constant surface potential.

Combining the van der Waals force and the electrostatic double layer force, the DLVO

force between two particles or two surfaces in a liquid can be expressed as:
F(D) = Foaw (D) + Frr(D) (2.10)

In contrast to the double layer force, the van der Waals force is mostly insensitive to
electrolyte strength and pH. Additionally, the van der Waals force is greater than the
double layer force at small separation since it is a power law interaction, whereas the
double layer force remains finite or increases much more slowly within the same separation
range. The interplay between these two forces has many important consequences, thus
understanding the individual forces and their contributions is a good way to control the

stability of the colloidal suspensions.

2.1.3 Depletion force

The depletion force exists in the systems containing particles with different length scales
or particles and non-adsorbing polymer coils or micelles. In this dissertation, the depletion
force arises between a micrometer-sized silica particle and a flat silica plate immersed in
a dispersion of silica nanoparticles or surfactant micelles. The nanoparticles/micelles can
be called depletion agents. Depletion agents are excluded from a shell of thickness of
their radius around the larger silica particle (or silica plate), called the depletion zone.
When two larger particles or surfaces are brought together and the distance A between two
larger particle surfaces is less than diameter of depletion agents, h < 2R, their depletion
zones will overlap and the depletion agents are expelled from the gap between the larger
particles. The absence of depletion agents in the gap leads to a density gradient and
an osmotic pressure causing the attractive depletion force between the larger particle
surfaces. The range of the attraction is directly related to the radius of depletion agent,
whereas the strength is proportional to the concentration of the depletion agent. Asakura
and Oosawa*?*! first calculated the force per unit area between two parallel plates as
being equal to the osmotic pressure of the surrounding depletion agent with simplest hard

sphere approach:
Fdep

A

where © is the Heaviside function. The depletion force depends on the particle number

= —pkpTO(2R — h),h < 2R (2.11)

. . . Fuiep
density p and absolute temperature T' of the surrounding depletion agent. And 5% = 0,
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for h > 2R.
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Figure 2.1: When the distance between two surfaces is larger than the diameter of the
depletion agents, h > 2R, the depletion agents can move into the gap and there is no
depletion force acting on them. When the distance is small enough, h < 2R, the depletion
agents are expelled from the gap and the net force acting on surfaces is equal to the pressure
of the surrounding depletion agents.

A detailed insight into depletion forces is important for studying the stability and phase
behavior of colloidal suspensions and for the understanding of properties of polymer-

colloid mixtures and other self-assembling phenomena in liquid dispersions.

2.1.4 Structural force

Besides the depletion force, there is another non-DLVO force, called structural force or
oscillatory force. It arises when the macroscopic surfaces are immersed in a relatively
large concentration of the small colloidal particles. The structural force was first found
by Israelachvili in the system of confined water molecules. The structural force is a
generic feature also for colloidal particles, liquid crystals, and polyelectrolytes. These
complex fluids can be considered as depletion agents for larger particles (surfaces). At
large separation, the density of depletion agents in any highly restricted space is the same
as that in bulk.

The density profile of depletion agents normal to a solid surface oscillates around the
bulk density with a periodicity close to the distance of the depletion agent, and this
oscillation extends several effective diameters of the depletion agent into the liquid. Within

this range, the depletion agents are induced to order into quasi-discrete layers. When a
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neighboring surface approaches, the density distributions normal to both surfaces overlap
and the depletion agents are squeezed out of the restricted space layer by layer so as to
be accommodated between two surfaces. The variation of overlapping density profile with

separation leads to an oscillating osmotic pressure.

The osmotic pressure as a function of separation is
P(h) = ksTlp,(h) — p,(o0)] (2.12)

where pg(h) is the density of depletion agent at two surfaces separated by a distance of
h and ps(oco) is the corresponding density at isolated surface. Thus an osmotic pressure
arises once there is a change in the depletion agent’s density at the surfaces as the surfaces
approach each other. p(h) is higher than ps(co) only when surface separations are mul-
tiples of the distance of the depletion agents and lower when at intermediate separations.

At large separations, ps(h) approaches the value of ps(00), the osmotic pressure is zero.

As the last layer of depletion agent is squeezed out, ps(h— 0)— 0, the osmotic pressure

approaches a finite value given by
P(h — 0) = —kgTps(0) (2.13)

which means the force at contact is negative. Eqn. 2.13 has the same form as the depletion
force. Therefore, the depletion force is considered as a special case of the oscillatory force

in the limit of very small separations.

The attractive surface-liquid interaction and geometric constraining both have influence
on the variation of the layering of depletion agents with separation, the latter being
essential because layering is still observed even in the absence of the attractive surface-

liquid interaction.

For simple spherical depletion agents between two smooth surfaces the structural force is
usually a decaying oscillatory function of distance. For depletion agents with asymmetric
shapes, the resulting structural force may also have a monotonically repulsive or attractive
component. Structural forces depend not only on the properties of the depletion agent
but also on the chemical and physical properties of the confining surfaces, such as the

hydrophobicity, the morphology and the deformability of the surfaces.

In general, the oscillatory structural force consists of a harmonic oscillation coupled with

an exponential decay function, thus it can be written as
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Figure 2.2: Schematic illustration of the layering of spherical particles during the ap-
proach of two smooth surfaces and the corresponding measurable structural force. The
density profile of particles changes with separation of two surfaces, resulting in different
structuring of particles. At certain separation, particles are squeezed out of the gap to re-
lease the high inner pressure/force. The distance between two adjacent layers of particles
relates to the inter-particle distance (illustration adopted from Israelachvili’s book?%).

Fosc(h>
R

= A exp (—ﬁ) cos (27Ti + Of) + offset (2.14)
&r i
where R is the radius of the colloidal probe, and A is the separation between two confining
surfaces. The three important parameters characterizing the oscillations are the amplitude
A, the wavelength \;, and the decay length &;. The amplitude describes the interaction
strength of the particles, wavelength indicates the interparticle distance of the layered
structuring, and decay length tells the degree of the ordering. This function is similar
as the bulk pair correlation function which is valid at large interaction distance. Strictly
speaking, this equation should apply at relatively large separation because the additional

contribution of nonstructural forces exists at small distance.

2.1.5 Hydrophobic force

When using a hydrophobic surface, for example, replacing the solid substrate with a
gas bubble or an other surface composed of hydrocarbons, the hydrophobic force plays
a role in the system. The hydrophobic force describes the apparent repulsion between
water and hydrophobic substances. Comparing to bond with hydrophilic molecules which
have polar or ionic groups and hydrogen-bonding sites, water molecules have much less
affinity to bond with the hydrophobic surface. The orientation of water molecules in

contact with hydrophobic molecule is entropically unfavorable, therefore two hydrophobic
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molecules tend to come together and expel the water molecules into the bulk. This simple
attractive force between hydrophobic molecules is favored because of the reduced total free
energy of the system. Similarly, when water molecules are confined between hydrophobic
surfaces, a net attractive force arises between the confining surfaces to expel the water
molecules, which increases the translational and rotational entropy of water molecules
and decreases the total free energy. Therefore, the attractive force, or hydrophobic force
between hydrophobic surfaces is considered to be the consequence of water molecules
migrating from a restricted space to the bulk water where there are unrestricted hydrogen-

bonding opportunities and a lower free energy.

The attractive hydrophobic force is a long range force and much stronger than the van der
Waals force.*?™% Tt has a significant influence on the stability of colloids. Thus the force

is needed to be taken into account when the system involves hydrophobic surfaces.

2.2 Theoretical Modelings

The developed theories are based on modeling by means of the integral equations of sta-

6 47-49

tistical mechanics,?® numerical simulations, and density-functional modeling.5%? As

a rule, these approaches are related to complicated theoretical expressions or numerical

procedures. The studies have shown that theoretical tools can describe oscillatory forces

47,52,53

in a variety of model systems, such as hard spheres, polar fluids,** liquid crystals,®®

48,51

polyelectrolytes,®® and and colloidal particles. In the case of nonionic micelles that

can be modeled as hard spheres, Trokhymchuk et al.?® proposed a quantitative analyti-
cal expression for the oscillatory force, which has been tested against both Monte-Carlo

53,57

simulation data and data for stratifying free foam films. 5

2.2.1 Charged particles*

Based on Derjaguin-Landau-Verwey-Overbeck (DLVO) theory, a suspension of charged
nanoparticles is modeled on an effective level which only includes the negatively charged
silica nanoparticles explicitly.?* %2 Here, the electrostatic part of the DLVO potential is

used? ( )
= 72e2ZRT ) 2.1
u(r) Sr— (2.15)

*Done by Sabine Klapp group at TU Berlin (Cooperation)
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where Z = 4w (0 /2)%q; is the total charge of a particle with diameter o and surface charge
density, gg, which calculated from the Grahame equation eqn. 2.9 with assuming the

measured zeta potential ( close to 1)y.

In addition, Z is the effective valency which is given by

Z = Zexp(ko/2) /(1 + ko /2) (2.16)

k is the inverse Debye screening length, defined in eqn. 2.5 and can be also written as

K
1
K= m(ﬂc(zceo)z + ; Pr(zKeo)?) (2.17)

where T is the temperature (set to 300 Kelvin), and p. and 7. are the number density and
valency of the counterions, respectively. The remaining sum refers to the additional salt

ions. Assuming univalent counterions |z.|= 1, the condition of charge neutrality between

counterions and charged particles requires p. = |Z|p. Eqn. 2.17 can then be rewritten
as
%
K= (Zp + 2L5q:Na) (2.18)
EoﬁkBT

where I, = ﬁ Zszl pr(2x)? is the ionic strength of the additional salt, and N, is

Avogadro’s constant.

For numerical reasons the soft sphere interaction ugs(r) = 4esg(o/r)1? is added to the
nanoparticles interaction which is, however, essentially negligible compared to the DLVO

interaction energies at typical mean particle distances in this study.

Characteristic lengths as wavelength and decay length of bulk systems are extracted
from bulk pair correlation functions g,(r). Within Monte Carlo (MC) simulations, g;(r)
is determined using between 500 and 2000 particles depending on the volume fraction
¢ = (w/6)pc®. Additionally, the integral equation for gy(r) = hy(r) + 1 (with hy(r)
being the total correlation function) consisting of the exact Ornstein-Zernike equation,
h(ri2) = c(r12) + p [ dr¥h(ri3c(rss),% combined with the approximate hypernetted chain
(HNC) closure, g(r) = exp[—Bu(r) + h(r) — c(r)],5* is solved.

A convenient feature of using integral equations is that the asymptotic structure, that is,
the dominant wavelength and correlation length of the function hy(r) = g5(r) — 1 in the
limit » — oo can be determined directly. This is done by analyzing the complex poles
q = +q + iqo of the structure factor Sy(q) = 1 + phy(¢).™ The pole with the smallest
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Figure 2.3: Dominant wavelength N, characterizing hy(r) = g»(r)-1 as a function of the
volume fraction according to HNC' (solid line) and MC (diamonds). Also shown are the
HNC data for N\, (dashed line) and the corresponding SANS data for A\, (filled circles,
with error bars). The inset shows two MC results for the function In(r|hy(r)|) (circles).
The asymptotic fit functions are plotted as dashed lines.

imaginary part determines the slowest exponential decay and thus yields an analytical

description of the asymptotic behavior of hy(r) which reads
rhy(r) = Apexp(—qor)cos(qir — Oy), 7 — 00 (2.19)

with gy = &, ! playing the role of an inverse decay length (correlation length) and ¢; =
27 /Xy determining the wavelength of the oscillation. ¢g and ¢; can be also determined
from the MC data by plotting the function In(r |hy(r)|). Wavelength and correlation
length then follow from the oscillations and the slope of the straight line connecting the

maxima at large r.

The HNC and MC results for wavelength in bulk A, as a function of the particle volume
fraction ¢ are given in the main part of fig. 2.3, showing that the two approaches are
in good agreement. This is consistent with the observations previously reported® and
justifies the use of HNC in the bulk system.

DFT5%! predicts that, for sufficiently large h allowing a bulk-like region in the middle of
the pore, the microscopic density profile should decay as p(2)—p, — A, exp(—qoz)cos(q1z—
6,), where gy and ¢; are exactly the same as in the bulk system at equal chemical potential
p (with bulk particle number density py), whereas the amplitude A, and 6, depend on
the nature of fluid-wall (particle-confining surface) interactions. The same asymptotic

behavior is expected for the so-called normal solvation pressure, f(h) = P,,(h) — Pyux.-

The confined system modeled first by two infinite plane parallel, smooth, uncharged sur-

faces separated by a distance h along the z-direction, %! fluid-wall (particle-confining
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surface) interaction is chosen to be purely repulsive and read as

upy (2) = %WEW <g>9 (2.20)

The MC simulation in the grand canonical (GC) ensemble can be employed to investigate
the confined systems, that is, at constant temperature, wall separation, box area parallel
to the walls, and constant chemical potential 2.%? % Furthermore, the inverse Debye length
should be fixed at the value corresponding to the bulk volume fraction. The solvation
pressure f(h) = P,,(h) — P, with P, being the bulk pressure and P,.(h) the normal
component of the pressure tensor exhibits oscillations with varying surface separation.
This quantity is related to the oscillatory forces of the AFM experiment via Derjaguin’s

approximation.®? The functions f(h) are fitted according to the expression

f(h) = Arexp <—g) cos </\—f — 9f) (2.21)

with Ay and £ being the wavelength and decay length, respectively.

In the whole particle concentration range considered, the oscillatory asymptotic decay of
f(h) (determined by a wavelength Af) is indeed well described by the leading bulk wave-
length (and correlation length), implying Ay = X,. This is particularly well-demonstrated
by the logarithmic representation in the inset of fig. 2.4. Thus, the GCMC simulation
results for the charged silica particles confirm the DFT predictions. As eqn. 2.19 derived
from Ornstein-Zernike theory eqn. 2.21 is only valid for h — oco. However the asymptotic
expression is found to provide a good approximation of the oscillations already at remark-
ably small wall separations. The full curve is well described by the asymptotic formula
already after the first minimum at h = h,,;,. For smaller separations h < h,,;,, a cubic
polynomial fit is used:

f(h) = ap + arh + azh? + azh® (2.22)
The coefficients are adjusted such that both the pressure and its derivative are continuous
at Nyin. Then, an accurate fit formula for f(h) can be found by immediately integrating
f(h)%? to obtain the solvation force F(h)/2r R, results for which are included in fig. 2.4.

In order to obtain the impact of surface potential on the other quantities of the solvation
forces, i.e. amplitude and phase shift, which is predicted by the DF'T, the confined system
is modeled by two infinite plane parallel, smooth, charged surfaces separated by a distance

h along the z-direction.®? Their surface potential mimics the experimental conditions. A
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Figure 2.4: Two examples of the solvation pressure f(h) as obtained by GCMC (filled
circles) together with the asymptotic fits (solid line) obtained with the bulk values of q¢; =
21/ Ny and qo. Included are the resulting structural forces F(h)/2nR (dashed line). The
inset shows a logarithmic plot of f(h).

simplest version of linearized Poisson-Boltzmann (PB) theory is first employed

w(z) = We exp <—ﬁ (g - 2)) + Wsexp (—/{ (g + z)) (2.23)

The decay of potential is determined by the bulk Debye screening length x and the wall
charge only come into play through a prefactor Wy = 64mwegeyeysR (kBT/eo)z, where
Yr/s = tanh (eO@ZJF/S/ZLkBT), Yr)s is the surface potential of the fluid particles (F) and
the solid walls (S), and R is the radius of the fluid particle, R= ¢ /2. This model has the
consequence that the oscillations of the normal pressure become weakened with increasing

|ts|, which is in contradiction to the experiment.

Thus a modified fluid-wall potential is developed. It takes additional wall counterions into
account which change the screening between charged walls and colloidal particles. The

expression of a silica ion and one of the charged walls is read as

kpT\>
ups(z) = 64megerrs R (%) exp [—kw(z — R)] (2.24)

where the screening parameter depends on ¢g and is space-dependent,

2
€o |gs]
w(z) = 20+ 2Ly Na + — 2.25
" (Z) \/GoﬁkBT < p A 602) ( )

and the confining surface charge density ¢s is related to the surface potential via the

Grahame equation.
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The total fluid-wall interaction is therefore given by

ups(z) = ulﬁgA(h/Q —2z)+ u%gA(h/Q +2) + u%\év(h/Q —2)+ u%\év(h/Q + 2) (2.26)

where ukS* and uY are given by eqn. 2.24 and eqn. 2.20, respectively. This induces a
non-monotonic behavior of the fluid-wall interaction potential as a function of the wall

charge.

2.2.2 Nonionic surfactant micelles*

Using the Derjaguin’s approximation, one can express the surface force, F, between a

spherical particle and a planar plate in the form:
F(h) =27nRW (h) (2.27)

where R is the particle radius; h is the surface-to-surface distance between the particle
and the plate; W(h) is the interaction energy per unit area of a plane-parallel liquid film
of thickness h. In the considered case of nonionic surfactant micelles, W can be expressed
as a sum of contributions from the van der Waals forces, W4/, and oscillatory structural

forces due to the surfactant micelles, W, 3¢-%®

An

W(h) = Wosc + WvdW = Wosc - W

(2.28)

The surface charge of the confining surfaces can be neglected, since confining surface
charge would not change the oscillation wavelength and decay length, but increase the

amplitude wg.%!

The combination of eqn. 2.27 and eqn. 2.28 yields

(Woscd2 . AH )
d2 k?BT 127T(h/d)2kaT

(2.29)

where d is the micelle diameter; h/d is the dimensionless surface-to-surface distance.

Furthermore, the expression for W, due to Trokhymchuk et al.?® is used:
Woscd2 phsd3 20'hsd2
= — 1—h/d) — 0<h/d<1 2.30

*Done by Krassimir Danov at Uni Sofia (Cooperation)
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WOSCd2
kT

where pp is the pressure of a hard-sphere fluid expressed through the Carnahan-Starling

= wp cos(wh/d + ¢1) exp” ™/, exp® D h/d > 1 (2.31)

formula,®” and o}, is the scaled-particle-theory®® expression for the excess surface free
energy of a hard-sphere fluid:
prsd® 6 1+ ¢+ ¢* — ¢

BT 7 (=P (2.32)

1+ 6
(1—9¢)3

A9
= (2.33)
s

kgT

The parameters wy, w, ©1, ¢, wy and § in eqn. 2.31 depend on the hard-sphere (micelle)

volume fraction, ¢, as follows®

wo = 0.57909 + 0.83439¢ + 8.65315¢> (2.34)
w = 4.45160 4 7.10586¢ — 8.30671¢> + 8.29751¢° (2.35)
q = 4.78366 — 19.64378¢ + 37.37944¢* — 30.596474> (2.36)
2075
wy = Ths® wo cos(w + ¢1) exp(—q) (2.37)
kT
o1 = 0.40095 + 2.10336¢, 6 = - (2.38)
w1y
where 6 A P
m = —¢gexp( kggj) - ZZZT — 7o cos(w + ¢2) exp(—q) (2.39)

Hhs _¢8_9¢+3¢2
ksT —~ (1—-9¢)°

(2.40)

T = 4.06281 — 3.10572¢ + 76.67381¢ (2.41)
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02 = —0.39687 — 0.3948¢ + 2.3027¢° (2.42)

The parameters wgy, w, and ¢ defined by eqn. 2.34-2.36 characterize, respectively, the
amplitude, wavelength and decay length of the oscillations (see eqn. 2.31). The last term
in eqn. 2.31 ensures the correct height of the first (the highest) maximum.5® Note that
for a hard sphere fluid, the amplitude, wavelength and decay length of the oscillations

depend on the particle volume fraction, ¢, in accordance with eqn. 2.34-2.36.

Eqn. 2.29, along with eqn. 2.30-2.42, determines the theoretical dependence F(h, ¢) at
given colloidal probe radius, R, and micelle diameter, d. In particular, for a given micelle
volume fraction, @, prs, Ops, Wo, W , q, fins, T can be first calculated, and ¢, from eqn. 2.32-
2.36 and eqn. 2.40-2.42; after that, wy, @1, m; and d can be calculated from eqn. 2.37-2.39;
next W is computed from eqn. 2.30-2.31, and finally F, from eqn. 2.29.

The fitting procedure is as follows. The experimental force, F¢,, is given as a function of
the experimental distance, hey, = h + Ah, where h is the theoretical distance and Ah is
the difference between the positions of the experimental and theoretical coordinate origins
on the h-axis. The fitting by means of the least-squares method consists of numerical

minimization of the following merit function:

O(Ah,¢) =Y [F(hiy, — Ah,¢) — Fi(hi,)) (2.43)

i

where ngp(hgxp) is the set of experimental data numbered by the index ¢, and the sum-
mation is carried out over all experimental points. It is important to note that in the
fitting procedure, the points from the non-equilibrium portions of the experimental curves
have to be excluded, because the theoretical curve gives the equilibrium force-vs.-distance

dependence.

When ¢ is known, the variation of Ah is equivalent to a simple horizontal translation of
the experimental curve with respect to the theoretical one, the latter being uniquely deter-
mined. The minimization of ® with respect to Ah corresponds to the best coincidence of
the two curves. When ¢ is not known, both AA and ¢ should be varied to minimize numer-
ically @ in eqn. 2.43, and to find the best fit. When calculating the theoretical curves, in
eqn. 2.29 the value Ay = 7x1072! J of the Hamaker constant for silica/water/silica films
is used.?® The effect of van der Waals forces is essential only at the lowest investigated

micellar concentrations, where the oscillatory amplitude wy is relatively small.



Chapter 3

Experimental Section

Abstract

This section describes the preparation and characterization of investigated systems. The
preparation part involves solely colloidal suspensions, mixture of nanoparticles and sur-
factants, micelle solutions, polyelectrolytes solutions, and the substrate cleaning process
and modification. Zeta potential, contact angle, surface tension, surface topography and
surface thickness are characterized via relevant techniques. The structuring of colloidal
suspensions in confinement and in bulk are determined by colloidal-probe atomic force
microscopy and small angle X-ray scattering, respectively. The detailed experimental

procedures and data-analyzing methods are presented as well.

3.1 Preparation of materials

3.1.1 Colloidal nanoparticle suspensions

Ludox grade colloidal silica nanoparticle suspensions, named TMA 34 (deionized), HS 40
(stabilized with Nat), and SM 30 (stabilized with Nat) were purchased from Aldrich
(Taufkirchen, Germany) and used in AFM force measurements. The original stock of
colloidal suspensions was dialyzed with Milli-Q water (Millipore, Billerica, MA, USA)
for two weeks. The dialysis tubes (Aldrich, Germany) with pore size of 1000 MWCO
were used to remove any remaining ions and ionic contaminants. After dialysis, particle
suspensions of varying concentrations were prepared with Milli-(Q water as solvent. The
weight percentage, ¢, and density of the solutions, p;, were determined by weighing a
known volume of the sample before and after drying (24 h at 400 °C). The volume fraction
was converted from the weight percentage as ¢ = %. The mass density of silica particle
pp was set as manufactural value of 2.2 ¢ mL~'. The mass density of suspension had a
dependency on the particle concentration as in fig. 3.1. The silica nanoparticle suspensions
have a pH of about 6.5. Whenever needed, sodium chloride NaCl (suprapur 99,99 %,
Merck) was used to tune the ionic strength of the suspensions. Ludox silica suspensions

have been stored in plastic tubes.
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Figure 3.1: The dependency of mass density of the particle suspensions on the particle
concentration, which is needed to convert weight percentage to volume fraction.

3.1.2 Surfactant solutions

In terms of the measurements on deformable bubble surfaces, surfactants were used to tune
the surface tension. [-dodecylmaltoside (3-C12Gs) (Glycon Biochemicals, Luckenwalde),
sodium dodecyl sulfate (SDS) (Sigma-Aldrich, purity >99.9 %) and hexadecyltrimethy-
lammonium bromide (C;4TAB) (Sigma-Aldrich, purity >99 %) were used as received. The
critical micelle concentrations (CMC) are 0.17 mM, 8 mM, and 1 mM for 5-C12G, SDS,
and Ci6TAB, respectively. All surfactant solutions were prepared with Milli-Q water.

The surfactant concentrations were always well below the CMC.

3.1.3 Micelle solutions

The nonionic surfactants, poly(oxyethylene lauryl ether) (Brij 35), and poly(oxyethylene
sorbitan monolaurate) (Tween 20), products of Sigma, were used without further pu-
rification. The molecular weight of Brij 35 is 1198 g mol~!; its critical micellization
concentration (CMC) is 9x107° M, and the micelle diameter is d = 8.8 nm. The micelles
are spherical up to 150 mM Brij 35 concentration, but they undergo a transition to elon-
gated micelles at higher concentrations. The molecular mass of Tween 20 is 1225 g mol ~!;
its CMC is 4.9x107° M, and the micelle diameter is d = 7.2 nm.

3.1.4 Polyelectrolytes solutions

Poly(ethylenimin) (PEI), 750 kDa, 50 wt% solution in water, poly(allylamine hydrochlo-
ride) (PAH), 65 kDa, poly(sodium 4-styrenesulfonate) (PSS), 70 kDa, and poly(acrylic
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acid) (PAA), 450 kDa were purchased from Sigma Aldrich (Germany). Hyaluronic acid
(HA) in the sodium hyaluronate form, 150 kDa, was obtained from Amersham Bio-
science (Munich, Germany). The polyelectrolytes solutions were prepared by dissolving
the amount of polymer corresponding to a concentration of 1072 monoM in Milli-Q wa-
ter. Certain amount of sodium chloride (suprapur 99,99 %, Merck) was added afterwards
when necessary. In order to overcome solubility problems, a solution of 1 mg mL~! of HA

was used.

3.2 Preparation of different surfaces

3.2.1 Silica surface

Silica, as colloids or a plate, is an amorphous material which is often used as model system
for studying the surface chemistry and interaction of many systems. The surface of silica
is well known to be negatively charged due to the ionization of silanol groups in contact
with water: SiOH + H,O = SiO~ + H30™. The surface charge of silica varies with pH,
electrolyte concentration, and cleaning process. It has been proposed in the literature
that a gel-like surface layer forms when silica is in contact with water. This gel-like layer
is about 2-6 nm thick and composed of silanol and silicic acid groups. This hypothesis
may explain the high surface charge and low potentials of the silica surface, and also the
additional non-DLVO repulsion at small separation due to the steric repulsion between

two overlapped layers.

Silicon wafers (Wacker Siltronic AG, Germany) were cleaned in a 1:1 mixture of piranha
solution (HyO5/H3SO, solution) for 30 min followed by extensive rinsing with Milli-Q
water. Afterwards, the etched silicon wafers were stored under Milli-QQ water in a glass
container. The above procedure yielded a fully hydrophilic surface. Just before the

experiment, the substrate was taken out of water and dried in a nitrogen flux.

3.2.2 Mica surface

Mica is easily cleaved into atomically smooth layers and hence is widely used as an im-
portant substrate in many fundamental studies. The highly perfect cleavage is explained
by the hexagonal sheet-like arrangement of its atoms. Mica is a layered dioctahedral
aluminosilicate represented as KAly(AlSiz)O19(OH),. Each mica sheet consists two sili-

cate layers joined together by aluminum atoms. The substitution of aluminum for silicon
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in the silicate layers results in a net negatively charged lattice, which is neutralized by
potassium ions present between aluminosilicate sheets. Therefore mica can be cleaved
along the plane of potassium ions. In air the mica surface is neutralized while in water it
acquires a high negative surface charge by dissociation and ion exchange. The apparent
surface potential of mica in pure water is found to be —160 mV, which is decreased slightly
as the ionic strength of the solution increases. The fresh mica surface was prepared by

cleaving the mica sheets with tweezer, and then deposited on top of a silicon wafer.

3.2.3 Hydrophobic substrate

In order to avoid the strong capillary force between the AFM silica probe and hydrophilic
substrate in air during spring constant determination, a modified silicon wafer with
contact angle > 100 °C is needed. 50 uL. of heptadecafluoro-1,1,2,2-tetra-hydrodecyl
simethylchlorosilane (ABCR, Karlsruhe) was pipette in a small glass vial, which could
be closed very tightly. A clean silicon wafer (1-3 ¢cm?) was placed inside of the glass vial
without that the wafer was in contact with the silane. After closing the vial, the silicon
wafer was leaving inside for 24h at room temperature. The modified silicon wafer was then
taken out and heated in an oven to 70 °C for 10-20 min in order to remove non-bounded

silane. The contact angle of the hydrophobic silicon wafer was measured > 100 °C.

3.2.4 Polyelectrolyte layer-by-layer adsorption on surfaces

On silicon wafer: After cleaning in a 1:1 mixture of HyO5/H,SO, solution for 30 min and
then extensively rinsing in Milli-Q water, the silicon wafers were dipped into an aqueous
solution of 1072 monoM PEI for 30 min and then rinsed gently in Milli-Q water. The layer-
by-layer self assembly of polyelectrolytes consists of sequential dipping of silica substrate
into polyanion and polycation solutions.® The adsorption time for each layer was 20 min,
after which the substrate was rinsed by dipping the wafers three times into fresh Milli-Q
water for 1 min to remove any loosely bound polyelectrolytes. This process was repeated
a defined n times to obtain a multilayer consisting of (polyanion /polycation),, layers. The
multilayers were not dried between different deposition steps. After the last adsorption

step, the samples were dried with nitrogen stream and stored in clean glass vessels.

On silica sphere: The polyelectrolyte multilayers were accomplished by adsorption from
polyelectrolyte solutions according to the previous description.” 500 mL of a 102 monoM

PEI solution was added to 2.5 mL of 6.7 um sized silica suspension. The samples were
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sonicated and the adsorption solution was left to stand for a minimum time of 30 min. The
solution was then centrifuged at 4300 rpm for 20 min and the supernatant was removed.
500 mL of water was added to the sample and the solution was sonicated and left to
stand for 20 min. A total of three washing cycles were performed, after the adsorption
of each polyelectrolyte layer. To the remaining colloidal solution was alternately added
500 mL of a 1072 monoM PSS and PAH solution. Similar adsorption and washing steps
were performed. Successful deposition was verified by (-potential measurements after

each deposit step.

3.3 Methods

3.3.1 Atomic Force Microscopy

The atomic force microscopy (AFM) was invented by Binning et al.”* and first used in
imaging the topography and morphology of samples at different resolution. Later on it
was modified by Ducker et al.” ™ for use in measuring interactions between different
objects. The main principle of AFM is to reflect a laser beam on the free end of a
cantilever. The reflected laser beam is measured by a detector. Any positional changes
of the cantilever like bending or twisting are recorded by the detector. A scanner which
made of piezoelectric materials is used to move the cantilever with high resolution in all
directions. The cantilever sensitivity can be varied by choosing different spring constants
in the range of 0.002 N m~! to 400 N m~!. The probe is mounted to the free end of
cantilever. Normally for imaging the probe is mounted as a sharp tip, while for interaction
measurements it is a glued micrometer-sized silica sphere. The AFM setup is depicted in
fig. 3.2.

Imaging

Two major imaging modes are normally used in the experiments: contact mode and
tapping mode. In contact mode the probe and the sample are in contact during imaging.
Optimally applied force between the probe and sample needs to be selected via a set
point for the vertical detector response. During scanning the set point is kept constant.
If a peak/valley is reached on the sample when the probe passes by, the cantilever will
push upwards/downwards as a reaction but the feedback will raise/lower the cantilever
to maintain the detector signal constant. By recording the cantilever height for each

sample position, one obtains a three-dimensional image of the sample surface topography.
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Figure 3.2: Schematic AFM setup. Four main parts are included: laser beam, photo-
diode detector, cantilever with a probe and piezoelectric scanners to move the cantilever
in three directions. For AFM imaging, a cantilever with sharp tip is used and feedback
electronics are required to maintain either the force or amplitude during scanning.

Tapping mode, or AC mode, is a common mode for imaging samples, especially in liquid.
The cantilever oscillates close to its resonant frequency during scanning. The system
attempts to keep the amplitude of the oscillation constant by using a feedback on the
height to raise or lower the probe if there are any irregularities on the sample. Atomic
force microscope MFP-3D provides a parallel imaging method via iDrive’ (Asylum
Research, CA, USA), which uses Lorentz force to magnetically actuate a cantilever with
an oscillating current that flows through a v-shaped cantilever instead of acoustic piezo-
driven placed close to the cantilever in the commercial AFM. IDrive can eliminate the
multitude of resonance peaks due to the mechanical coupling of the piezo to the cantilever

and liquid. A resonant peak can be easily defined with auto tune in aqueous media.

The morphology of polyelectrolytes-coated silicon wafer was performed in tapping mode
with iDrive cantilever BL-TR400PB (Asylum Research, Santa Barbara, CA) in Milli-Q
water via a MFP-3D setup produced by Asylum Research, Inc. and distributed by Atomic
Force (Mannheim, Germany). The root mean square (RMS) roughness of polyelectrolyte
layers was calculated from height images with bound software in each 1x1 pm? box of the
image so as to be comparable to standard neutron reflectivity measurements with 1 pym

neutron correlation length. The final value is an average of those calculated at different

1 n
RRMS = U ﬁ ny (31)

positions on each image.
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Force measurement

The force between the probe and sample can be recorded as the AFM probe approaches
and retracts from the sample surfaces. What is directly measured is a profile of deflection
(volts) versus ZSensor displacement (um). During approach the probe will at some point
be in contact with the sample. If further approach is attempted, the deflection of the
cantilever linearly increases with the ZSensor displacement. This linearly increasing part
is called the constant compliance region, and the slope of deflection versus displacement
in this region is referred to as the deflection sensitivity. Note the deflection sensitivity
must be determined on a rigid surface, where the drive displacement equal to the bending
amount. The algorithm used to convert the deflection versus displacement data into force

versus apparent separation is illustrated in fig. 3.3 as in the protocol of Ducker et al.™

Deflection in volts, Y

Displacement in nm, X

Defl InvOLS: o= AX/AY, constant compliance
Deflection: Z, = (Y-Yy) &, Y is the zero force
Separation: h = X-C-Z, Cis contact point

tkczc, k. is the spring constant

0 Separation in nm, h

Force, F

Figure 3.3: The algorithm to convert primary data into force versus separation. For solid
surfaces the slope of the force curve become infinity at zero separation (i.e. in contact).

The deflection inverse optical lever sensitivity (InvOLS) « in the constant compliance

region is defined as
AX

T AY

where X and Y are the piezo displacement in meters and deflection signal in volts,

(3.2)

«

respectively. The voltage signal of the deflection thus can be related to the bending in
meters, Z., by
Z.= (Y — Yp)a (3.3)

where Yj is the deflection at infinite displacement. This subtraction is needed based on

the assumption that there is no interaction between AFM probe and surface at large
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separation. The separation between the probe and surfaces is calculated as
h=(X-C)—- 2, (3.4)

where constant C is the displacement value at “contact point”. The “contact point” is
taken to be the point at which the linear compliance line reaches zero force. The force F

then can be calculated through the Hooke’s law
F=k.Z,. (3.5)

where k. is the spring constant of the cantilever, which was determined with a thermal
noise power spectra before or after the experiment” with a hydrophobic substrate and
yielded values in the range 0.01-0.08 N m~! (see Section 3.2.3).

A silica sphere (Bangslabs, USA) with radius of R=3.35 um was glued with epoxy glue
(UHU Endfest Plus 300) at the end of a tipless rectangular cantilever (CSC12, Mikro-
Masch, Estonia) using a three-dimensional microtranslation stage according to the previ-
ous procedure . Immediately before each experiment the silica sphere with cantilever was
cleaned by exposure to a plasma cleaner for 20 min to remove all the organic contaminants

and to create a high density of hydrophilic silanol groups (Si-OH) on the surface.

The cantilever was placed into a cantilever holder and the particle probe was positioned
roughly a few pum above the substrate. Then few drops of the target sample solution was
put onto the substrate, and the probing head was fully immersed in the solution. Force-
separation curves were collected with a MFP-3D. No adsorption of silica nanoparticles on
the AFM probe or substrates is expected because silica and mica surfaces are negatively
charged in the experimental conditions (pH = 6-7), while the non-ionic surfactant is

partially adsorbed at the surface.

The optimal scanning velocity was in the range of 150-400 nm s—! for silica nanoparti-
cle suspensions and 5-100 nm s~! for non-ionic surfactant solution, respectively, over a
scan size of 300-400 nm. Chan and Engel showed that hydrodynamic drainage forces
were negligible at these approach speeds. 7" For each sample solution, altogether 30-40
force-distance curves were recorded at the same lateral position (usually at the centre) of
air-water interfaces. To quantitatively study the structuring of nanoparticles, the oscil-
latory forces are fitted with eqn. 2.14. As the silica microsphere is 6.7 ym in diameter,
by Derjaguin approximation the silica probe surface can be considered as a flat surface
because of the comparatively small force distance (<300 nm). Thus force per probe ra-
F(h)

dius, ==, is the measure of interaction energy per area. All experimental force curves
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were fitted with eqn. 2.14. Beside the three mentioned parameters a phase shift (6;) and
a force offset (offset) also had to be fitted.

Surface elasticity measurements

First, it is necessary to calibrate the deflection inverse optical lever sensitivity (InvOLS).
The previous cases have involved solid substrates that are much stiffer than the cantilevers.
The deflection InvOLS can thus be simply calibrated by finding the slope of deflection vs.
ZSensor once the surfaces are in contact. In the present case the cantilever and bubble
can have similar stiffnesses so that the calibration must be done separately, before or
after the force measurements, by pressing the particle against a rigid surface. The AFM
photodiode voltage was converted to cantilever deflection using the detector sensitivity

determined before the experiment and then converted into force via eqn. 3.5.

The conversion from ZSensor position to actual particle-bubble separation is more compli-
cated. The nominal separation is defined as in eqn. 3.4. This definition does not consider
deformation, so for rigid surfaces the nominal separation coincides with the actual sep-
aration. Then for deformable surfaces, the actual separation is the nominal separation

minus the deformation

Ah=AX — AS (3.6)

An attractive force between AFM probe and substrate causes an extension and a positive
deformation while a repulsive force causes a negative deformation. During the measure-
ments, an absolute measure of the shape change of the bubble surface is not known, only
the changes in AX are measured. This problem cannot be resolved without measurement
of actual particle-bubble separation using an independent method, e.g. interferometry.
Thus it is difficult to plot F' vs. h. Instead F vs. AX is presented in this thesis.

AX = Ah+ AS (3.7)

The “contact point” (zero AX) was taken to be the point at which the linear compliance
line reached zero force, followed by the previous protocols on deformable surfaces.”®™
Before contact, AX represents the separation plus the relatively small deformation of
the bubble which depends on the surface force between the probe and the bubble. After
contact, AX represents only the deformation of the bubble because the separation between

the probe and the bubble surface is considered to be zero. In the constant compliance
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region, the cantilever and the bubble are assumed as two springs in a series where the

measured stiffness £, is given by

1 n 1 (3.8)
km B kc kb .
Thus the bubble stiffness is given by
k. k.
kb = ke -1 = Cubble -1 (3'9)
km Ahard

where apqrq is the cantilever inverse optical lever sensitivity (InvOLS) against a hard
surface and aguppe 1S the cantilever inverse optical lever sensitivity (InvOLS) against the
bubble.

The bubble stiffness can be also calculated by

(3.10)

since for two springs in series, F' = F, = F, = kyxd = k.x Z,.

Attard et al. described a theoretical way to express the stiffness of a bubble or droplet
with

—4r
by = — . 7 e (3.11)
COS COSs
2+cos 0 + In 2/@Rg X sin? 6

which showed the bubble stiffness to be linearly dependent on the surface tension ~, and
logarithmically depended on the decay length of the interaction x~!, the radius of the
bubble Ry, the radius of the probe R, and the contact angle §.80:8!

A Teflon slide was cleaned in concentrated nitric acid for several minutes, followed by
thorough rinsing with Milli-QQ water. Air bubbles were spontaneously transferred from
an Eppendorf pipette onto a spot on the Teflon slide where was immersed in Ludox
nanoparticle suspensions. The bubble diameter was typically 800 ym as determined by top
view light microscopy connected to AFM. Gas bubbles are thermodynamically unstable
and tend to dissolve in water due to the Laplace pressure.®? However air bubbles are
much more stable when existing in colloidal nanoparticle suspensions, probably because
the particles prevent coalescence of bubbles.®® The rest parts of the measurement followed

the cases of on the solid substrates.

To quantitatively study the structuring of nanoparticles, the oscillatory forces are fitted

with eqn. 2.14 as well. Based on Derjaguin approximation, the bubble which is 800 pym
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Figure 3.4: Left: schematic representation of the AFM setup for the force measurements.
Right top: Scanning electron microscope image showing the silica microsphere glued to
the end of the AFM cantilever. Right bottom: View from the top showing placement of
cantilever probe right on the top centre of the air bubble surface. The middle cantilever at
which the laser beam aligned is in the focus. The brightest part of the ring underneath is
the top centre of the bubble.

in diameter can be considered as flat surface.

3.3.2 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) is an accurate and non-destructive analytical method
to determine the particle’s structure in terms of particle size and shape. The particle sizes
can be resolved in a range from 1 to 50 nm between the typical 0.1° and 10° of scattering
angles. An electron density difference between particles and solvent is required to establish
contrast in SAXS. Besides the interaction between the incoming radiation and particles,
a detector is also needed to record and reconstruct scattering patterns of particles. In the
recording process the phases of the detected waves are lost. Because the whole illuminated
sample volume is investigated, the average values of the structure parameters are obtained
with SAXS. The signal amplitude scales with the square of volume of the particle V,, the
particle number density p and the square of the contrast ASLD?. The closer the lens is to
the object (the larger the scattering angle), the smaller is the detail that can be resolved.
Under Bragg relation is valid, the length scale probed in the experiment is related to

measurable parameter ¢ as

_27T
q

d (3.12)

where g = 47” sin @, 20 being the scattering angle.

The SAXS measurements were performed on a new version of small angle X-ray equipment-

SAXSess (Anton Paar, Graz). The equipment consisted of a sealed tube to generate X-ray
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(Cu Ka, 0.1542 nm) and a line collimation system. Sample-detector distance was 309 mm.
A fluid flow cell with a 1 mm quartz capillary was used. For each sample, the output
intensity was the integral of 100 frames of measurements. Data treatment was done using
SAXSquant 3.5 (Anton Paar, Austria). The data were first normalized using the pri-
mary beam intensity as a standard. The water background was subtracted and then the
desmearing process was performed with used beam length and width profiles. At the end,
the structure factor was extracted out by dividing the form factor from the total intensity.
The structure peak has a Lorentzian line shape, produced from a Fourier transformation
on a complex exponential function of g(r)oc e /(a7 c08(GmazT)- 24> The structure peak is
fitted with

So(51)*
(q - Qmam)2 + (%)2

where Sy denotes the structure peak intensity, Aq the full width at half maximum of the

S(q) =

+ Yo (3.13)

intensity, ¢n. the center, and gy the baseline of the peak.

3.3.3 Other methods for solution characterization
Surface tension measurements

Surface tension is the cohesive energy present at an interface, describing the property of a
liquid to resist external force. The interactions of a liquid molecule in the bulk are balanced
by an equal attractive force with surrounding molecules in all directions. Molecules on the
surface of a liquid experience an imbalance of forces, which is energetically unfavorable.
In order to bring a molecule from bulk to the surface, extra work is needed. This work
dW which is proportional to the number of molecules brought to the surface from the

bulk and thus to the surface area dA can be presented as
dW = ~dA (3.14)

The constant ~y is the surface tension and has the dimension of energy per unit area (J

m~2) or force per unit length (N m™').

The surface tension of both the pure silica nanoparticle suspensions as well as mixtures of
nanoparticle suspensions and various surfactants were measured via a K11 Tensiometer
(Kriiss, Germany) under clean room conditions. The du Noiiy ring method® was used

with a thin Ir-Pt wire ring with the radius R,;,;. The surface tension is obtained from
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the force needed to balance the liquid meniscus before the ring is detached from the liquid

surface®”
F

___ 3.15
47TRring ( )

’Y:

The experiments were performed at 25°C in a Teflon vessel (diameter of 5 cm). Before

each measurements the vessel was equilibrated for at least 15 min.

Zeta-potential measurements

Zeta potential is the electric potential difference between the stationary layer of fluid at
the slipping plane in the diffuse double layer and the dispersion medium. Since the zeta
potential indicates the degree of repulsion between adjacent likely charged particles, the
magnitude of zeta potential can be related to the stability of colloidal suspensions. The
higher the zeta potential, the higher the stability of the colloids. The zeta-potential was
measured via a Zetasizer Nano ZS (Malvern Instruments, Germany). An electric field is
applied across the suspension. Particles in the suspensions move toward the electrode of
opposite charge. The frequency shift or phase shift of an incident laser beam caused by
the moving particles is measured as the particle mobility, and this mobility is converted
to the zeta potential using the dispersant viscosity n and dielectric permittivity € in the
Smoluchowski equation

U = & (3.16)

n
Conductivity measurements

A conductometer “WTW series inolab pH/cond” with a cell “TrtraCon 325” was used.
The cell constant is 0.475 cm ™!, thus the conductivity measurable ranges go from 0.5 uS
cm ™! to 2000 pS cm~!. The conductivity of samples was measured at room temperature
and converted to the ionic strength with individual prefactor for each sized nanoparticle

suspensions.

3.3.4 Other methods for surface characterization
Contact angle measurements

The contact angle is the angle between a liquid /vapor interface and a solid surface, which

is a measure of the interaction across three phases. Based on the spreading behavior of a
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medium on a solid surface, the contact angle can be varied from 0° to 180° according to
the hydrophobicity of the solid surfaces. The contact angle can be calculated by Young’s

equation®® in the thermodynamic equilibrium status

Yrgeost = ysa — Ysi (3.17)

where 6 is the contact angle, v.q, 7s¢ and ~sr, is the surface tension of liquid-vapor,

solid-vapor and solid-liquid interface, respectively.

The contact angle of silica nanoparticle and surfactant mixture solution on silicon wafer
was determined with dynamic sessile drop method by an OCA 20 device from Dataphysics
(Germany) under ambient conditions. The liquid droplet profile was captured with optical
subsystem and contact angle was assessed directly by measuring the angle formed between
the baseline of the solid surface and the tangent to the drop contour by image analysis.

Both static and dynamic measurements were able to be performed.

Ellipsometry

Ellipsometry has been widely used to determine the film thickness of mono- or multilayer
coated on a substrate. Ellipsometry setup normally includes five parts, the light source,
incident beam polarizer, the sample stage, analyzer for reflected beam off sample, and the
detector. Ellipsometry measures the change of polarization upon reflection. This change
is related to the sample thickness and dielectric properties. Measurements were performed
with a Multiscope from Optrel GbRm (Wettstetten, Germany) in Null-Ellipsometry mode.
A He-Ne laser with wavelength of 632.8 nm was used, the angle of incidence and reflection
were set to be the same at 70°. Alignment was needed before each measurement to make
sure the reflected beam was located in the center of the detector. The complex reflectance
ratio between p-polarized (r,) and s-polarized reflected beam (rs) can be parametrized

by the measured values of amplitude ratio ¥ and the phase shift A.

tan(¥)e'® = % (3.18)
The instrument was controlled by the software Multi, which measures ¥ and A. The
data analysis for the determination of thickness d and refractive index n of the multilayer
was performed by using the software Elli (Optrel). A model analysis with four layers was
used; (i) air (n = 1), (ii) multilayer, (iii) SiO, (d = 1.5 nm, n = 1.4598) and (iv) Si (n =
3.8858, k = -0.02).
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Structuring of nanoparticle suspensions confined

between two smooth solid surfaces

Abstract

Combining colloidal-probe atomic force microscopy and small angle X-ray scattering, the
characteristic lengths determining the structuring of nanoparticle suspensions confined
between two smooth solid surfaces are analyzed. Monte Carlo simulations and integral
equation theory are included to understand the interparticle and particle-confining sur-
face interactions. The oscillation, which indicates the layered formation of particles, is
determined by the dominant wavelength and correlation length of the bulk pair correla-
tion function. As a consequence, confined and bulk quantities display the same power-law
dependence. This indicates that, in a system treatable both by experiments and by sim-
ulation, the structural wavelength and correlation length both in bulk and confinement
coincide. Moreover, theoretically and experimentally-derived wavelengths are in excellent
quantitative agreement, while correlation lengths are in qualitative agreement. Influential
factors on wavelength and correlation length are studied. The wavelength is found to be a
simple consequence of volume-effect, scaling as p~'/3, irrespective of the particle size and
the ionic strength. The correlation length, on the other hand, is found to be a function of
these two parameters, £ = R+x~!. Both experimental and theoretical results show a pro-
nounced interaction amplitude and range as a result of increasing particle concentration,

particle size, and decreasing ionic strength of suspensions.

4.1 Introduction

Confining particles between two solid surfaces leads to damped oscillatory forces. %% This
well-known effect is directly related to the oscillating particle density profile perpendicular

1591 The oscillatory force occurs when the oscillating concentration profile

to the surface.
of the particles in front of the opposing confining surfaces overlap. With decreasing
separation between the two confining surfaces, the layers of particles are pressed out
one after another, which leads to measurable alternating repulsion and attraction. The
oscillatory force thus indicates the periodic layering of confined particles. The force can
stabilize the colloidal systems, since it hampers drainage of the film.%%%% The oscillatory
wavelength represents the distance between two adjacent layers of particles formed parallel

to the confining surfaces. The decay length is a measure of how far particles correlate
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to obtain periodic oscillations. There exists presently several techniques such as the
surface force apparatus,® total internal reflection microscopy,®® optical tweezers,’* thin

95,96

film pressure balance, and colloidal probe atomic force microscopy”? to measure the

oscillatory forces.

The first study of the ordering of colloidal particles can be traced back to the 1980’s.
Nikolov et al. found that thinning films of aqueous dispersions of polystyrene latex
nanoparticles changed thickness with regular step-wise abrupt transitions by using re-
flected light microinterferometry.!* These observations verified that the step-wise thin-
ning or stratification of thin liquid films could be explained as a layer-by-layer thinning of
ordered structuring of colloidal particles formed inside the film. There are several other
papers that have also shown that particles tend to form periodic ordering during the
approach of confining surfaces by methods of thin film pressure balance!'®'® and total

reflectometry. 1920

Recently, the structuring formation has been studied by the measurement of the oscillatory
force of colloidal particles by Piech and Drelich et al.2'72% with colloidal probe atomic force

microscopy (CP-AFM), which was advantageous in measuring the complete oscillatory

force curves for various systems. 21725-30,97-101

Among those mentioned studies, the oscillatory wavelength of colloidal particles was found

to depend on the bulk particle volume fraction ¢ according to A oc ¢=1/3

21,22,24,25 At

at relatively low

volume fraction. sufficiently high volume fraction, the wavelength was found

to be close to the effective particle diameter, 2(R + x~1).%

However, a precise understanding of the characteristic lengths, that is the wavelength and
decay length (correlation length) of the oscillations in relation to the corresponding bulk
properties and their dependence on the internal and external sample properties, is still

missing. 2324

In this chapter, AFM, small angle X-ray scattering (SAXS), and theoretical modelings are
combined to investigate the interaction in suspensions of charged silica nanoparticles and
test the validity of the DF'T predictions in a real colloidal fluid. The interparticle distance
and correlation length in bulk as obtained from SAXS are compared to those found under
confinement as obtained from AFM. Both experimental results are compared to the the-
oretical results in the framework of Derjaguin-Laudau-Verwey-Overbeek (DLVO) theory,
where the interaction between two nanoparticles is described via a screened Coulomb po-

tential. Three different-sized silica nanoparticles, with mean particle diameters of 11 nm,
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16 nm and 26 nm are used. The geometric confinement effect on the ordering of nanopar-
ticles is studied by comparing the change of characteristic lengths. The dependence of
each characteristic length on variation of particle size, particle concentration, and ionic
strength, and their power-law are investigated. The interaction strength, force amplitude
and maximum scattering intensity, in relation to the particle concentration and particle

size, is discussed as well.

4.2 Results

4.2.1 Effect of confinement and particle concentration*

In order to know the effect of confinement, the structuring of silica nanoparticles in bulk
was first determined by small angle X-ray scattering (SAXS). Fig. 4.1(a) shows the SAXS
diagram of Ludox silica nanoparticle suspensions with particle diameter of 26 nm at vary-
ing particle concentration. With increasing sample concentration, the structure peak
position ¢, shifts to the high ¢ region. The grey lines in the figure are the correspond-
ing form factor F(q) calculated using the polydisperse sphere model. It is apparent that
the form factor does not change with concentration, thus the structure factor can be

extracted by dividing the form factor F(q) from the total intensity. Fig. 4.1(b) shows
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Figure 4.1: (a) SAXS diagrams of Ludoz nanoparticle suspensions with particle diameter
of 26 nm at different concentrations. Grey lines represent the best form factor F(q) fitted
with polydisperse sphere model. (b) The structure factor extracted from SAXS intensity.
Peaks fitted with the Lorentzian form of eqn. 3.13.

*Similar content has been published in: Surviving Structure in Colloidal Suspensions Squeezed from 3D
to 2D, Sabine H. L. Klapp, Yan Zeng, Dan Qu, and Regine von Klitzing, Physical Review Letters,
2008, 100, 118303
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the corresponding structure factor with fitting curve by Lorentzian equation (eqn. 3.13),
from which the quantitative values of ¢,,.. and Ag can be obtained. As particle concen-
tration increases, the position of maximum g,,., shifts to higher ¢ values and its width
Aq increases. Under the assumption that the Bragg relation is valid, the mean particle
distance is the reciprocal of the peak position, 27 /Gmn.., which decreases with increas-
ing particle concentration. In addition, 2/Aq corresponds to the decay length of pair
correlation function g(r), thus it can be also called the correlation length of the particle
interaction. In this section the investigation of the wavelength is focused, while in the

next the correlation length is further discussed.

To which extent the bulk wavelength )\, persists in the presence of confinement is now
investigated. Experimental results for the oscillatory force F(h) were recorded with CP-
AFM, in which nanoparticles were confined between a silica micro-sphere glued on the
AFM cantilever and a silicon wafer. Fig. 4.2 shows some examples of AFM force versus
distance curves at varying particle concentration. For all but the highest concentration
considered, the data are well fitted after the first minimum (h > h,,;,) by an exponentially
damped oscillation with wavelength A\; based on eqn. 2.14. The fitting curves by eqn. 2.14
are shown in fig. 4.2 as solid lines. Moreover, the data clearly show that A\; decreases and
the oscillations become more pronounced with increasing particle concentration. At the
highest concentration (10.9 vol%) one observes a deviation from the fit function for the first
maximum (of about 10-20), indicating a different spatial distribution in ultrathin films
of the last few layers. This different distribution may be partially due to crystallization

effects close to the surfaces.
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Figure 4.2: Ezperimental curves for normalized force F(h)/R obtained by CP-AFM for
three different particle concentrations (the data have been vertically offset for ease of view-
ing). The curves are fitted according to the formula 2.14.

The corresponding experimental results for A as a function of the particle volume fraction
are plotted in fig. 4.3(a). Also shown are the theoretical GCMC data for A\ (which,
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as demonstrated in fig. 2.4, equals the bulk wavelength A\, plotted in fig. 2.3), and the
experimental SAXS data for the bulk wavelength A\;=27 /¢4, deduced from the structure
factor. Clearly, there is good agreement between the experimental data for Ay and A,.
s is considered as a wavelength averaged over all particle separations, as the structure
factor S(q) is the Fourier transform of the full function hy(r) involving all poles, which
does not need to coincide with theoretical bulk wavelength )\,. The latter determines
the asymptotic behavior via the leading pole (eqn. 2.19). Still, one expects these two
This is confirmed by the MC results for
Thus, the

experimental data for )\, is considered as an accurate approximation of the true wavelength

wavelengths to be very close to each other.

Ay, which coincide well with the experimental data for A\ (see fig. 4.3(a)).

Ay characterizing g,(r) in the real bulk system. Therefore, the experimental AFM and
SAXS results are completely consistent with the DFT prediction A\ = A,.5%°! Moreover,
one see from fig. 4.3 that there is excellent agreement between experimental and theoretical
data for As.
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Figure 4.3: (a) Comparison of the various wavelengths from theory and experiment in
bulk and confinement. Not included are the theoretical results for Ay since these are very
similar to the SAXS data (see fig. 2.3). (b) shows the experimental data on a logarithmic
scale.

This is strong yet indirect evidence that the actual shape of the fluid-wall interactions
(which is simplified in the theoretical model) is irrelevant for the asymptotic decay of
surface forces, which conforms with the DET predictions.?*®! It is also noted that, irre-
spective of the concentration considered, the amplitudes and phases characterizing the
experimental data are different from those of the theoretical functions F(h) illustrated in
fig. 2.4. This is expected in view of the simplified fluid-wall potential wy,(2) used in the
theoretical calculations (eqn. 2.20). The influence of fluid-wall potential on the amplitudes

and phases of the oscillatory forces will be addressed in Chapter 5.
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The very similar behavior of the wavelengths Ay and )\, is also reflected by the close values
of the exponents b governing their power-law density dependence (i.e., A = a¢~" shown
in fig. 4.3(b)). The exponents are shown in Table 4.1. Indeed, for ), that * = 0.36 from
experiment, while for Ay, bf = 0.34 are found. The theoretical results for the exponents

are close to the experimental ones as well.

Table 4.1: Ezperimental and theoretical results for the exponents b of the wavelengths
resulting from a fit according to A = a¢™"

Type Experiments Theories
Bulk b3AXS—0.36 bM=0.36, bTNC=0.39
Confinement  pAFM—().34 peCMC—() 36

4.2.2 The influence of salt*

The main goal in the following section is to identify the effect of the salt concentration, or
L1, on the oscillatory force and the related structuring. As a starting point, the results of
SAXS experiments in bulk system are considered. The structural factors of particles at 5.1
vol% and varying salt concentrations are shown in fig. 4.4, where the peak broadening and
intensity decrease is observed, indicating the correlation length §,—2/Aq decreases with

increasing salt concentration. The mean particle distance A\, =27 /¢y,q, remains the same
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Figure 4.4: The structure factor of 26 nm sized particle suspension with varying salt con-
centration at a fized particle concentration. Solid lines are the fits according to Lorentzian
equation 3.135.

up until the point that particles start to form aggregates at concentrations higher than

*Similar content has been published in: Asymptotic structure of charged colloids between two and three
dimensions: the influence of salt, Sabine H. L. Klapp, Stefan Grandner, Yan Zeng, and Regine von
Klitzing, Journal of Physics: Condensed Matter, 2008, 20, 494232
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1073 M (see Table 4.2). These are consistent with the results for theoretical modelings,*°
where a decrease of the correlation length &, and constant wavelength A\, with increasing

salt concentration have been observed.

Table 4.2: SAXS results for the mean particle distance \y=27 /Gmaz and the correlation
length &=2/Aq at different concentration of added NaCl and a fized particle concentration
of 5.1 vol%

LawM]  2/Aqnm|  27/qumaes [nm]

0 35.7 95.2
107° 34.8 95.3
1074 32.7 05.4
1073 26.5 05.1

The experimental results for F(h) from CP-AFM measurements at volume fraction of ¢
= 7 vol% and five different salt concentrations obtained by adding none, 107>, 10~4, 1073,
and 1072 M of NaCl to the system are shown in fig. 4.5. The force amplitude decreases
significantly with increasing salt concentration. Moreover, at a NaCl concentration of 1072
M the oscillations of the force have essentially disappeared. This is consistent with GCMC
simulations,% where a primary effect of adding salt consists of a pronounced decrease in
the amplitude of the oscillations and the oscillations essentially vanish at I,,; > 1072 M.
Similar results were obtained for confined polyelectrolytes solutions where the oscillations
were drastically reduced after adding salt well below the ionic strength induced by the

polyelectrolytes. 102

[NaCl]=0]ws
NaCl]=10"}|

Naclj=10"*}

[NaCIj=10"}

il

[NaCl]=10~/l
" " " " 1 " " " " 1 " i i i

0 100 200 300

h (nm)

Figure 4.5: Ezperimental curves F(h)/R obtained by CP-AFM at five different salt con-
centrations and a given particle volume fraction ¢= 7 vol% (the data have been vertically
offset for clarity). The salt concentrations were adjusted by addition of NaCl as indicated
(Isair is given in M). The solid lines are fits according to eqn. 2.14.

The solid lines in fig. 4.5 are the fitting curves obtained according to eqn. 2.14. The fit
describes the experimental curves at distances larger than the first minimum quite well,

but not on shorter length scales. According to eqn. 2.19 and eqn. 2.21, the expression
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eqn. 2.14 describes only the asymptotic behavior of the oscillatory force. That means,
the breakdown of eqn. 2.14 at small h is rather expected. In addition, the deviation from
the fit at shorter lengths could also be due to the relatively low spring constant of the
cantilever used in the measurement compared to the strong attractive force caused by the
exclusion of the layers of particles, which leads to mechanical instability in those regions
of the force curves. Interestingly, the deviation from the asymptotic behavior at small
h becomes less pronounced with increasing salt concentration. This behavior indicates
that the increased electrostatic screening within the system lowers the surface forces and
results in reduced mechanically instability. At higher particle concentration (e.g. 10.9
vol% in fig. 4.2), the increasing of the electrostatic screening can lower the tendency for
ordering and/or crystallization next to the surface as well. In the case of absence of
crystallization, the optimal fitting needs to cover the first peak of oscillation instead of

the valley for the aforementioned reason.
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Figure 4.6: Asymptotic wavelength as a function of the volume fraction at different salt
concentrations s (in M). (a) MC and HNC results for the bulk system and experimental

data from SAXS measurements. (b) (GC)MC simulation results (where \f = ;) and
experimental data from CP-AFM measurements.

The influence of the salt concentration on the wavelength A is now considered in more
detail. The experimental SAXS results for A, and HNC results of )\, obtained from a pole
analysis of the corresponding bulk correlation function are included in fig. 4.6(a). The data
from MC approach have the same values as in fig. 4.6(b) and they are rarely influenced
by salt concentration, therefore only one representative plot at I, — 10~° M is shown.
Experimental CP-AFM results for A\; as a function of the particle volume fraction and four
salt concentrations are plotted in fig. 4.6(b). Also shown are (GC)MC data for Ay which,
as explained above, is equal to the leading bulk wavelength )\, characterizing the MC bulk

correlation functions. This is consistent with the DFT predictions®! and also with the
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previous findings of particles at zero Iy in Section 4.2.1. Each of the approaches (CP-
AFM, MC, HNC) consistently predicts that variation of the salt concentration has only a
very small effect on the actual value of ), the differences between I, from 1075 to 1073
M are essentially negligible. Moreover, fig. 4.6 shows that there is excellent agreement
between SAXS and HNC/MC data for A, and AFM and (GC)MC simulation data for
Af.

In addition, all approaches yield close results indicate Ay = A\, and predict a power-law
behavior of the wavelength according to A = a¢~° with b ~ 1/3, corresponding to an
isotropic structuring. Thus, although the system is confined and characterized by layer
formation (i.e. translational symmetry is broken), the average interparticle distance along

the direction normal to the surface remains the same as that in the isotropic bulk phase.

Followed, the asymptotic correlation (decay) lengths, &, both in confinement and in bulk
are addressed. £ is a measure of the range over which particles in one region are correlated
with those in another region. A smaller £ indicates a smaller interaction distance, which
corresponds to a less ordered structure. Fig. 4.7 shows the comparison of {;, of AFM
force curves have been fitted with eqn. 2.14, and & = 2/Aq of SAXS structure factors
have been fitted with Lorentzian equation (eqn. 3.13). An excellent agreement between
experimental {; and &, is shown. The fact that the oscillation decay length is equal to
the range of positional correlations extracted from the SAXS peak width, suggests that

the force decay is indeed mainly caused by the loss of positional correlations.
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Figure 4.7: AFM and SAXS results for the confined and bulk correlation length as a
function of the volume fraction for different salt concentrations Iy (in M). An excellent
agreement is found, £y = &.

Regarding the theoretical results, the fact that the MC values A; in confined geometry

are equal to those in the bulk system ), has been found for the wavelength. Having this
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in mind, the HNC and GCMC results for & and ¢, respectively, as a function of the
volume fraction at different I,,;, in addition to experimental & and {; are included in
fig. 4.8. Fig. 4.8(a) shows the comparison of & between HNC and SAXS, while fig. 4.8(b)
shows the comparison of {; between GCMC and AFM. All approaches predict a significant
influence of the salt concentration on the correlation length as long as the volume fraction
is not too large, that is, ¢ < 10 vol%. For smaller volume fractions, adding salt at a
fixed silica concentration yields a pronounced decrease of £&. This can be explained by
simple screening arguments. For I > 10~* M, ¢ increases monotonically with ¢ in the
range of volume fractions considered. These strongly screened systems behave more like
systems with hard repulsive potentials (i.e. hard spheres) where the range of oscillatory
correlations (and thus, £) just increases with ¢. On the other hand, for I,,; < 107* M, a
decrease of ¢ is observed. This behavior may be interpreted as follows: for small values
of I, and ¢, increasing the silica concentration has a similar effect to adding salt since
both yield an increase of the inverse Debye length x and thus the screening. This leads,
in turn, to a damping of oscillations and the related surface properties. It is worth to
mention that at larger ¢ does the system with low salt behave again like a “hard-sphere”,
in that £ increases with ¢. These trends of the correlation length are predicted both by
HNC theory and the MC data at ¢ > 10 vol%.5°
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Figure 4.8: (a) HNC results for the correlation length & as a function of the volume
fraction at different salt concentrations Iy, (in M) are shown beside the experimental ones
from SAXS. (b) The theoretical &5 obtained from GCMC' in comparison to the experimental
results from AFM measurements. The experimentally determined correlation lengths are
larger than the theoretical ones.

At the particle concentrations considered, the experimentally determined decay (correla-
tion) lengths are larger than the theoretical correlation lengths plotted in fig. 4.8. This

is also visible in the slower decay of the experimental force curves (see fig. 4.5) in com-
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parison to the simulated ones.® According to DFT, the different fluid-wall potential in
experiments and theory should not have any effect on £, and {; should be equal to &, as
long as the asymptotic limit is considered. This has been found experimentally by com-
paring results of AFM and SAXS (fig. 4.7), but not between experimental and theoretical

results.

Although HNC directly calculated the correlation functions from integral equations it
contained several approximations which might cause the differences to the experimental
results. Particularly in the theoretical GCMC data, there is clearly some uncertainty
regarding the separation h where the asymptotic behavior actually sets in, the determi-
nation of the decay length &; in eqn. 2.21 suffered from big uncertainties, whereas the
wavelength \; yielded good agreement with the experimental results (see fig. 4.6). The
fitting procedure of the correlation function using eqn. 2.21 is only valid for the asymp-
totic range, i.e. for large distances. Choosing a fit range starting after several oscillations
should yield better agreement between simulation and theoretical calculation. However,
due to statistical errors of the simulations, the fitting procedure yielded erroneous results
at large h since the amplitudes of f (h) became very small at the bulk concentrations
considered. Hence, the limited distance range to fit f(h) yielded uncertainties in . The
same uncertainty was be found using eqn. 2.19 for the MC correlation length &,. However,
since HNC results yield better agreement with the experimental ones, MC data for bulk
correlation length &, is not included in fig. 4.8(a).

Nevertheless, the qualitative behavior of £, depending on the salt ionic strength I,,; and
the particle concentration, was not affected by the fitting range. Further investigations of

the correlation length and its other dependence will be discussed in the next section.

4.2.3 Impact of particle size*f

The main goal in this section is to identify the effect of particle size (and the resulting
total particle surface charge Z o 02) on the structural forces in slit-pore confinement.
Three types of colloidal suspensions, named TMA 34, HS 40, and SM 30, composed of

charged silica nanoparticles with different diameters o were used. The particle sizes were

*Similar content has been published in: Effect of particle size and Debye length on order parameters of
colloidal silica suspensions under confinement, Yan Zeng, Stefan Grandner, Cristiano L.P. Oliveira,
Andreas F. Thuenemann, Oskar Paris, Jan S. Pedersen, Sabine H. L. Klapp, and Regine von Klitzing,
Soft matter, 2011, DOI:10.1089/C1SM05971H

tSimilar content has been published in: Charged silica suspensions as model materials for liquids in
confined geometries, Sabine H. L. Klapp, Stefan Grandner, Yan Zeng, and Regine von Klitzing, Soft
matter, 2010, 6, 2330-2336
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Figure 4.9: SEM images of (a) SM 30 (¢ = 9 + 2 nm), (b) HS 40 (0 = 16 £ 2 nm),
and (¢c) TMA 34 (0 = 25+ 2 nm).

determined by scanning electron microscopy (SEM) and by small angle X-ray scattering
(SAXS). The (-potential was determined by electrokinetic measurements at the same
conditions employed in the AFM experiments. The corresponding particle diameters, zeta

potentials, and total surface charge Z (see Section 2.2.1) are summarized in Table 4.3.

Table 4.3: Ezperimental results for the particle diameters o, (-potentials, and total
surface charge Z of the Ludoz particles investigated in the study
Type  osgym [nm| osaxs ¢ [mV] Z
TMA 34 25+ 2 26+3  -60 35
HS 40 16 £2 16£2  -57 13
SM 30 9+2 11£2  -56 6

The scanning electron microscopy images are shown in fig. 4.9. The images show that all
three types of particles are highly spherical and characterized by a relatively small size
distribution. A highly mono-dispersed system is necessary in order to determine the effect
of particle size precisely, because the wavelength of a polydisperse system results from all

contributions of particles with various sizes.?!

SAXS diagrams are shown in fig. 4.10. Through fitting the form factor, particle size can
be obtained, shown in Table 4.3. Furthermore one can observe, with increasing sample
concentration, the structure peak position shifts to the high ¢ region. The structure factor
was extracted by dividing the form factor F(q) from the total intensity. The corresponding
structure factor for all three series of Ludox samples is shown in fig. 4.11, with fitting curve
by Lorentzian equation (eqn. 3.13), from which the quantitative values of ¢nq, and Ag
can be obtained. As particle concentration increases, or particle size decreases at a given
particle concentration, the position of maximum g¢,,,, shifts to higher ¢ values and its
width Agq increases. The correlation length 2/Agq is reminiscent of the decay length of

the oscillatory force measured by AFM under slit-pore confinement. The mean particle
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Figure 4.10: SAXS diagrams of Ludoz nanoparticle suspensions of three different particle
sizes, (a) 26 nm (b) 16 nm and (c¢) 11 nm, at varying particle volume fractions. Grey
lines represent the best form factor F(q) fitted with polydisperse sphere model.
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Figure 4.11: The extracted structure factors of (a) 26 nm (b) 16 nm and (¢) 11 nm sized
particle suspensions. Peaks are fitted to the Lorentzian form of eqn. 3.13 to obtain the
quantitative values of Qe and Aq.

distance is the reciprocal of the peak position, 27 /Gmne:, and can be compared to the

wavelength of the oscillation from AFM measurements.

Fig. 4.12 shows some examples of AFM force versus distance curves for Ludox silica
nanoparticle suspensions with particle diameters of 11 nm, 16 nm and 26 nm, respectively,
at varying particle concentration. All curves in fig. 4.12 exhibit oscillations indicating
layer formation of the particles. In general, as described in previous sections, for the
samples at a given particle size at higher concentrations, the force amplitude was more
pronounced and the force range was larger, indicating a stronger interaction and more
layers of particles. The wavelength of oscillation decreased with particle concentration in
the meantime, which indicated that the layer-to-layer distance became smaller. The most
prominent effect of varying particle size consists of a decrease in the wavelength A; of
the oscillations upon decreasing . This change in A; confirms the idea that the particle

diameter is an important length scale in the problem. A decrease in the amplitude of the
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oscillations, which became particularly apparent for the smaller particles, is also observed.
To quantify these effects and obtain quantitative values of A\f, {; and A, the curves (see

solid lines in fig. 4.12) are fitted according to eqn. 2.14.

0.6 a) 80 B b)
g L 18vol%l| &
Z 02 30vol%l =
3 L 40vol%l =
x 0.0 6.4vol%p| v
N ™
0.2 (8.5 vol%] | [11.0vos)
-04 N 80k 1 1 1 1
300 0 50 100 150 200
h (nm)
1 1 1 1 1
0 50 100 150 200

h (nm)

Figure 4.12: AFM force curves of three series of Ludox nanoparticle suspensions, (a) 26
nm (b) 16 nm and (c) 11 nm, under slit-pore confinement. For better viewing, the curves
are offset vertically. Solid lines are the corresponding curves fitted by eqn. 2.14.

The experimental results for ¢ at different volume fractions are summarized in fig. 4.13,
where includes the GCMC simulated results of theoretical ¢ for comparison. In GCMC
simulations, negatively charged particles with ¢ = 26 nm and 16 nm are considered. Z =
35 is set for the larger particles and the total charge of the smaller particles with o = 16
nm is set to Z = 13. The smallest particles with 0 = 11 nm (corresponding to Z = 6) are
not taken into account in the simulations, since the resulting DLVO repulsion is too small
to generate detectable force oscillations at the volume fractions of interest. All GCMC
simulations have been carried out with two different salt concentrations (I, = 107°
M and I, = 107* M). The data in fig. 4.13 reveal that the absolute value of I,y is
rather unimportant. On the other hand, there is a strong impact of the particle size
on the wavelength of the oscillations, in agreement with the experimental results. This
quantitative consistency underlines the validity of the DLVO-based model not only for
TMA-34 particles (0=26 nm, Z = 35), which were studied earlier, but also for other

particles sizes.
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Figure 4.13: Asymptotic wavelengths for two particle sizes as a function of the volume
fraction from GCMC' simulation (confinement) at two salt concentrations and from AFM
experiments.

Table 4.4: GCMC results for the exponents b of the wavelengths resulting from a fit
according to A = a¢?

Diameter [nm| Iy, [M] b
26 10~ 0.38
26 107° 0.37
16 10~ 0.46
16 107° 0.43

The exponents extracted from GCMC data are given in Table 4.4. While the values found
at o = 26 nm are still rather close to the experimental result (see Table 4.5), the GCMC
values for 0 = 16 nm deviate more significantly. However, a precise determination of A
at this small particle size is rather difficult, since the oscillations in f(h) decay extremely
fast.'9 Thus, it is hard to identify the “asymptotic” range relevant for which eqn. 2.21
should hold. Nevertheless, even with these slight deviations, one can conclude that the
GCMC data confirms the idea of a bulk-like scaling (b ~ 1/3) of the wavelength within

the range of volume fractions considered.

Even without a more detailed analysis one observes from the structure factors an increase
of the peak width in fig. 4.11 and from the force curves in fig. 4.12 an increase of the
damping of oscillations towards its limiting value of zero, that is, in another word a
decrease of the correlation length & with increasing particle size. As expected from the
relation between o and Z, the larger (and thus, more strongly coupled) particles are
characterized by more pronounced interparticle correlations. Since a quantitative measure
of the range of correlations is the correlation length, the larger particles are characterized

103

by larger correlation lengths. This is consistent with the theoretical results for &, where
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MC results for the pair correlation functions g(r) of two bulk silica suspensions composed
of particles with ¢ = 26 nm and 16 nm are included. For MC data, the correlation
lengths first decrease with particle volume fraction till certain point and then increase
again (hard repulsive potentials as aforementioned). In addition, similar correlation effects
are observed in the microscopic structure of the confined systems: an increase of the size
(and resulting charge) leads to both a stronger structuring in the z-direction, and more

pronounced lateral correlations.

4.3 Discussion®

4.3.1 Scaling law of the interparticle distance

Fig. 4.14(a) shows the comparison of A\; and A\,=27/¢nq, in a double logarithmic scale.
For all three series of Ludox samples, A\ and 27 /¢,,q, decrease with particle concentration
and both values are in remarkable agreement. More precisely, as suggested by the location
of the data points in fig. 4.14(a), the functions A(¢) can be fitted according to a power
law, i.e., A\ = a¢’. The resulting exponents are given in Table 4.5. One finds that all of
the confined, layered systems essentially obey the simple (geometrical) bulk scaling rule
according to which the wavelength should behave as the mean particle distance in an ideal
(random fluid-like) system, i.e., ¥ = ¢~%/3. One can also note that, the data sets for
the three particle sizes in fig. 4.14(a) are separated in the sense that the corresponding
lines are shifted along the y-axis, i.e., the prefactors a in the power law A = a¢~" are size-
dependent. This reflects the fact (already apparent from fig. 4.12) that, at fixed volume
fraction ¢, the absolute value of A\ decreases with o. This is due to the different particle
number densities at a given volume fraction for particles with unequal size, i.e. using

smaller particles lead to a larger number density at the same volume fraction.

Given the rather simple behavior of the functions A(¢), one may ask whether there is any
non-trivial impact of the particle size on the wavelength. In other words, could one just
“map” the data points for different diameters o onto each other? To explore this question,
the wavelength A as a function of the particle number density, p = N/V = (6/7)¢pc 3,
is plotted in fig. 4.14(b). In an ideal (random fluid-like) system one would expect that

~1/3

Nd = qp~1/3 with a = 1 (consistent with the scaling rule \'d = ¢ mentioned above).

*Similar content has been published in: Effect of particle size and Debye length on order parameters of
colloidal silica suspensions under confinement, Yan Zeng, Stefan Grandner, Cristiano L.P. Oliveira,
Andreas F. Thuenemann, Oskar Paris, Jan S. Pedersen, Sabine H. L. Klapp, and Regine von Klitzing,
Soft matter, 2011, 7, 10899-10909
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Figure 4.14: (a) Comparison between AFM wavelength Ny and SAXS 27 /Gnaz for three
series of particles at varying concentrations. Solid lines are the corresponding fitted curves
with scaling factor of approzimately -0.33. (b) The master curve of fig. 4.14(a). The solid
line is the calculated ideal value of average particle distance in bulk with \'@= p=1/3.

Given that this ideal scaling holds for the silica systems at hand, all data points should
fall on one “master curve”. In a double-logarithmic representation, this “master curve” is a
line with slope —b = —1/3 and an intercept of a = 1. From the experimental data plotted
in fig. 4.14(b) one observe that the ideal scaling (indicated by the solid line) is fulfilled
by all series of particles with an intercept of unity. The agreement of both wavelengths
A to the particle-size-independent ideal value indicates that the interparticle distance is

solely number density dependent, not influenced by the particle size, whether in bulk or

confinement.

Table 4.5: FExperimental results for the exponents b of the wavelengths resulting from a
fit according to \ = a¢™?

Typ e bAFM bSAX S

SM 30 (0 ~ 1l nm)  0.33  0.33
HS 40 (¢ ~ 16 nm)  0.32  0.31
TMA 34 (0 ~ 26 nm) 034 0.36

It is worth mentioning, for samples prepared from different original stocks of suspensions,
that when one uses the particle size determined from SEM, only the system TMA 34
composed of the largest particles has an intercept of approximately unity (a = 1.04). For
the other systems, a = 0.93 for HS 40 and a = 1.23 for SM 30 (shown in fig. 4.15(a)).
The experimentally observed deviations from the ideal behavior in this context mainly
stem from the uncertainty of the value of o (see Table 4.3). This view is confirmed by

fig. 4.15(b), where the same data with assuming somewhat different diameters is plotted
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(see figure caption). The fitted values for the intercept are now close to unity for all three
systems considered (a = 0.9988, 0.9936, and 1.0095 for TMA 34, HS 40, and SM 30,
respectively). Thus, a nearly ideal behavior is regained by adjusting particle sizes to 26
nm for TMA 34, 15 nm for HS 40, and 11 nm for SM 30, which approach the values
determined from SAXS measurements. 1 nm smaller than 16 nm determined from SAXS
for HS 40 is most likely due to the different stock of suspensions were used in the two

measurements. Thus the size determined from SAXS is more accurate to be used as the

mean particle sizes.
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Figure 4.15: (a) Wavelength as a function of the particle number density from CP-AFM
experiments, assuming the average particle diameters from SEM given in Table 4.3. The
error bars stem from the uncertainty in the particle diameters. The dash line corresponds
to the ideal scaling rule N4 = p='/3. (b) Same experimental data as in (a), with assuming
somewhat different diameters (see figure caption).

4.3.2 Validity of \;=2(R+ ')

Several literature studies have shown that the wavelength (in AFM, or step size in thin
film pressure balance) coincided with the effective particle diameter 2(R+ £~1), including
the Debye length, for colloidal samples at high concentration (above 10 vol%). 4?3194 The
AFM wavelength A, with the calculated effective particle diameter, 2(R + £~!), is herein
compared. The contribution of the charge dissociation from the silica nanoparticle surfaces
is needed to be taken into account on the total ionic strength I;,; and thus the Debye length
k1. There are two methods to determine or calculate the Debye length, calculate the x*
from eqn. 2.18 with known value of the silica surface potential ({-potential, see Table 4.3)
or convert from conductivity of the suspension. Previous literature studies?* used a simple

Russell prefactor, 1.6 x 1075, which is valid for simple electrolytes, for conversion and
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yielded smaller values of the Debye length. Here, the prefactor for the present system is
determined individually, based on the assumption of monovalent counterions and charge
neutrality between counterions and colloidal particles. A relation between the measured
conductivity and ionic strength of the samples is found to be I;,; = % X K, where (3 is
the slope of the plot of conductivity versus particle number density as shown in fig. 4.16.
This equation yields a prefactor 1.27x107% to convert conductivity K in the unit of uS
cm~! to ionic strength I, in the unit of M for 26 nm sized particles. The values of Debye
length k' obtained from conductivity measurement are listed in Table 4.6, where the
calculated values ;' from eqn. 2.18 are also included. The x;' and x; ' have similar
values, which are in the range approximately of 0.7-1.5¢ for the particle concentration of

interest.

400 |
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Figure 4.16: Conductivity K versus particle number density p for 26 nm sized particles.
The slope 3 is 2.282x10%°.

It is obvious that the AFM wavelength A; is significantly smaller than the corresponding
effective particle diameter in the absence of interactions between particles, as shown in
fig. 4.17. This indicates that the particles’ counterion double layers overlapped signifi-
cantly in the present studied concentration range, leading to the strong electrostatic re-
pulsion. In the meanwhile, the AFM results showed the p~1/? scaling law was valid at least
until 13 vol% (the maximum experimentally studied concentration) and GCMC results
extended the validity until 30 vol%.% Upon fitting the literature results which claimed
to be close to the effective particle size, the scaling law of -1/3 was still obtained.'*!04
Therefore, one can claim that interparticle distance is not ionic strength controlled and
-1/3 scaling law is a general description for the distance of charged particles in the di-
rection normal to the confining walls, as long as the repulsive interaction is sufficiently

long-ranged. It is worth to mention that this scaling law is no longer valid when the
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Table 4.6: Ezperimental results of conductivity K at varying particle concentration, the
corresponding ionic strength and Debye length k7', and the previous calculated Debye
length k5" from eqn. 2.18, and the ratio of Debye lengths from two methods.

olvol%| K |uS em™!| Lo [M] mea. 7 [m|] cal. k5! [m|] Ky /KT
2.1 08.8 7.4676x107°  3.519x107%  3.725x107® 1.058
3.0 82.8 1.0516x107*  2.966x107%  3.113x107% 1.049
4.3 106.1 1.3475x107*  2.620x107%  2.596x107% 0.990
5.1 126.5 1.6065x107%  2.399x1078  2.387x107® 0.995
7.4 181 2.2987x107*  2.006x107%  1.989x10~8 0.992
9.6 246 3.1242x107*  1.721x107%  1.744x1078 1.014
1.8 49.3 6.2687x107°  3.841x10%  3.933x1078 1.024
3.0 77.9 9.8933x107°  3.057x107%  3.102x1078 1.014
4.0 102.6 1.3036x107*  2.663x107%  2.692x107% 1.010
6.4 160.2 2.0353x107*  2.131x107%  2.145x1078 1.006
8.5 212.1 2.6931x107* 1.853x107® 1.861x10°8 1.004
10.9 271.6 3.4489x107*  1.637x107%  1.642x1078 1.003
13.5 337.8 4.2907x107*  1.468x107%  1.471x1078 1.002

interaction is characterized by the hard core of the particle, where the wavelength is the

diameter of particle and not affected by the bulk concentration (discuss in detail in Chap-

ter 7). The previous description of 2(R + k') only in some systems (depends on ionic

strength of the samples) approaches the value of wavelength at high concentrations.
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Figure 4.17: Comparison between AFM wavelength Xy and the calculated effective particle
diameter, 2(R+ k"), Solid line: 2(R+ 1) for 26 nm, dash line: 2(R+ =) for 16 nm,
dot line: 2(R + k™) for 11 nm.
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4.3.3 Scaling law of the correlation length

The comparison between &y and 2/Aq for all three series of samples is shown in fig. 4.18.
There is a good agreement between £y and 2/Aq, except for the initial points of 16 nm
and 11 nm samples which show deviations from the fit, mainly due to the low resolution

of small size particles in the SAXS experiment.

26nm 2/Aq
> 16nm 2/Aq
11nm 2/Aq
26nm ¢
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20

g and 2/Aq (nm)
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Figure 4.18: Comparison between AFM decay length & and SAXS correlation length
2/Aq.

The correlation length, which indicates the decay length of the ordering, is reminiscent
of the Debye screening length. The previous work showed that the decay length of the
interaction between two flat surfaces was found as the Debye length. %> The scaling laws in
fig. 4.18 is -0.39, -0.33, and -0.29 for 26 nm, 16 nm and 11 nm sized particles, respectively.
The variance in the scaling law suggests that the particle size has a significant influence on

the correlation length. Thus, the expression § = R+ k!

is herein used for the predicted
correlation length between particles. Fig. 4.19 shows the comparison of experimental
correlation lengths obtained from AFM force curves and the predicted values by assuming

¢ = R+ k1. These two values coincided with each other for all sized particles.

The radius-subtracted correlation length versus the total ionic strength of the samples
ot is then plotted, where (2N410) Y2 = (Zp + 2N glsq;)/? o< k=1, The master curve
in fig. 4.20 shows that for all series of particles, the scaling law of radius-subtracted cor-
relation length with ionic strength is remarkably close to -1/2. This -1/2 scaling law with
respect to the ionic strength can be suggested to apply to various systems by excluding the
geometries of investigated samples. For specific systems, the ionic strength of the solution

is attributed solely by the investigated samples, (e.g. charged colloids and polyelectrolytes
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Figure 4.19: Comparison between AFM decay length & and the proposed correlation
length, R+ x~t. Solid line: R+ k= for 26 nm, dash line: R+ k=t for 16 nm, dot line:
R+ k7! for 11 nm.

in the absence of added salts) I, is then proportional to the sample concentration, thus

-1/2 scaling law of £-R with sample concentration ¢ can be applied. '

The consistence of measured ¢ with R+x~!

indicates the correlation length of the present
system is both particle size and ionic strength controlled, in contrast to the negligible in-
fluence of the particle size and ionic strength on the interparticle distance. The decrease
of the correlation length with increase of particle concentration can be understood as a
simple screening effect due to increased ionic strength associated with particle concentra-
tion. The particle concentration affects the correlation length through the ionic strength

of the total suspensions instead of through the volume scale for interparticle distance.
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Figure 4.20: The radius-subtracted correlation length versus the total ionic strength of
the sample. The scaling law for all three series of samples is close to -1/2, indicating the
correlation length is the sum of particle radius and Debye length.
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To illustrate the dependency of theoretical correlation length on the particle size and
ionic strength, fig. 4.8 is converted into the plot of radius-subtracted decay length versus
total ionic strength shown in fig. 4.21, where a scaling law of -1/2 is found for HNC and
GCMC, consisting with that of experimental ones. MC simulation (not shown in fig. 4.21)
for decay length in bulk, however, yields a deviation in the scaling law due to the afore-
mentioned reasons. Compared with experimental correlation lengths, HNC or GCMC
generates smaller values. Similar behavior is shown in fig. 4.8. These deviations between
the experiments and the model predictions may be taken as a hint for an inaccuracy of
the choice of model parameters. Indeed, small deviations of model parameters may affect
a highly sensitive quantity such as a correlation length much more than the rather robust
wavelength values. The same observations that can be sured between experiments and
modeling are the decreasing tendency of decay length with increasing particle concentra-
tion and particle size, and a significant influence of the ionic strength on the decay length.
Regardless of the relative smaller values obtained from the model predictions, the similar
exponent, -1/2; of the scaling law behavior indicates that the correlation length is a highly
sensitive quantity controlled by particle size and ionic strength of the system. This can
be motivated by the fact that on one hand in the low particle concentration regime the
range of the correlations is determined by the range of the interaction potential.’* On
the other hand, the range of this potential is determined by the hard-core repulsion with
radius R and the DLVO repulsion with range x~! (see eqn. 2.15). This scaling law is valid
up to particle concentrations of 10 vol%. Above this concentration, the systems behave

like those with hard repulsive potentials due to the strong screening.
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Figure 4.21: The radius-subtracted correlation length versus the total ionic strength of
the sample. The scaling law of HNC calculation for bulk and GCMC simulation for con-
finement is close to -1/2. The difference in the absolute value between experimental and
simulated results is due to the uncertainties regarding the choice of asymptotic range.
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Up to now, the relation of the two characteristic lengths with Debye-Hueckel length can
be schematically represented in fig. 4.22. In the low particle concentration regime, the
interparticle distance is always smaller than the effective particle diameter, A =p~ /% <
2(R + x71), meaning the diffuse double layers overlap. The correlation length can be

proposed as the sum of particle radius and the Debye length, { = R + x~ 1.

A= p-113 < 2(R+k—1)
g = R+k1

Figure 4.22: Schematic representation of the relation between \, € and k™' at concen-
trations considered in this study.

4.3.4 Dependency of the particle interaction strength

Both SAXS maximum intensity and AFM force amplitude measure the strength of the
interactions between particles. As shown in fig. 4.23(a) and fig. 4.23(b), the maximum
intensity and force amplitude increases linearly with particle concentration at fixed size.
Analogous behavior was also found for confined polyelectrolytes solutions where the am-
plitude increased with increasing concentration and polymer charge density due to higher
overall charge.'%! For larger-sized particles, the increase in the interaction strength was
more pronounced. The ratio of the slopes of the maximum scattering intensity versus
particle number density in fig. 4.23(a) equals to the ratio of the particle size with power
law of six, ¢, indicating that scattering intensity is proportional to the product of particle
number density and square of the particle volume due to scattering mechanism (7,4, < p
xV;?). The ratio of the slopes of the force amplitude curves in fig. 4.23(b) is equivalent to
the ratio of the square of the total charge of the particle Z? (Z = 35, 13, and 6 for 26 nm,
16 nm and 11 nm sized particle, respectively), indicating that the interaction between
particles is electrostatic repulsion dominated and particle surface charge influenced (see
eqn. 2.15). Previously, one observed that the increase in particle concentration led to an

increase in amplitude while the associated increase in counterion concentration led to a
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decrease in amplitude (fig. 4.2 and fig. 4.5). The SAXS measurements also showed that,
at a given particle concentration, increasing salt concentration caused a reduced inten-
sity (fig. 4.4). However, the linearly increasing amplitude with no observed maximum in
fig. 4.23(b) indicates that the effect of particle charge dominates the counterion effect in
this study.
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Figure 4.23: (a) SAXS mazimal intensity versus particle number density. Slope ratio
276: 14: 2 is similar to the square of particle’s volume 26°: 16°: 115. (b) AFM force
amplitude versus particle concentration. Slope ratio 210: 26: 6 is similar to the ratio of
square of each surface charge 35%: 13%: 6.

There is no direct way to compare the maximum intensity from SAXS with the force
amplitude from AFM in order to know how the interaction strength changes in a confined
system. The influence of confining surface potential on the structuring of particles is going

to be discussed in the next chapter.

4.3.5 Effect of confinement

So far, the agreement between £ - 2/Aq and A - 27 /¢4, indicates average interparticle
distance and correlation length in the direction perpendicular to the confining surfaces
correlated well with the bulk ones. No confinement effect in terms of the average in-
terparticle distance and correlation length was observed at the particle concentration
considered. The question then is whether there is an effect of confinement on another
scale. The occurrence of an oscillatory force itself is a confinement effect, which is caused
by the oscillatory density profiles of particles in confinement and represented as layers of
particles with varying particle densities formed parallel to the confining surfaces. This

confinement induces layering of nanoparticles, in the vicinity of the confining surfaces,
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indicating that the translational symmetry of the bulk system is broken.!>% At particle
concentration below 10 vol%, the particles within the layers are fluid-like as in bulk and
the asymptotic range is valid until to the first minimum. This fluid-like in-plane structur-
ing was also addressed by previous experimental and theoretical studies at low particle
concentrations. %1% Those previous studies also showed that a higher ordering started
to form within the contact layer as particle concentration further increased and the full
oscillation deviated from the exp()xcos() asymptotic behavior. This is confirmed by the

present results on 26 nm sized particles at concentration of 10.9 vol% (shown in fig. 4.2).

4.4 Conclusion

The dominating wavelengths of the oscillations in characteristic bulk correlation functions
and confined charged silica solutions are found to be in excellent agreement with each
other, A=\, both from experimental (AFM, SAXS) and theoretical (MC/GCMC, HNC)
point of view. The experimental wavelengths are reproduced very well by theoretical
calculations based on the DLVO interaction potential. Strictly speaking, the latter is an
effective potential derived for bulk systems with spherical counterion distribution. Clearly,
this will change in a nanoscopic system where many particles are close to an interface
(where image charge effects may also play a role).'% ' From that point of view, the
good performance of the bulk calculations in the confinement and the agreement between
two experimental results indicates that the confinement-induced changes of the wavelength

are irrelevant for the quantities considered.

At a fixed particle number density the wavelength of the oscillations turns out to be
independent of the particle size, the surface charge of the particles, and ionic strength of
the suspensions. Regarding the particle number density dependence of the wavelength,
the experimental results reveal an “ideal” scaling behavior described by A = p~'/3 within
the error of the wavelength determined from fits and the error caused by the determination
of the particle diameter. This ideal scaling indicates that the wavelength of the confined,
layered systems behaves like the average particle distance in an isotropic bulk system.

Theory modeling yields very similar results as the experimental ones.

Of course, the oscillatory force is a consequence of the confinement, meaning the transla-
tional symmetry is broken. The wavelength A considered in this study is associated with
the density distribution perpendicular to the walls, and one has seen that this wavelength

strongly and solely depends on the particle number density p. Clearly, one would also
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expect an increase of lateral order with p, including the possibility of wall-induced crystal-

112 and also

lization. Hints for such behavior were already observed in X-ray experiments
in the present study via a deviation of the measured force F(h) from simple oscillatory

behavior in ultrathin films at high particle volume fraction.

In contrast to the wavelength, the dominating correlation length of the oscillations has
been found to be not only dependent on the particle number density but also on the
particle size and the ionic strength of the suspensions. The increase of the particle con-
centration, corresponding increase in the ionic strength, and the decrease of particle size
lead to the decrease of the correlation length. The relation between the correlation length

and Debye screening length can be proposed as € = R + k1

, meaning the correlation
length is both particle size and ionic strength controlled. Theoretical models provide a
qualitative agreement with experiments on the correlation length: the dependency of cor-
relation length on the particle size and Debye length has been proven, while the difference
in the absolute value between theoretical and experimental results exists in all modeling
due to some uncertainties regarding the choice of model parameters. That £y and &, are
equal has also been found by AFM and SAXS and is consistent with the prediction from

DFT.5!

Both experiment and simulations indicate that increase of particle size/charge leads to
both a pronounced increase of the amplitude and the range of the interaction. The AFM
force amplitude is proportional to the product of particle volume fraction and square of
the particle surface charge, indicating that the particle charge exerts a strong effect on the
amplitude because the particle-particle interaction is dominated by electrostatic repulsion.
The SAXS maximum intensity is proportional to the product of particle number density

and the square of particle volume, due to the scattering mechanism.
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Chapter 5

Structuring of nanoparticles between modified solid

surfaces

Abstract

In order to investigate the effect of confining surfaces on the structuring of nanoparticles
in between, confining surface is modified by either attaching a mica sheet on the silica
substrate or physically adsorbing polyelectrolytes on silica surfaces with layer-by-layer
technique. In the first case, only the surface potential (or surface charge) is tuned. AFM
force measurements show an enhanced amplitude in oscillatory forces while the wavelength
and correlation length remain constant with increasing confining surface potential. This
is an outcome of reduced particle-wall interaction range, due to the fact that the charged
walls release additional counterions accumulated in a thin layer at the wall surfaces and
contributed to the Debye length of particle-wall interaction. As a consequence, more
particles can be accumulated inside the slit. In the second case, the effect of layer-by-
layer modification on the surface potential and the surface roughness are also studied.
Experimental findings reveal that for PAH /PSS multilayer the surface potential does not
change with increasing number of layers nor with increasing ionic strength of the solution,
thus the corresponding reduction in the oscillatory amplitude correlates with the increase
in the surface roughness. The influence of the surface roughness is additive, which is
shown by the additional reduction in force amplitude between two assembled surfaces
in comparison to only one surfaces assembled with polyelectrolytes. Increasing surface

roughness further induces a vanishing of the oscillations.

5.1 Introduction

Typically, structural force of confined nanoparticles has a damped oscillatory character as

9195 reflecting the oscillatory density profile, signifying

a function of the surface separation,
the formation of layers of nanoparticles parallel to the surfaces. In the previous chapter,
the asymptotic behavior of the structural forces has been demonstrated, particularly the
wavelength and decay length of the oscillations at large surface separations are governed by
the pair structure in the corresponding bulk fluid. This observation is fully consistent with

50,51

predictions from density functional theory (DFT), according to which the properties

of the surfaces should become irrelevant in the asymptotic limit. On the other hand, DF'T
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also predicts that the surface properties (or, more specifically, the interaction between a

charged particle and a surface) do influence the amplitude and phase of the oscillations.

The properties of the surface are studied in two aspects in this chapter: the surface
potential and the surface roughness. The surface potential is modified by depositing a
negatively-charged mica sheet on top of a silicon wafer. To understand the mechanisms of
the change in structuring after modifying the surface potential, a grand-canonical Monte
Carlo simulation (GCMC) involving confined silica particles, which interact via the DLVO
potential, is included.®® The GCMC results only involving silica ions turn out to be highly
sensitive with respect to the actual model for the interaction between a silica particle
and the surface(s). In particular, the simulated observations are not reproduced even
qualitatively and predicts an opposite behavior as the experimentally observed one when

64,113 is employed, where

the simplest version of linearized Poisson-Boltzmann (PB) theory
the exponential decay of the potential is determined by the bulk Debye screening length

and the wall potential only comes into play through a prefactor.

To solve this contradiction, a modified fluid-wall (particle-confining surface) potential is
introduced, starting from a PB-like theory for a colloidal suspension next to one charged
surface.'™ The modification consists of supplementing the bulk Debye screening length
appearing in the simplest approach by a contribution from the wall counterions.®? A sim-
ilar idea though in a different context is followed in various earlier investigations. 1517
In these studies, however, the contribution of the wall counterions to the screening pa-
rameter in the resulting potential was assumed to be homogeneous. In the present work,
at least approximately, the inhomogeneity of the counterion distribution is taken into
account, which yields a particle-wall screening length which depends both on the wall
counterions (or equivalently, the wall charge) and on the distance between particle and
wall. The full fluid-wall potential from the two charged surfaces is then constructed by
linear superposition (LSA). The resulting potential is still purely repulsive, but displays
a non-monotonic behavior as a function of the wall potential with respect to the degree
and range of repulsion. In particular, within the experimentally relevant range of surface
potentials, the GCMC results with the new fluid-wall potential model is in qualitative

agreement with the experiments.

The surface roughness is tuned by physisorption of polyelectrolytes onto the silica sub-
strate. The consecutive adsorption of oppositely charged polyelectrolytes has been in-
troduced by Decher et al..% This so-called layer-by-layer coating is possible because, for
many polyelectrolytes, physisorption onto a charged surface is irreversible and results in
surface charge reversal.'® Thus, after the first adsorption step the surface can again serve

as a substrate for the adsorption of an oppositely charged polyelectrolyte and so on until
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the desired number of layers is adsorbed. The main features are that the thickness of
adsorbed polyelectrolyte layers can be easily controlled in the nanometer range by the
numbers of layers or by the ionic strength 2! and the macroscopic properties can be
controlled by the type of the polyelectrolytes. The layer-by-layer technique is not only
applied to flat substrates but also to colloidal probes in this study.

According to the previous studies on liquid molecules by surface force apparatus (SFA),
the roughness of the confining surfaces is just as important as the nature of the particles
for determining the oscillatory forces.?® For surfaces that are randomly rough, the oscil-
latory force profile becomes smoothed out and disappears altogether, to be replaced by a
purely monotonic force profile.'?? This occurs even if the liquid molecules themselves are
perfectly capable of ordering into layers. Despite certain applications of CP-AFM were
used in studying the interaction between surfaces coated with polyelectrolyte multilayers
in aqueous medium, 124 the investigation of oscillatory forces due to colloidal particle
ordering between two polyelectrolyte coated surfaces is scarce. Thus, the correlation be-
tween the amplitude of the oscillatory force profile of particles and the roughness of the

confining surfaces is investigated in this chapter.

5.2 Results and discussion

5.2.1 Potential of confining surface

In the force experiments two types of substrates are considered: (i) a silicon wafer with
a native silica (Si0,) top layer, and (ii) a freshly cleaved mica sheet deposited on top
of a silicon wafer. The corresponding surface potentials are 1)s ~ —80 mV for silica and
s ~ —160 mV for mica, respectively. The CP-AFM results for the force-distance curves
of 26 nm sized silica particle suspensions, F'(h), involving two different (silica and mica)
surfaces are presented in fig. 5.1. One immediately sees that the larger (absolute) surface
potential related to the mica surface leads to a pronounced enhancement of the oscilla-
tions as compared to the silica surface. To quantify the effect force curves have been
fitted according to eqn. 2.14. Results for the amplitude A, wavelength A, and correlation
length &; are given in Table 5.1. The data show that the amplitude A obtained for the

(more strongly charged) mica surface is nearly twice as large as that for silica. On the

*Similar content has been published in: Impact of surface charges on the solvation forces in confined
colloidal solutions, Stefan Grandner, Yan Zeng, Regine von Klitzing, and Sabine H. L. Klapp, The
Journal of Chemical Physics, 2009, 131, 154702
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Figure 5.1: AFM force curves of 26 nm sized silica particle suspensions confined between
a silica micro-sphere (on an AFM cantilever) and a silica (top) and mica (bottom) sur-
face characterized by surface potentials s = —80 mV and —160 mV, respectively. The
data have been vertically shifted for ease of viewing. The solid lines are fits according to
eqn. 2.14. Three concentrations are represented on each surface.

Table 5.1: Surface potential s (—80 mV corresponds to silica and —160 mV corresponds
to mica), Amplitude A, wavelength ¢, and decay length £¢ of F(h) for different particle
volume fraction as obtained from the CP-AFM in fig. 5.1

¢ [vol%| s [mV] A [mN/m| Af [nm| &; [nm]

4.0 -80 0.06 99.2 37.4
4.0 -160 0.11 60.3 36.8
6.4 -80 0.21 50.3 33.0
6.4 -160 0.45 51.0 33.1
8.5 -80 0.27 45.5 32.1
8.5 -160 0.59 45.5 31.5

other hand, the wavelength A\, and correlation length {; of the oscillations remain essen-
tially unaffected. Similar results were previously observed for confined polyelectrolytes. '2°
From a conceptual perspective, the constant behavior of A\ and & suggests that the char-
acteristic lengths are determined rather by the pair structure among the particles than
by their interaction with the wall. Indeed, the experimental observation that the surface
potential influences the amplitude but not the characteristic lengths are fully consistent

with rigorous predictions from DFT.5!

Clearly, such an enhancement in oscillation amplitude can arise due to various mecha-
nisms, including the possibility that more particles move from the connected bulk reservoir
into the slit. Indeed, such a situation has recently been observed in an investigation of
charged colloids in a charged wedge,''” where the colloids turn out to accumulate in the
cusp due to a localized, attractive region in the interaction potential between a colloid and

the walls. Another possible explanation for the present observation is that the increase of
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wall potential strongly enhances the Coulomb repulsion between the silica particles and

the like-charged wall, leading to a stronger layering of particles inside of the slit.

To understand the underlying mechanisms, a grand-canonical Monte Carlo simulation of
a coarse-grained model involving confined silica particles, which interact via the DLVO
potential, is included as well.%? Firstly, the GCMC simulation results based on the sim-
plest model for the fluid-wall interaction which neglects the effect of wall counterions on
the screening are briefly considered (eqn. 2.23). Corresponding numerical data for the
normalized normal pressure f(L,) = P,, — B, as a function of the wall separation L,
(same as h used in the AFM force curves) and the (negative) surface potential 1g are

presented in fig. 5.2.

f(L,)

L,/o

Figure 5.2: Dimensionless solvation pressure f*(L,) = P}, — P for $=10.5 vol% and
various surface potentials s as calculated by GCMC simulations involving the simplest
model. The values of WS = BWs correspond to g = 0 mV, =2.7 mV, =54 mV, —10.9
mV, and —27.7 mV, respectively. The inset shows the corresponding mean silica particle
density p* as a function of the wall separation.

All functions f(L,) display the damped oscillatory behavior, with the oscillations vanish-
ing upon reaching the bulk limit L, — oo (i.e., P,, — B,). More significant in the present
context, however, is the fact that the amplitude of f(L,) (and thus, the amplitude of the
force) decreases monotonically upon increase of |¢g|. This clearly contradicts the AFM
experimental results. From a theoretical point of view, the behavior of f(L,) is a di-
rect consequence of the corresponding behavior of the fluid-wall potential which becomes
progressively more repulsive upon increase of |¢s|. Thereby more and more particles are
expelled from the slit. This is also reflected by the GCMC results for the mean silica den-
sity, p, plotted in the inset of fig. 5.2: at fixed L,, p becomes smaller the more negative
g is. Indeed, the slit becomes essentially empty at small L, already at g = —27.7 mV,

a wall potential far below that characteristic of a real silica surface.
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Having in mind these (obviously wrong) predictions, the corresponding GCMC results
based on a new fluid-wall potential, ups(z) (eqn. 2.26) is considered in fig. 5.3, where
the screening parameter depends on g and is space-dependent. This is motivated by
the release of additional (wall) counterions which accumulate at the walls (eqn. 2.25).
Clearly, the dependence of the functions f(L,) and p(L,) on ts is non-monotonic. The
extracted parameters, Py., (height of the first maximum), 6 (phase), ¢ (wavelength),
and & (decay length) as a functions of g were listed in the corresponding paper® upon

fitting the curves with eqn. 2.21.

50nm 100nm 150nm 200nm
T

f(L,)

L .
2 4 6 8
L

Figure 5.3: GCMC results for (a) the reduced solvation pressure and (b) the mean pore
density p at surface potentials s = 0, —40 mV, —80 mV (silica), —120 mV, and —160
mV (mica). The corresponding bulk concentration is ¢=10.5 vol%. The solid lines are fit
functions obtained from eqn. 2.21. (c) shows the resulting structural forces F(L,)/2nR
for vs = =80 mV (dashed), —120 mV (dotted), and —160 mV (dot-dashed). For clarity

the curves in (a) are shifted along the y-axis.

When “switching on” the surface potential from s = 0 up to a value of about |¢)s| = 40
mV the quantity Pp.x first decreases. Upon further increasing |¢s| towards 80 mV and
160 mV (which are the experimentally relevant values for silica and mica, respectively),
Prax increase. It is interesting in this context that the value of |i)s] = 40 mV where
P.x changes its behavior corresponds to the “reversal point” of the fluid-wall potential.
Similar to Py, an increase of the maximum of the corresponding force-distance curves
F(L,) obtained by integration of f(L,) can be observed (see fig. 5.3(c)). Thus, GCMC
simulations with a modified fluid-wall potential reproduce, on a qualitative level, the

charge-induced enhancement of the oscillations observed in the CP-AFM experiments.

The potential effects on the solvation pressure are mirrored by corresponding effects on
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the mean density p(L,) of the silica particles, which is plotted in fig. 5.3(b). In particular,
within the experimentally relevant range of 80 mV < |¢s| < 160 mV, the density at a fixed
separation L, increases with [¢g|, which is consistent with the enhancement of pressure
oscillations. This enhancement of the mean particle density reveal that more particles
move into the slit with increasing the surface potential. This is due to the corresponding
decrease in the range of particle-wall interaction, resulting from the additional contribu-
tion of the wall-counterions into the Debye length. At a given wall separation, the shorter

the particle-wall interaction range the more layers of particles can fit into the slit.

The changes in Py, and Fy,.x With 15 are accompanied by the changes in the phase shift,
f¢. The latter displays a maximum at s &~ —40 mV. In general, the phase shift can be
also considered as the depletion zone, which is the separation between the contact layer of
particles and the wall. The decrease of 0; for |¢)s| > 40 mV is interpreted as a consequence
of the corresponding decrease in the range of upg(z). The less the particle-wall interaction

range the narrower the depletion zone.

On the other hand, the wavelength A¢ remains essentially constant when g is changed, in
agreement to the experimental observations. The correlation length & varies only slightly,
given the difficulties to obtain accurate values for this quantity (i.e., the large error bars).
Nevertheless & is judged to remain essentially unaffected as well. This is indeed what one
would expect based on theoretical arguments: according to DFT, the precise nature of
fluid-wall interactions does influence the amplitude and phase of the (asymptotic) pressure

oscillations, but not their wavelength and decay length.®!

5.2.2 Roughness of the confining surface
Multilayer characterization

To investigate the effect of roughness of confining surfaces on the ordering of particles,
the silica substrates and silica probes were modified by physisorption of two oppositely
charged polyelectrolytes one by one, e.g., PAH and PSS. A layer of PEI was pre-adsorbed
onto the silica surface for stabilizing the later adsorption.'?* Polyelectrolyte concentration

was kept at 1072 monoM.

In order to make sure that each polyelectrolyte had been adsorbed successfully on the
surface, ellipsometry measurements were made to characterize the film thickness grown
on the substrates. The Zeta-potential measurements were used for determining the sur-

face potential of AFM silica probes. Fig. 5.4 shows a regular growth of the thickness of
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Figure 5.4: Ellipsometry measurements on film thickness as a function of the number of

layers of PAH/PSS including the first layer of PEL

PAH/PSS multilayer obtained from ellipsometry measurements at assembling salt con-
centration of 0 and 0.1 M NaCl. N=1 refers to the first PEI layer. At the assembling salt
concentration of 0.1 M NaCl, after the 5th layer, the growth of multilayer film became
linear with an average thickness of 11 A per pair of layers. The growth in thickness of
the first few layers was slower than the latter layers due to the influence of the substrates.
Up to the first five layers, the films were built up in a more condensed manner because
of the strong attraction between negatively charged substrate and the positively charged
PAH. In the salt-free case, the growth of the thickness was almost linear with an average
thickness of 4.6 A per pair of layers. It is obvious that after adding extra NaCl into the
polyion solution during multilayer assembling, the thickness increases significantly in the
real multilayer regime (above five layers). The increase in thickness of first few layers is
not significant comparing to the latter ones, implying again the influence of the substrates
on the precursor zone. These results are consistent with the layer growth reported for
PAH/PSS systems. 26

Zeta-potential measurements were performed on the silica probe assembled by 102 monoM
of PAH/PSS with PEI as the first layer. The zeta-potential changed from -55 mV to +35
mV after PEI was adsorbed and then oscillated between -44 mV for PSS and + 41 mV
for PAH (fig. 5.5). The charge reversal confirmed the success of consecutive assembling in
each step. The unchanged zeta-potential of PSS- or PAH-ended multilayers, irrespective
of the number of assembled layers, indicates that the surface potential of polyelectrolyte

adsorbed surfaces does not change with the number of layers. 70:123:127-129

In addition, the surface potentials of polyelectrolyte-assembled substrates were determined

as well. The approaching part of the corresponding surface force (pure repulsion type and
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Figure 5.5: Zeta-potential measurements on silica particles of 6.7 um in diameter, as-
sembled with multilayer of PAH/PSS with PEI as the first layer.

weak adhesion type, see Section 5.2.2) in Milli-QQ water was fitted by assuming constant

surface charge or constant surface potential with DLVO forces (fig. 5.6).'3°
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Figure 5.6: The approaching part of a normalized force curve between two non-adsorbed
silica surfaces in Milli-Q water. The best fit at constant surface potential (solid line) and
constant surface charge (dotted line) are shown.

Generally, fitting with constant surface charge or surface potential is in good agreement
with experimental force at larger separations and deviates only at relatively small dis-
tances. The presented experimental force curves lie between these two fitting curves at
small distances and are better approximated by the constant surface charge model. It is
obvious that the surface potential, or the surface charge, changes hardly with increasing
number of PAH/PSS multilayer on silica substrates. The average value of surface poten-
tials was taken from multiple measurements on the same spot and also on different spots
and remained around -45 mV, while the average value of surface charges was around 2.0
mC m~2. No significant difference has been found between the values obtained from pure

repulsion curves and weak adhesion curves. The calculated surface potential agrees with
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the zeta-potential study on silica micro-spheres. The comparison of the surface potentials
extracted from two methods is shown in fig. 5.7. The same fit was also applied on sub-
strates coated with PAH/PSS multilayer in the presence of 0.1 M NaCl during assembly
and on one layer of PAA and HA assembled substrates. The surface potential of PAH/PSS
with 0.1 M NaCl shows no significant difference in comparison to the salt-free case. The
average value is -44 mV and stays constant with increasing number of layers.'?®* The cal-
culated surface potentials of PAA and HA are -40 mV 3! and -42 mV, 132133 respectively,
similar to the surface potential of PSS. The surface potentials determined from the DLVO

analysis on varies polyelectrolyte coated surfaces are summarize in Table 5.2.
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Figure 5.7: The comparison of the surface potentials extracted from two methods for
PAH/PSS multilayer: zeta-potential measurements (squares) and DLVO force analysis
with constant potential (circles).

Table 5.2: Summary of the surface potentials g determined by DLVO-analysis with
constant potential model for various polyelectrolytes coated substrates

surface g [mV]
0 M NaCl 0.1 M NaCl

PEI-PSS -50 -46
PEI-PSS-PAH-PSS -40 -44
PEL(PSS-PAH),-PSS  -45 45
PEL(PSS-PAH);-PSS 45 44
PEL (PSS-PAH),-PSS  -47 48
PEI-PAA -40 -
PEI-HA -42 -

Force profiles in the absence of nanoparticles

The force profiles were taken as a series of measurements with the same probe on dif-

ferent spots of the same substrate in Milli-Q water. Normally, 10 curves were acquired
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at each spot and 100 curves in total on a single surface. Three main types of surface
force profiles were observed between confining surfaces, based on the number of layers ab-
sorbed on the surfaces. Fig. 5.8(a) demonstrates the pure repulsion type, in which both
approach and retraction branches show only repulsion between the probe and substrate
surface. In fig. 5.8(b), a weak adhesion appears in the retraction branch, while the ap-
proach part remains repulsive. In the third type, a weak attraction or no repulsion in the
approach branch can also be observed in addition to an adhesion in the retraction branch
(fig. 5.8(c)). The reversible transition between pure repulsion type to weak adhesion type
can occur in the same experiment. This transition was observed both on the same spot
and on the different spots of the substrate. In general, the probability to observe the
pure repulsion force curves in the same experiment is always larger than that of the weak
adhesion type. In the case of only first couple of adsorbed layers, the third type can
be observed occasionally and it is irreversible to transfer to other two types. It is only
possible for the samples which show strong attraction to restore the repulsive behavior

upon re-dipping the substrates and/or probe into the last adsorbed polyion solution.

The second type of force curves present the same repulsive behavior in the approach
as the pure repulsive ones and these two types of force curves can coexist in the same
experiment. This indicates that the corresponding polyelectrolytes do not detach from the
surface. If some polyelectrolyte chains transferred from one surface to the other, a partial
charge reversal would be expected, resulting in a consequent reduction or annihilation of
the repulsive force. The surface potential determination shows that there is no significant
difference between the values obtained from pure repulsion curves and weak adhesion
curves, which proves that the surface charge remains constant and no detachment occurs.
The observed weak adhesion upon retraction therefore does not have an electrostatic
origin. Instead, weak adhesion seems to arise when adsorbed polyelectrolyte chains from
the opposing surfaces get entangled. The adhesion takes place in the retraction branch,
due to the detachment of the probe from the substrate and to the bridging and extension

of the accompanied polyelectrolyte chains.

In the third type, weak attraction or no repulsion on the approach branch and the no
spontaneous transition to a repulsive type has been observed. This indicates that a partial
charge reversal indeed occurs on the surfaces. This type of force curve is mostly due to
the detachment of polyelectrolyte from one surface to other or the incomplete coverage of
the surfaces, which results in a strong interaction of the polycation on one surface with
the polyion on the opposing one, at a partial region. This detachment or incomplete
coverage mechanism is confirmed by the fact that this type of force only appears for first

few layer adsorbed surfaces and disappears upon increasing the number of layers. For
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surface potential determination, the approaching branch of the pure repulsive and weak
adhesive type of force curves should be used, in order to avoid the partial surface charge

reversal due to the polyelectrolyte’s detachment.

(a) First type: pure repulsion (b) Second type: weak adhesion
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Figure 5.8: Three types of force curves between a silica probe and a silica substrate in
Milli-Q) water. (a) Pure repulsion type: no hysteresis, no adhesion. (b) Weak adhesion
type: the approach part is repulsive while retraction part shows a weak adhesion. (c)
Strong attraction type: the approach part shows a weak attraction or no repulsion.

Force spectroscopy with nanoparticles

The force curves of 4.0 vol% of 26 nm silica particle suspensions measured between a
non-assembled AFM probe and a silica substrate assembled with varying number of poly-
electrolytes are shown in fig. 5.9, where N represents the number of polyelectrolytes
including the first PEI layer. It is obvious that as more polyelectrolytes adsorb onto the
substrate, the amplitude of the oscillatory force decreases and the phase slightly shifts
to larger separations. By fitting the oscillatory force with eqn. 2.14, constant wavelength
As and decay length {; are obtained, and remain the same as in the case of bare silica

substrate. These observations are consistent with the findings of DFT.5!
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Figure 5.9: The normalized force curves of 4.0 vol% of 26 nm nanoparticle suspensions

confined between a non-coated AFM silica probe and a polyelectrolyte layer-by-layer ad-

sorbed silica substrate. N represents the number of polyelectrolyte layers including the first
PFEI layer.

Adding salt to polyelectrolyte solution during the multilayer assembling can result in a
strong screening of the segment charge on the polyelectrolyte chain and thus cause a coil

197121134 Rig 510 shows the comparison of force curves

conformation of the complexes.
of 4.0 vol% of 26 nm silica particle suspensions, both in the presence and absence of
salt during preparation. The oscillation on the one layer of PSS adsorbed substrate,
prepared with 0.1 M NaCl, has almost the same amplitude as on the one without salt
during assembling. In contrast to that, the oscillation in the case of PEI-(PSS/PAH)s-
PSS assembled substrate, with PSS and PAH both prepared in 0.1 M NaCl solution, has
a significantly smaller amplitude compared to the oscillation on the substrate adsorbed

with same number of layers in absence of salt during the preparation.
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Figure 5.10: Comparison of force curves of 4.0 vol% of 26 nm silica particle suspen-
sions on PAH/PSS adsorbed substrates in the presence and absence of salt during the
polyelectrolyte preparation, using a bare silica probe.

Reduced oscillatory amplitude is not only observed upon increasing the number of layers

or adding salt during assembly, but also occurs upon assembling the second confining
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surface, the silica probe, with PAH /PSS multilayer. The additional influence of coating
other confining surface on the force profiles of 4.0 vol% of 26 nm silica particle suspensions
is shown in fig. 5.11, where the oscillatory forces between a non-coated silica probe and
polyelectrolyte adsorbed substrates are compared with the forces between both polyelec-
trolyte adsorbed surfaces. It is obvious that the extra adsorption on the other surface
leads to a further reduction in the oscillation amplitude. The oscillation vanishes faster

than the case in which just one surface has been modified.
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Figure 5.11: Comparison of force curves of 4.0 vol% of 26 nm silica particle suspensions

in respect to the silica probe being pure or assemble with PAH/PSS multilayer on the

substrates adsorbed with same number layers of PAH/PSS multilayer. N+N represents
that the substrate and silica probe both are coated with N number of layers.

When polyanions PAA and HA were used instead of PSS, the surface forces showed pure
monotonic behavior already on substrates coated with only one layer of PAA or HA, using
a bare silica probe. Fig. 5.12 shows the comparison of surface forces of 4.0 vol% of 26

nm silica particle suspensions on bare silica substrate and PEI-PAA and PEI-HA coated

substrate.
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Figure 5.12: Comparison of surface forces of 4.0 vol% of 26 nm silica particle suspensions
between a bare silica substrate and PEI-PAA and PEI-HA coated substrate, using a bare
silica probe.
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Force amplitude correlation to surface roughness

Up to now, amplitude-reduced oscillations occurred in four cases: increasing the number
of PAH/PSS multilayer, increasing ionic strength during assembly, by replacing the bare
silica probe with one coated with PAH /PSS multilayer, and by adsorbing a layer of PAA
or HA onto the substrate instead of PAH/PSS multilayer. There are two factors that
might cause the reduced amplitude in the above cases: the change of surface potential

and surface roughness.

Based on the results of unchanged surface potential in those above cases, one can ex-
clude the surface potential as dominant factor in these studies. Another reason of the
force damping and phase shift in the PAH/PSS system might be the surface roughness.
Therefore, the change of surface roughness is further analyzed from tapping-mode AFM
images in aqueous medium at each step with PSS forming the outermost layer. The height
mode of AFM images of PAH/PSS-adsorbed substrates immersed in Milli-Q water with
scan size 2.5 pmx 2.5 pym and a vertical scale of 10 nm are shown in fig. 5.13. With
increasing number of adsorbed layers, one can observe that the contrast on the surfaces
becomes more significant, indicating that the surface roughness increases. The rough-
ness was calculated as a root mean square value of each 1.0 yumx 1.0 gm box in images.
The dependency of surface roughness of PAH/PSS multilayer with number of layers is
shown in fig. 5.14. The roughness of PEI-PSS adsorbed substrate is around 13 A and
increases to 22 A for 10 layers of polyelectrolyte adsorbed substrates. A similar trend of
increasing roughness with the number of multilayers up to 10 bilayers has been reported

1357137 (after 10 bilayers, the surface smoothed out or was healed by polyelec-

previously
trolytes, since the steady-state surface topography depends on the intrinsic morphology
of the polyelectrolytes and not on the topography of the substrate®). The decrease in the
amplitude of the oscillation thus can be correlated with the increase in surface roughness

(fig. 5.9). Above 22 A of roughness the oscillation vanished.

The roughness increases visibly with increasing ionic strength in the polyelectrolyte sys-
tem, especially after four layers. The roughness of six layers of polyelectrolyte adsorbed
substrate with 0.1 M NaCl in PAH/PSS system is 19 A, being close to the highest rough-
ness obtained in the salt-free case. An increase in roughness with salt concentration co-
incides with the previous reports.'®39 The increased roughness confirms the significant

damping in the oscillation at six layers and negligible change at two layers in fig. 5.9.

The roughness of PEI-PAA and PEI-HA adsorbed substrates are 35 A and 60 A, re-
spectively. Although PAA has a similar backbone as PAH and PSS, the pKa of PAA
is about 6.5.14014 This pKa is close the the pH of assembling solution. Thus PAA is
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partially ionized and consequently the charge density is lower than that of PAH, which
has a pKa of 8.8 and fully ionized at pH of 6.5, and of PSS which is a strong polyanion
and fully charged throughout a large pH range. Another reason causing PAA outermost
layer to have a higher roughness might be the larger molecular weight compared to PSS
outermost layer.'? HA has the lowest charge density among these polyelectrolytes. The
nominal charge distance is 10 A compared to 2.5 A for PAH and PSS when they are fully

ionized. According to the previous studies, 120,121,126

charge density of the polyelectrolytes
plays a very important role in the thickness and roughness of the multilayer. In general,
reducing the charge density promotes a coiled polymer chain conformation. The increased
thickness and roughness with increasing ionic strength of the polyelectrolyte solution is
also due to the reduced charge density on the polyelectrolytes chains, resulting from the

19,134 The schematic presentation of the influence

charge screening by the counterions.
of salt, pH, and consequent polyelectrolyte charge density on the multilayer structure is

summarized in fig. 5.15.

It’s interesting to note, although the polymer charge density varies from each at the pH of
6.5, the measured zeta potential and/or DLVO-analysis determined surface potential do
not show a significant difference. This might because that the shear plane in zeta potential
measurements and/or the constant potential range used in calculation are beyond the
length scale, which is important for observing difference in the surface potentials. Even if
there were local difference in the surface charges of the outermost layers, they would be
compensated by counterions within length scales shorter than the distance of the shear

plane and/or constant surface potential range.

The layer-by-layer technique can therefore effectively tune the surface roughness with
respect to the effective polymer charge. The oscillation of the force profile of nanoparticles
vanished around the roughness threshold of 22 A introduced by one coated confining
surface. The effect of surface roughness is additive and contributed by both confining
surfaces. This was confirmed by the significant reduction in the oscillation when the

second coated surface was introduced.

The vanish of the oscillatory force does not refer to the vanish of ordering of nanoparti-
cles in the rough pore. At surface(s) roughness where the force oscillations were nearly

143 showed the density oscillations due to

zero, grand canonical Monte Carlo simulation
the ordering were still present. The change in oscillatory amplitude and phase shift with
surface(s) roughness can be understood with the superposition approximation by assum-
ing that the oscillatory force at a given position in the rough pore is similar to the force
obtained in the smooth pore whose width is equal to the rough pore width A at that loca-

tion. For example, at the pore average width A corresponds to the maximum oscillation
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(a) PEI-PSS, 12 A (b) PEI-PSS-PAH-PSS, 14 A (c¢) PEI-(PSS-PAH),-PSS, 15 A
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Figure 5.13: AFM height images of (a)-(e) PAH/PSS multilayer, (f) PEI-PAA, and (g)
PEI-HA with tapping mode in Milli-Q water. The scan sizes are 2.5 X 2.5 um with a
fized vertical scale of 10 nm.

28f —e—H0
26 —u—0.1 M NaCl

(A)

'/.

10 1 1 1 1 1
2 4 6 8 10

Number of layers, N

Figure 5.14: Root mean square roughness Rgrys of PAH/PSS multilayer films as a
function of the number of layers. The roughness was calculated from 1.0 pmx1.0 pm
bozes on the AFM height images (in Milli-Q water, tapping mode) .
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amplitude (peak), the actual oscillation amplitude for rough pore is the superposition of
the amplitude at separation ranged from h,,q,; t0 h,. This leads to a consequent smaller
oscillation amplitude at this pore width and a phase shift of the oscillation. The phase
shift towards a larger separation or smaller one depends on the surface roughness as well
as the wavelength of the oscillation. In this study, the oscillation shifts to increase the
pore width as the roughness increases, indicating an increased depletion zone. At the
roughness threshold, sufficient separation difference among the points on surfaces smears
out the oscillations and the surface force shows a pure monotonic behavior. The broad-
ening of the peaks that accompanied the force reduction might be a consequence of the
resistance to squeezing out particles from the smallest distance between two opposing
rough surfaces.!*® In order to show an oscillatory force, the particles must be able to be
correlated over a reasonably long range. This requires that both the particles and the
surfaces have a high degree of order or symmetry, otherwise the oscillation does not occur.
A roughness of a few nanometers was sufficient to eliminate the oscillatory force in this

study.

Figure 5.15: Schematic representation of the influence of salt, pH, and consequent poly-
electrolyte charge density on the multilayer structure. a-b) represents the structure changes
of polyelectrolytes caused by the change in ionic strength. a-c) pH of the weak polyanions
in solution. For weak polycations, charge decreases with increasing pH.

5.3 Conclusion

The confining surfaces were modified by attaching a mica sheet onto a silica substrate
or by physically adsorbing polyelectrolytes onto silica surfaces with the layer-by-layer
technique. The enhanced surface potential, or surface charge in the first case results in
an increase in the oscillatory force amplitude. The underlying mechanism is the fact that
more particles move from the connected bulk reservoir into the slit, indicated by the grand-

canonical Monte Carlo simulations with a modified particle-wall potential assuming that
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the charged walls release additional counterions which accumulated in a thin layer at the
surfaces. On the other hand, the wavelength and correlation length which characterize the
asymptotic behavior of the oscillation have been shown not to change with the confining
surface potential, both by experiment and simulation, in agreement with prediction from

density functional theory.

In the second case, the wavelength and correlation length of the oscillation have also been
shown to be affected neither by the number of multilayers nor by the pair of the poly-
electrolytes. A reduced oscillatory amplitude, however, is observed with increasing the
number of multilayers and the ionic strength as well as the charge density of the polyelec-
trolyte chains. The surface potentials of multilayers have been found not to change with
the number of multilayers, ionic strength of the polyelectrolytes solution, or pair of poly-
electrolytes (although they change after first layer regarding to the bare silica surface), the
reduction in the force amplitude thus correlates with the consequently increased surface
roughness. A few nanometer surface roughness leads to a vanishing of the oscillation due
to the additive mapping of surface forces at each point on the substrates with varying

separations.
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Chapter 6

Structuring of nanoparticles confined between a silica

microsphere and an air bubble*

Abstract

This chapter contributes to the understanding of effects of confining surface deformability
on the interaction within thin liquid films of colloidal nanoparticles. The influence of
surfactant on the surface deformability and then on the structuring of the nanoparticles
is investigated. The oscillatory force caused by the layering of the nanoparticles is detected
between the AFM microsphere probe and an air bubble, and the oscillatory wavelength
that reflects the interlayer distance of the nanoparticles is found to scale with colloidal
nanoparticle concentration as ¢~'/3. Under constant experimental conditions (AFM probe
radius, bubble size, Debye length and contact angle), the bubble stiffness is found to
increase linearly with surface tension, while the oscillatory wavelength is not affected by
the bubble deformability. In addition, cationic surfactant C;TAB display a different
behavior on the retraction part of the force curve, in which a pronounced adhesion force
is observed. This phenomenon might be attributed to the hydrophobic effect caused by
the monolayer formation of cationic surfactant on the silica sphere surface. Thus a stable
thin film of colloidal nanoparticles is assumed to be formed between the silica microsphere

and the bubble when strong repulsive interaction exists.

6.1 Introduction

In the previous two chapters the structuring of silica nanoparticles confined between two
rigid surfaces has been investigated. The structuring characteristic lengths, wavelength
and correlation length, are determined by the particles-quantities rather than by the
confining surface charge or surface roughness. The force amplitude, in other words the
interaction strength, is influenced by the confining surface charge and surface roughness

as well.

The aim of this chapter is to investigate the influence of the confining surface deforma-

bility on the structuring of silica nanoparticles. There are just a few reports of the

*Similar content has been published in: Structuring of colloidal suspensions confined between a silica
microsphere and an air bubble, Yan Zeng, Regine von Klitzing, SoftMatter, 2011, 7, 5329-5338
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14,26,104,144 o1 6004 be-

interaction between colloids, such as micelles or latex particles,
tween deformable surfaces like in a foam lamella. Typically, a thin film pressure balance
(TFPB) is used. The existence of oscillatory forces is detected by a sequence of steps
in film thickness. The step size between two adjacent repulsive branches is connected to
the layering distance or the oscillatory wavelength. The previous unpublished work of

145 shows the step size of silica nanoparticles at low particle concentration

our laboratory
regime is always twice the particle diameter, irrespective of the particle concentration.
This is different from the AFM results obtained between two solid surfaces, where the
oscillatory wavelength scales with particle concentration as an exponent of -1/3. Thus
the measurements on deformable air/liquid interfaces need to be performed by AFM to

compare with the TFPB results.

The first AFM force measurement on deformable surfaces has been reported by Ducker
et al..'*® The interaction between a AFM solid sphere and various deformable surfaces
were investigated. A silicon wafer was hydrophobilized with a self-assembled monolayer
of octadecyltrichlorosilane (OTS) and then a sheet of mica with a hole with radius of
200 pm in the center was placed on the top of the silicon wafer. An air bubble can be
thus transferred to the center of the hole from a micro-pipette and be stable for many
hours. Butt et al.'*" %% simplified the procedure by using a slide of Teflon as substrate.
In certain cases, a hole was digged on the Teflon and connected through a tube with a
pump, thus air bubbles can be generated with controlled size through defined pressure.
Butt et al. also invented a inversed CP-AFM,'*® where the cantilever probe was immersed
in the liquid and approach upwards the air/liquid interfaces, thus the interaction between
a solid sphere and deformable air/liquid interfaces can be also determined. Dagastine et
al. 155152 further applied the technique to measure interaction between two air bubbles
or oil droplets, with attaching a droplet or bubble on the cantilever and another on the

substrate.

In addition, numerous significant contributions to the theoretical analysis of interaction
forces between a solid particle and deformable interface or between two deformable inter-
faces and the change of deformation during approach have been made. The asymmetric
nature of the interaction and the complication of the deformable interface cause mathe-
matical complexity in the interpretation of forces. The interpretation for the deformable
interfaces usually involves modeling the drop deformation using the Young Laplace equa-
tion. 537155 Chan et al.'® developed a sophisticated model using quantities that can be

easily obtained from simple experiments and verified by experimental results from AFM.

In this chapter, a direct force measurement of silica nanopaticles between a silica micro-

sphere and an air bubble is performed with AFM. The surface deformability is tuned by
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Figure 6.1: Normalized force (F/R) versus AX curves of a silica microsphere and an
air bubble in water. ‘A’ presents the constant compliance region where the loading force
is linearly increased; ‘B’ presents the surface force region between the silica microsphere
and the bubble; ‘C’ presents the region where no surface force is detected. The monotonic
decay region (‘B’) is fitted with a decay length of 102 nm in the inset graph with double
logarithmic scale.

the different type and amount of surfactants and the effect of surface deformability on

the structuring of colloidal nanoparticles is investigated.

6.2 Results

6.2.1 Force profiles in the absence of additives.

The result of a force experiment between a hydrophilic silica microsphere and a bubble
in Milli-Q water without extra electrolytes is shown in fig. 6.1. There, the force is plotted
versus relative separation AX (change in separation and deformation of the bubble as
aforementioned). At AX larger than 400 nm, no force was detected and the AX was con-
sidered as pure separation between the silica probe and the initial bubble surface because
soft particles behave as rigid ones when there is no surface force at large distance.'®” A
monotonic repulsion began to appear when the probe further approached the bubble. This
repulsion is at least partially caused by the electrostatic double layer force because the
silica probe is negatively charged and the air-water interface is slightly negatively charged
as well. 187160 The decay length determined in the linear region of the inset logarithmic
plot was 102 nm, which agreed with the expected value of the Debye screening length

(k7' = 96 nm at an ionic strength of 107> M for pure water).

When the probe was moved further toward the bubble, the force increased linearly while

within the so-called constant compliance region. On solid surfaces, the separation between
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Figure 6.2: Normalized force (F/R) versus AX curves of a silica microsphere and an
air bubble at different Ludox TMA suspensions (1.8 vol%, 3.0 vol%, 4.0 vol%, 6.1 vol%).
The solid lines are the corresponding curves fitted to eqn. 2.14. The force profiles have
been offset vertically for ease of viewing.

the silica probe and the substrate does not change in the constant compliance and the
increase of force is due to the consistent bending of the cantilever after contacting the
solid surface. On the bubble surface it is assumed that the separation between the probe
and the bubble surface in the constant compliance region to be not change neither because
a stable water film is formed between the silica probe and air.”™ Thus AX represents only
the deformation of the bubble in the constant compliance region (eqn. 3.7). The deviation
of force direction from vertical observed on rigid surfaces is due to the deformation of the
bubble from its equilibrium shape. The slope of force versus AX at negative AX region
(F/AX) could be used as another measure of the bubble stiffness since F = kA =
kyAX.

The bubble stiffness of a 800 pm diameter bubble in water calculated from eqn. 3.9 or
eqn. 3.10 is typically & — 76 mN m~! which is only two times larger than the spring
constant of cantilevers used in the force measurements. Therefore, considering bubble de-

formation is necessary when measuring forces against bubbles with such soft cantilevers.

6.2.2 Colloidal nanoparticle suspensions in the absence of surfactants

The normalized force versus A X curves for a silica probe interacting with a bubble surface
in TMA nanoparticle suspension at varying particle concentrations is shown in fig. 6.2.
When the distance was larger than 200 nm, no force could be detected. The oscillatory
force, or structural force of nanoparticles, grew more intense during approach and resulted
from the mutual repulsion between the nanoparticles and the layer-by-layer expulsion of

the nanoparticles.
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The oscillatory wavelengths, which represent the distances between two adjacent nanopar-
ticle layers, decreased with increasing nanoparticle concentrations. This parameter was
defined as the distance between successive force maxima or minima. At the same time, the
oscillations increased in amplitude at the higher concentrations because the nanoparticles

were forced closer to each other, resulting in stronger electrostatic repulsion.

Following the oscillatory force, an attractive depletion force was observed due to the
exclusion of all particles from the confined gap between the silica probe and bubble. Ad-
ditionally, at small separation, an electrostatic repulsive force between confining surfaces
was presented, which decayed to zero at larger separation as nanoparticle concentration
decreased. This means the phase shift, which can be considered as the depletion zone of
the contact layer of particles against the confining surface, increases as particle concen-

tration increases and exhibit the same behavior as on the solid surfaces.
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Figure 6.3: (a) Interaction between a silica microsphere and an air bubble in a 4.9 vol%
silica nanoparticle suspension at different 3-Cio Gy concentrations (0 M, 5x 1075 M, 1074
M). (b) The force profiles have been offset vertically for ease in comparison of oscillatory
forces. The solid lines are the corresponding curves fitted to eqn. 2.14.

6.2.3 In the presence of non-ionic surfactants.

(-C12Go is a non-ionic surfactant which adsorbs at the air-water interface resulting in a
decrease in the surface tension. The adsorption of 3-Ci5Gy to negatively charged silica
has been shown to be weak.!%%162 The deformation of the bubble at the same nanopar-
ticle concentration with varying $-C15Gy concentration is illustrated in fig. 6.3(a). The
slope of the force in the constant compliance region decreased with increasing (5-Ci2Go
concentration. The surface tension of the bubble decreased from 72 mN m~! to 50 mN
m~! at 5x107° M $-C15G5 and to 40 mN m~! at 107* M 3-C;5Gs, and the corresponding
bubble stiffness was 44 mN m~! and 35 mN m™!, respectively. The decrease in the bubble



88 Chapter 6 Effect of confining surface deformability

stiffness, or increase in deformability was caused by the decrease of interfacial tension and

can be understood by means of eqn. 3.11.

The force profiles as shown in fig. 6.3(b) were fitted with eqn. 2.14 in order to obtain the
quantitative values of oscillatory wavelength and amplitude. The oscillatory wavelengths
showed no change after adding different amount of 3-C;5Gy surfactant into nanoparticle
suspensions. A decrease in oscillatory amplitude with increasing (§-C15Go surfactant con-
centration was observed due to the reduced surface stiffness and surface charge. The pure
air-liquid interface is assumed to be negatively charged!®® and the (3-C;2G, molecules
partially replace the negative charges. A decrease in surface charge leads to a reduction
of the oscillatory amplitude as previously shown in Chapter 5, also in which it is shown
that a modification of the charge, or potential of the confining surfaces has no effect on

the oscillatory wavelength.

The force profiles of 5x 107> M 3-C15,G, at different nanoparticle concentrations are shown
in fig. 6.4. The oscillatory amplitude increased with nanoparticle concentration while
the oscillatory wavelength decreased since the nanoparticles were closer at the higher

concentrations. This behavior was the same as in the absence of added surfactant.

6.2.4 In the presence of anionic surfactants.

Sodium dodecyl sulfate is an anionic surfactant which only adsorbs at the air-water inter-
face. A stable film of nanoparticles was formed between the silica probe and the bubble
in this case as well, and the repulsive force at the constant compliance region was also ob-
served and attributable to the electrostatic double layer force. The bubble stiffness slightly
increased to 80 mN m~! although the interfacial tension did not show measurable change
at 5x107° M SDS in comparison to that of pure water. This can be explained according
to eqn. 3.11 which expresses the effect of the decrease of Debye length on the increase
of the bubble stiffness. Charged SDS brings extra dissociated ions into the suspension,
thus leading to a decrease of the Debye length. An increase of the oscillatory amplitude
in the nanoparticle force profile was observed for two reasons. In addition to the slightly
increased surface stiffness, it was also likely due to dodecyl sulfate ions adsorbing at the
air-water interface and the increase of the interfacial effective charge. Hence, an increase
in the electrostatic double layer force with increasing SDS concentration up to the critical
micelle concentration (CMC) would be expected.'%® The oscillatory wavelengths obtained
after quantitative fitting were found to remain the same compared to the previous cases
without surfactant and with §-Ci5Go.
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Figure 6.4: Interaction between a silica microsphere and an air bubble at 3.1 vol%, 4.6
vol%, 6.1 vol% and 9.0 vol% Ludox TMA suspension with 5x107°M (3-Ci2Gs. The solid
lines are the corresponding curves fitted to eqn. 2.14. The force profiles have been offset
vertically for ease of viewing.
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Figure 6.5: (a) Interaction between a silica microsphere and an air bubble at 4.9 vol%
Ludox TMA suspensions with 51075 M of SDS and without surfactant. (b) The force
profiles have been offset vertically for ease of viewing. The solid lines are the corresponding
curves fitted to eqn. 2.14.

6.2.5 In the presence of cationic surfactants.

Unlike SDS and -C13Ga, hexadecyltrimethylammonium bromide (C14TAB ) is a cationic
surfactant which not only strongly adsorbs at the air-water interface, but also at the silica
microsphere and nanoparticle surfaces, due to interaction of opposite charges on the silica

surface and the cationic surfactant head group.

The contact angle measurements of Ci4TAB on silicon wafer shown in fig. 6.6 displayed
an increase of contact angle to a maximum at around 5x 1075 M followed by a decrease
again with further increase of C;5TAB, which indicated that a monolayer of C;sTA™ was
formed on silicon wafer at a concentration of 5x10~° M. While at this concentration,
the adsorption of Ci4TAB on the bubble surface was very low and only led to a reduced

surface tension of approximately 1.5 %.
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Figure 6.6: The contact angle of C1¢ TAB on a silicon wafer as a function of surfactant
concentration. The mazimum of the contact angle appears at a concentration of 5x 107°
M resulting from the monolayer formation of cationic surfactant on the negatively charged
silica surface. The further decrease of the contact angle is because of the bilayer formation
of the surfactant and re-hydrophilization the silica surface.

Based on the contact angle measurement, the attractive forces due to adsorption of
CisTAT on the silica probe were expected to be measured. A snap into the bubble
often occurred in Ci4TAB solution during manual approach, which increased the diffi-
culty of measurement. An example is shown in fig. 6.7 when the full piezo range was
used in the experiment. A jump-to contact appeared during approach and a big adhesion
existed during retraction and no jump-off from the contact was observed. The jump-to
contact and the adhesion took place due to the hydrophobic attractive force between
C16TAT adsorbed silica probe and the bubble. However, once nanoparticles were added,
the long-range oscillatory force induced a repulsive structural barrier which helped to
overwhelm the hydrophobic attraction by forming the layers between the silica probe and
the bubble. Thus the AFM force curves in such concentration of C14TAB containing silica
nanoparticles could be recorded. Fig. 6.8(a) shows that an oscillatory force began to be
detected around 200 nm and was present until a separation of 30 nm. When the last
layer of nanoparticles was excluded, the probe was attracted by the bubble due to the
hydrophobic force and it penetrated the bubble at a certain short distance. A three-phase
contact line (TPC) was formed as a consequence and an increased loading force versus
the corresponding deformation of the bubble thus was detected at smaller AX. When
the probe was retracted, an adhesion force occurred instead of the oscillatory force and
resisted the detachment of the probe from the bubble, only the probe was even further
retracted at some point, it overcame the adhesion force and was released from the bubble.

The amplitude of the adhesion was found to be dependent on the loading force, in general
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Figure 6.7: Interaction between a silica microsphere and an air bubble at 5x107° M
of Ci¢TAB solution without colloidal nanoparticles. A jump-in contact appeared during
approach and a big adhesion force existed during retraction.

a larger loading force led to a stronger adhesion until the maximum was reached. For
adhesion the advancing contact angle was significant, the advancing contact angle could

be calculated from
R—D

- (6.1)

cosf, =

where D is the jumping off distance.!*®

The advancing contact angle varied greatly in each force measurement with a maximum
of 35° observed, which was smaller than the contact angle measured on the planar sili-
con wafer in the equilibrium state. This phenomenon probably was due to the unstable
organization process of cationic surfactant adsorbed to the silica when surfactant concen-
tration was below the CMC. The slow adsorption of cationic surfactant was reported by
Rutland et al.'% and Fleming et al.,'®® who found the build-up of the CTAB layer on a

silica surface became more rigid with time.

Fig. 6.8(b) shows the oscillatory forces in the presence and absence of C14TAB. The oscilla-
tory wavelengths in both cases remained constant. This further indicates that the layering
distance of nanoparticles in the confinement is particle number density determined, even
though the surface charge of the nanoparticles was somewhat reduced after the adsorption
of oppositely charged surfactants. The force slope at negative AX was lower than in the
corresponding case in the absence of surfactant, meaning the deformability of the bubble
increased after adding 5x107° M of C;4TAB, even though the interfacial tension at this
concentration was just slightly smaller than that of water. The calculated bubble stiffness
was 59 mN m™!, which was attributed to the change in the contact angle as described in
eqn. 3.11.

In comparison to the absence of surfactant, a reduction of force amplitude was observed.
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Figure 6.8: (a) Interaction between a silica microsphere and an air bubble at 4.9 vol%
TMA suspensions with 5x107° M of CiysTAB. The oscillatory force of nanoparticles ap-
pears during approach while a pronounced adhesion force appears during retraction. ‘D’
denotes the distance of jumping off contact which is used to calculate the advancing contact
angle. (b) The oscillatory forces in the presence and absence of Ci6TAB are compared.
The force profiles have been offset for ease of viewing. The solid lines are the corresponding
curves fitted to eqn. 2.14.

The reasons were most likely the decreased surface stiffness, and the reduced surface

charge both on bubble surface and nanoparticle surfaces.

6.3 Discussion

6.3.1 The effect of surface tension on the deformability of the air-liquid
interface.

In contrast to the deformation of elastic and viscoelastic materials, which is controlled by
the bulk materials properties, the deformation of bubbles (air-liquid interface) is controlled
by the surface tension and the pressure across the interface. The deformation, or elasticity,
of the air-liquid interface is typically measured by the oscillating bubble/droplet method.
Here, AFM force measurement provides a direct way to determine the deformation of the
bubble by assuming that it behaves as a Hookean spring under force applied by AFM
probe. Attard and Chan et al.3%% concluded that a Hookean force law is valid for weak
forces (F/2r R<<7). The existence of the constant compliance region with a linear slope

in the force curves is the evidence of linear elasticity for the fluid interface.

The deformability can be expressed as the bubble stiffness by eqn. 3.9, or directly from the
slope of force curves in the negative AX region with eqn. 3.10. The values of the bubble
stiffness, surface tension, oscillatory wavelength, and the oscillatory amplitude at varying

Ludox TMA and surfactant concentrations are summarized in Table 6.1. The increase in
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the Ludox concentration did not cause significant change in the surface stiffness of the
bubble. This was due to the negligible change in the air-liquid interfacial tension with an
increase in the particle concentration, although the Debye length of the aqueous solution
did decrease. Thus the effect of the Debye length on the surface stiffness of the bubble is

assumed to be relatively small.

Table 6.1: Summary of the surface tension v from tensiometer measurements, the bubble
stiffness ky, calculated from force curves, the oscillatory wavelength X\, and amplitude A of
force curves

Surfactant conc. [M] ¢ [vol%] v [mNm~!] k, [mN m™!| Anm] A [mN m™!|

0 718 76.7 _ -

1.8 71.5 75.9 67.8 0.0130

3.0 71.7 77.0 64.8 0.0373

0 4.0 71.9 76.4 54.2 0.0478

4.9 72.0 75.8 49.6 0.0564

6.1 72.9 72.7 48.2 0.1018

3.1 49.7 - 60.7 0.0095

4.6 49.2 48.1 54.9 0.0253

51075 C19Go 4.9 50.2 44.2 50.0 0.0517
6.1 49.8 45.8 48.2 0.0708

9.0 50.1 47.3 41.4 0.1115

1x107% C13Go 4.9 40.1 34.7 50.9 0.0448
5%x10-° SDS 49 715 79.8 50.1 0.0660
5%x10 5 C,oTAB 49 70.6 59.3 50.9 0.0500

At a given Ludox concentration (4.9 vol%), the plot of the experimental bubble stiffness
versus surface tension is shown in fig. 6.9(a). The square points were obtained from the
system with 3-Ci3Gs. The increase of 3-C12Gs concentration led to the linear decrease
of the surface tension. The circle point (SDS) lay along the linear fit because the surface
stiffness was not significantly influenced by the decrease of Debye length after adding
charged surfactants into this solution. On the other hand, the data for C;4TAB (triangle
point) deviated from the linear fit because of the increase of the contact angle after the

adsorption of C14TAB on the probe surface.

Thus the linear dependency of the bubble stiffness on the air-liquid interfacial tension
is valid if the following conditions remain constant: probe radius, bubble radius, De-
bye length, and the contact angle. This is consistent with the theoretical expression in
eqn. 3.11. Also from eqn. 3.11, one should expect that the surface tension and the contact
angle play a more important role than bubble size and Debye length, which explains why

the decrease in Debye length introduced by the increase of nanoparticle concentration has
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Figure 6.9: The relationship of the bubble stiffness with the surface tension (a) and with
the corresponding oscillatory amplitude (b) and oscillatory wavelength (c) at 4.9 vol%
TMA colloidal nanoparticle suspensions.

a negligible effect on the surface stiffness. In addition, the contact angle is strongly asso-
ciated with the air-liquid interfacial tension, which further supports that the deformation

of fluid interfaces is surface tension controlled.

6.3.2 The effect of surface deformability on the structuring of nanoparticles.

At constant nanoparticle concentration (4.9 vol%), the oscillatory force amplitude exhib-
ited an increase with the bubble surface stiffness (fig. 6.9(b)). In the present study, the
change of the surface deformability was always associated with the change of the surface
charge. Studying the system with non-ionic surfactant 3-C;2Go, both factors in force
amplitude were unable to be analyzed independently, because surface charge and surface
stiffness both decreased with increasing surfactant concentration. The reduced surface

stiffness and surface charge mutually caused the reduction of force amplitude. Studying
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anionic surfactant SDS was expected to hopefully shed some light on the two parameters
since the increase of surfactant concentration led to an increase of the surface charge.
However, a slight increase of the surface stiffness was observed as well, which had the
same effect on the change of the force amplitude as surface charge did. Thus the separa-
tion of these two causes was also difficult. In the case of cationic surfactant C;sTAB, an
additional complication was introduced resulting from the interaction between the sur-
factant and the oppositely charged nanoparticle surface. Therefore, the force amplitude

could be considered as the joint consequence of the electrostatic and rigidity effects.

At constant nanoparticle concentration (4.9 vol%), the oscillatory wavelength, represent-
ing the layering distance of nanoparticles, showed no dependency on the bubble stiffness
or surface deformability (fig. 6.9(c)). With regard to the case of cationic surfactant, the
oscillatory wavelength did not show any difference even though the surface charge of
nanoparticles was reduced additionally. This result is similar to the previous finding on
using three different sized nanoparticles, which associate with different surface charge (see
Chapter 4). It indicates the electrostatic repulsion can dominate the system over certain

surface charge range and thus the particle distance can not be significantly influenced.

The log-log dependence of AFM oscillatory wavelengths versus nanoparticle concentra-
tions is summarized in fig. 6.10. Wavelengths obtained from measurements of AFM probe
against deformable air-liquid interface in the presence and absence of 3-C15G, surfactants
were compared to that against a solid silicon wafer. For all deformable cases, the os-
cillatory wavelength scaled with the nanoparticle concentration as an exponent of -0.33,
which agreed very well with the purely space-filling value of -1/3. This indicated that
nanoparticles under such confinement formed a layered structuring where the interparticle
distances scaled to -1/3 of the total volume of nanoparticles. These results were in good
agreement with the previous experimental results which were based on non-deformable
silica surfaces (Chapter 4). The experimental findings indicate that the deformability of
the confining surfaces does not change the layered structuring of particles in between. The
particle distance remains the same and solely dependents on the particle concentration,
or particle number density, regardless of the confinement type. The strength of ordering,
however, decreases with increasing surface deformability associated with change of the

surface charge, implying less force is needed to exclude particles out of the soft slit-pore.

The difference in wavelengths between the system with the deformable bubble surface and
corresponding system with a solid surface was only approximately 1 %. This supports the
reliability of using force versus AX curves in determining the particle layering distance,

even though the deformation of bubble surface contributes at smaller distance.
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Figure 6.10: The log-log plot of oscillatory wavelengths versus Ludox TMA concentra-
tions against the air-liquid interface without surfactant, with 5x 1075 M of 3-Ci3Gs, with
107* M of B-C12Gs, and against a solid silicon wafer.

6.3.3 AFM vs TFPB

A concentration-independent interparticle distance for charged nanoparticles was observed
in TFPB, which contradicted the p~/3 scaling law obtained from AFM measurements
against an air bubble. The symmetric air-liquid interfaces in the TFPB have larger surface
deformability than the one involved in AFM measurements, due to the larger radius of
the surface curvature. From AFM measurements the surface deformability shows no
significant influence on the characteristic length of the structuring. One thus can figure
that for symmetric deformable surfaces, the effect of deformability is negligible as well.
However, for larger surface deformability the oscillatory forces tilt to negative separation
according to the varying deformation extent along the separation distance. In addition,
the interparticle distance determined from TFPB is the step size of two adjacent repulsive
branches. These two factors cause the inaccuracy in determination. This inaccuracy is
dependent on the real interparticle distance, for example, for larger sized particles, the
interparticle distance is large and the shift due to the deformation on each peak is therefore
smaller in comparison to the particle size than for the smaller ones. This can explain why,
for 26 nm sized particles, the interparticle distances can be still somehow described by
-1/3 scaling law while, for even smaller sized particles, the interparticle distances are

totally independent on the concentration.
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Figure 6.11: The step size of two adjacent repulsive branch as a function of silica
nanoparticle volume fraction, adopted from the previous TFPB work of our laboratory. 4’

6.4 Conclusions

AFM provided a direct way to study the structuring of silica nanoparticles confined be-
tween a deformable air-water interface and a rigid solid surface. The air-water interface
deformability increased with decreasing surface tension and could be observed directly

from the change of force slope at the constant compliance region of force profiles.

Three surfactants, (5-Ci2Gq, SDS, and Ci4TAB, were used to tune the surface tension
thus the surface deformability of air bubble. In the absence and presence of all kinds
of surfactants, oscillatory forces of nanoparticles were observed. The only one exception
was for cationic surfactant (C;4TAB), a different behavior was displayed on the retraction
part of the force curve, in which a pronounced adhesion appeared. This phenomenon
might be attributed to the hydrophobic effect caused by the monolayer formation of
cationic surfactant on the silica sphere surface. While with same surfactant, oscillatory
force was still observed on the approach branch because the repulsive structural barriers
overwhelmed the hydrophobic attraction. Thus a stable thin film of colloidal nanoparticles
was assumed to be formed between the silica microsphere and the bubble when strong

repulsive interaction existed.

The layering distance and the force strength between nanoparticles could be obtained from
the wavelength and the amplitude of the oscillatory force, respectively. It was found that
the oscillatory wavelength was not affected by the surface deformability (associated with
surface charge) and was the same as between two solid surfaces, while the force amplitude

decreased with increasing surface deformability associated with surface charge.

The fact that the surface properties (surface deformability, surface charge) had no effect
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on the oscillatory wavelength further proved that the layering distance depended solely on
the particle concentration. In contrast to this, ordering strength was found to depend on
the surface properties as well, thus it was affected not only by nanoparticle concentration,

but also by the surface deformability and surface charge after adding extra surfactants.
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Chapter 7

Structuring of nonionic surfactant micelles*

Abstract

Micellar solutions of nonionic surfactants Brij 35 and Tween 20 are confined between two
solid smooth surfaces by CP-AFM in order to know the effect of surface charge and the
deformability of the colloids on their corresponding structuring compared the previously
studied charged and rigid silica nanoparticles. The experimentally-detected oscillatory
forces due to the layer-by-layer expulsion of the micelles are in good agreement with
the theoretical predictions for hard-sphere fluids. While the experimentally measured
force-vs-distance curve has non-equilibrium portions, which represent “jumps” from one
to another branch of the respective equilibrium oscillatory curve, the theoretical model
permit reconstruction of the full oscillatory curve. Thereby, the strength and range of the
ordering could be determined. In the case of Brij 35 at concentrations less than 150 mM,
spherical micelles are present. The oscillation wavelength is close to the micelle diameter
and the decay length increases with the rise of concentration. The different dependence of
the characteristic lengths on the system parameters for uncharged micelles, in comparison
to the charged particles, is related to the different interaction involved. For elongated
micelles (at concentration 200 mM), no harmonic oscillations are observed; instead, the
oscillation peak-to-peak distance increases with the decrease of film thickness due to the
reorientation of the elongated micelles. In the case of Tween 20, the force oscillations
are almost suppressed, which implies that the micelles of this surfactant are labile and
demolished by the hydrodynamic shear stresses resulting from the colloidal-probe motion.
The comparison of the results for these two surfactants demonstrates that in some cases
the soft micelles can be destroyed by the CP-AFM, while in other cases they can be stable
and behave as rigid particles. This behavior correlates with the characteristic times of the
slow micellar relaxation process for these surfactants. In general, an optimum scanning
speed is necessary to be defined for the system to rearrange after the expulsion of former

layers of the micelles and thus obtain the force profiles.

*Similar content has been published in: Oscillatory Structural Forces Due to Nonionic Surfactant Mi-
celles: Data by Colloidal-Probe AFM vs Theory, Nikolay C. Christov, Krassimir D. Danov, Yan Zeng,
Peter A. Kralchevsky, and Regine von Klitzing, Langmuir, 2010, 26, 915-923
CP-AFM measurements have been carried out together with N. Christov during his one month visit
in Berlin for short term scientific mission. Fittings and theoretical approaches have been done by K.
Danov.
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7.1 Introduction

Oscillatory forces due to soft colloids, such as surfactant micelles and microemulsion
droplets, have been measured by means of thin film pressure balance, 26:27:167-170 by syrface-
force apparatus,?®2? by light-scattering method,'” and by electron cryomicroscopy. 72
Under certain conditions, not the full oscillation, but only the repulsive parts are de-
tectable, which leads to a step-wise thinning or “stratification”. These forces can stabilize

the liquid films and disperse systems, since they hamper the film drainage.?®92:93,173,174

Despite the fact that some of the first manifestations of oscillatory forces have been
detected with micellar surfactant solutions,'*3! there are only three applications of CP-
AFM to micellar systems. 232430 Well-pronounced oscillations in the measured force have
been detected in two of the studies,?3?* for micellar solutions of sodium dodecyl sulfate
(SDS). In the case of ionic surfactants, such as SDS, the oscillatory forces are essentially

14,31,47,61

affected by the electric double layers around the micelles. The scaling law of A\ =

»~'/3 has been found to be valid for charged surfactant micelles as well.

The aim of this chapter is to clarify the structuring of uncharged surfactant micelles and
the response of the corresponding characteristic quantities with micelle volume fraction,
and to test the validity of the scaling law of A = p=/3 and € = R + x~!. Two types
of nonionic surfactants with different micellar relaxation time, Brij 35 and Tween 20,
are chosen at volume fraction much above CMC. Effect of the surface charge of micelles
and deformability (related to the relaxation time) are discussed in detail. The data are

analyzed by means of the hard-sphere theoretical model (see Section 2.2.2).5

7.2 Results and Discussion

7.2.1 Brij 35 - spherical micelles

Fig. 7.1 shows experimental data for 80 mM Brij 35 solution. The speed of approach
and retraction was 100 nm s~!. The micellar volume fraction ¢ — 0.257 was taken from
the previous study.?® The theoretical F(h)/R curve in fig. 7.1 has been drawn without
using adjustable parameters by eqn. 2.29-2.42. The experimental approach and retraction
curves for F/R vs. h were translated parallel to the horizontal axis until they overlapped
with the theoretical curve in the region of greater distances. Such translation is admissible
because the experimental zero on the h-axis is determined with a relatively low accuracy.

In colloidal probe AFM measurements, the point of contact (A = 0) is usually determined
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as the point at which the linear compliance line reaches zero force. The error is in the
order of nanometers and is due to the low spring constant of the used cantilevers. A
coupling to an (optical) interferometric method would overcome this problem, but was

not used in the present study.
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Figure 7.1: Normalized force F/R vs distance h for a 80 mM Brij 35 aqueous solution.
The points are CP-AFM data; the arrows show the direction of measuring motion: ap-
proach and retraction. The solid line is the theoretical curve. The micelle mean diameter,
d, volume fraction, ¢, and velocity, u, are given in the figure.

To determine the zero on the axis of distances, the procedure is performed in the following
way. The theoretical curves, like those in fig. 7.1 and fig. 7.2, are independently calculated
(no adjustable parameters) at known micelle diameter, d, and volume fraction, ¢. Next,
the experimental data are translated left or right, until the best coincidence with the
theoretical curve is achieved. Then, the zero of the theoretical curve is accepted as

coordinate origin, h — 0, for the experimental data.

If the silica surfaces are covered by surfactant adsorption layers (or dense layers of ad-
sorbed micelles), as observed in the experiments by Ducker et al.,'™ the above definition
of coordinate origin implies that the surface-to-surface distance, h, corresponds to the sep-
aration between the outer ends of the surfactant adsorption layers, rather than between
the underlying silica surfaces. Upon further pressing of the two surfaces against each
other, it is possible to deform the surfactant layers adsorbed on the silica. The resulting

d175

short-range interaction has been already investigate and it is not a subject of the

present study, which is focused on the oscillatory force.

At both approach and retraction, jumps (denoted by arrows in the figures) from one
mechanically stable branch of the oscillatory curve to the next one were observed. Such
jumps have been observed also in other experimental studies, including foam film studies,
where oscillatory forces were detected.?3:24:26:58,102,176 Thoge jumps are due to the rela-

tively low spring constant in comparing to the strong attractive structural force. For
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the approach curves, the barriers are the oscillatory maxima, whose right branches cor-
respond to mechanically stable states. In contrast, for the retraction curves the barriers
are the oscillatory minima, whose left branches correspond to stable states. For the data
in fig. 7.1, the jumps happen close to the tops of the respective barriers. The theoretical
and experimental curves are in good agreement except at short distances. At the shorter
distances (h<<12 nm), one micellar layer is trapped between the two solid surfaces and its
deformability can be a possible explanation for (i) the difference between the experimental
approach and retraction curves (hysteresis) and (ii) some deviations of each of them from

the theoretical curve at the smaller A.

To compare the measured oscillatory force with the hydrodynamic interactions, the Taylor
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formula” " was used for the force of hydrodynamic interaction between a spherical particle

of radius R moving with velocity u toward a planar solid surface

~ 6mu

FTa h

R? (7.1)
as derived in the manner of eqn. 2.8.13 in the literature.?” As usual, h is the shortest
surface-to-surface distance from the particle to the planar solid surface, and 7 is the
viscosity of the liquid phase. The substitution of =102 Pa -s, R=3.35x107% m, h—10
nm, and =100 nm s~! in eqn. 7.1 yields Fr,=2.05 x1073 nN. The value of Fr,/R is
equal to one-sixth of the smallest scale division on the ordinate axis in fig. 7.1. Hence,
under the conditions of the present experiments, the hydrodynamic force is negligible in

comparison with the magnitude of the oscillatory force.
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Figure 7.2: [llustration of the reproducibility of the experimental curves of 100 mM Brij
35 solutions for two different runs (the same cantilever, the same substrate but at two
different lateral positions). The points are CP-AFM data for F/R vs h; the arrows show
the direction of motion; u=50 nm s~' is the approach/retraction velocity. The solid lines
are the theoretical curves.
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In fig. 7.2, the Brij 35 concentration is higher, 100 mM, and the amplitude of the oscil-
lations is larger. The micellar volume fraction, ¢—0.315, was taken from the reported
work.%® Fig. 7.2(a)(b) illustrate the reproducibility of the experimental data, which is
good except for some differences in the regions of the jumps that have stochastic charac-
ter. It is interesting to note that in these figures the jumps upon approach happen near
the top of the barrier, whereas the jumps upon retraction occur well before the top of the

barrier.

In fig. 7.3, the Brij 35 concentration is 133 mM, the micellar volume fraction was deter-
mined from the data fit, which yielded ¢ = 0.401. The comparison between experimental
and theoretical data implies that jumps occur well below the theoretical maxima and
above the minima, respectively. The branches have a steeper slope than at lower concen-
trations (fig. 7.1 and 7.2), which indicates that the micelle layers are less compressible.
At a distance of about 9-10 nm, a strong repulsion was measured, but no further material
could be pressed out. Upon retraction, the particle jumps from this first minimum, over
the second one, up to the third minimum’s stable branch. This behavior can be explained
by the fact that a strong attraction between the surfaces leads to a sudden jump-off from
the contact; the energy, accumulated during the climbing of the energy barrier, is suddenly

released and the system jumps back to a large distance.

133 mM Brij 35

F/R (mN/m)

u =50 nmis

25 30 35 40
h (nm)

Figure 7.3: F/R vs h for a 133 mM Brij 35 solution. The points are CP-AFM data;
the arrows show the direction of motion; u=>50 nm s~ is the approach/retraction velocity.
The solid line is the theoretical fit.

Fig. 7.4 illustrates the effect of the experimental velocity, u, on the measured force-vs-
distance dependence for 150 mM Brij 35 and determined volume fraction ¢ =0.445. The
latter value is below the Alder phase transition for hard spheres at ¢ — 0.494,717 thus

the micelles are still considered as spheres.

In fig. 7.4(a)(b), the experimental velocities are in the range of optimum velocities for

approach and retraction of the colloidal probe against the planar silica surface. Below
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this range of speeds, the hydrodynamic drift and the noise (that modulates the obtained
curves) is too high. Above the optimum speed, the system cannot rearrange fast enough
after the expulsion of one layer of micelles. The latter case is illustrated in fig. 7.4(c),
where at a greater speed (u = 200 nm s™1) the registered oscillatory amplitude is smaller,
which indicates a probably lower degree of structuring of the micelles within the film. In
fig. 7.4(a), the first transition upon retraction happens below the theoretical minimum,

which indicates adhesion in this special case.
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Figure 7.4: Effect of the rate of measuring motion: force versus distance for 150 mM

Brij 35 solutions. The points are CP-AFM data; the arrows show the direction of motion.

The solid lines are theoretical fits. The velocity of the colloidal probe is (a) u=20 nm s';

(b) u=40 nm s7*; (c) u=200 nm s .

As mentioned above, the comparison of fig. 7.4(c) with fig. 7.4(a)(b) shows that the transi-
tions from one stable-equilibrium branch of the oscillatory curve to the next one happens
easier (at smaller magnitude of the applied force) when the velocity u of the colloidal
probe is greater. As we known, the oscillatory maxima represent barriers against film
thinning upon approach of the colloidal probe, whereas the oscillatory minima represent
barriers against film thickening upon retraction. In other words, the system opposes the
applied external force tending to minimize the changes produced by it, in agreement with
Le Chatelier’s principle. In the ideal case of quasi-static probe motion (infinitesimally

small u and perfect particle structuring), the transitions should happen at the tops of
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the respective barriers. However, in the real experiment the colloidal probe moves with
a finite velocity u, and the resulting hydrodynamic flow perturbs the micelle structuring.
The perturbed structure yields easier, and the transition from one stable branch to the
next one occurs at a smaller value of the applied external force, i.e., below the top of the
respective quasi-static barrier. This effect is greater at higher speeds of particle motion

in agreement with the experimental observations (fig. 7.4).

Comparing fig. 7.2, 7.3, and 7.4(b) shows results at more or less the same speed but at dif-
ferent surfactant concentrations, an increase in the slope of the force branches is revealed
as micelle concentration increases. This is related to larger amplitude, wy = A/(kT/d?),
of the force oscillation at greater micelle volume fraction ¢ (see Table 7.1). As known
from previous theoretical studies,®” the wavelength of oscillations, characterized by the
dimensionless wavelength \/d = 27 /w, decreases, whereas the decay length (correlation
length), £/d = ¢!, increases with the rise of ¢. To illustrate these effects for the investi-
gated system, in Table 7.1 the values of wy, A/d, and £/d calculated from eqn. 2.34-2.36
for the respective ¢ values are listed. One sees that A/d is close to 1 but still varies in
the framework of 16 %. In contrast, the variation of the decay length is much stronger:
¢/d increases with a factor of ca. 3. In other words, the micelle structuring penetrates to

distance three times farther from the film surface.

Table 7.1: Micelle diameter d, volume fraction ¢, the dimensionless oscillatory amplitude
wop, wavelength A\/d, and decay length £/d, vs the Brij 85 concentration cq

cs [ImM| d [nm| ¢ [vol%| wy Ad=2r/w £/d=q!

80 8.8 0.257  1.365 1.070 0.594
100 8.8 0.315  1.700 1.026 0.742
133 8.8 0.401  2.305 0.967 1.059
150 8.8 0.445  2.664 0.938 1.337
200 12 0.483  3.001 0.913 1.759

With increasing concentration, the first minimum at a short distance during retraction
becomes deeper, which indicates a stronger adhesive depletion force. As a consequence,
the systems jumps back to larger distances, as already discussed in relation to fig. 7.3.
This effect becomes stronger at lower speed (compare fig. 7.4(a)(c)). At a speed of 20
nm s~ !, the system jumps from the first minimum directly to the fourth minimum, by
passing the second and third (fig. 7.4(a)).

A general feature of the experimental curves in fig. 7.1-7.4 is that they consist of alternat-
ing equilibrium and non-equilibrium portions. In contrast, the theoretical curve represents

complete equilibration and it could coincide with the respective experimental curve only
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at its equilibrium portions. One of the benefits from the comparison of theory with ex-
periment is that it enables one to identify the equilibrium and non-equilibrium portions
of the experimental curves. It is clearly seen that the non-equilibrium portions represent
jumps from a given branch of the equilibrium theoretical curve to the next one. Because
these jumps happen relatively quickly, the experimental curve contains a lower number of
points in its non-equilibrium parts, which look thinner in the graphs. This is another way
to distinguish between the equilibrium (thicker) and non-equilibrium (thinner) portions

of a given experimental curve.

The experimental curves show a strong repulsion at short distances at about 8-10 nm
(fig. 7.2-7.4). This distance is close to the micelle diameter. The simplest explanation is
that a last layer of micelles remains between the two surfaces and cannot be pressed out.
At 80 mM Brij 35 (fig. 7.1), the repulsion is less steep and the distances can be reduced
down to 5 nm. This could mean that the micelles in the last layer can be deformed due
to the high load and could explain why the hysteresis between approach and retraction
is so large. At low concentrations the micelles can be more easily deformed due to more
surrounding space, while it is more difficult to deform them in a laterally dense layer of

micelles.

7.2.2 Brij 35 - elongated micelles

1.18% indicate that at a Brij 35 concentration

The experimental results by Tomsic et a
of 200 mM the micelles are elongated rather than spherical. The dynamic light scat-
tering (DLS)'®® gives a hydrodynamic micelle diameter of d=12 nm. The latter value
corresponds to hypothetical spherical micelles that have the same diffusivity as the mean
diffusivity of the elongated micelles. The AFM data for concentration of 200 mM Brij 35
are presented in fig. 7.5. As it could be expected, the experimental curves have oscillatory
behavior. The theoretical fit with hard sphere model is possible only at greater distances
of the the equilibrium portions of the curve, h > 50 nm. The obtained value of volume

fraction is ¢—0.483 for the best fit.

At shorter distances (h < 50 nm), it is impossible to fit the data with eqn. 2.29-2.42. The
wavelength of the theoretical curve for hard spheres is independent of the film thickness. In
fig. 7.5, the theoretical curve, obtained by fitting the data for A~ > 50 nm, is extrapolated
at shorter distances and compared with the experimental curves at h < 50 nm. This
comparison indicates that the measured curves have a varying wavelength, which increases
with the decrease of h. In other words, at shorter distances the oscillations are non-

harmonic. In particular, the slope of the stable branches of the experimental curves is
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considerably smaller than that of the theoretical curve for hard spheres. Such behavior can
be explained with the additional rotational degree of freedom of the elongated micelles.
The spatial confinement forces the micelles to orient their long axes parallel to the film
surfaces. In such a case, the film thickness can decrease not only by expulsion of micellar
layers from the film but also by a gradual reorientation of the elongated micelles. The
latter circumstance could explain the observed “softening” of the oscillatory interaction

between the two solid surfaces at shorter distances.
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Figure 7.5: Force vs distance for a 200 mM Brij 35 solution that contains elongated mi-
celles of effective hydrodynamic diameter of d=12 nm. The points are CP-AFM data; the
upper and lower experimental curves are obtained, respectively, at approach and retraction.
The solid line s the theoretical fit.

7.2.3 Tween 20

The stepwise thinning (stratification) of free foam films from micellar Tween 20 solutions
has been investigated.®® At 200 mM concentration of Tween 20, four steps were registered

168 and eight steps by the Scheludko-Exerowa

by the Mysels-Jones porous-plate method,
capillary cell. '8! Here, the CP-AFM was applied to Tween 20 micellar solutions to directly
detect the oscillatory force that engenders the aforementioned stepwise transitions. For
Tween 20, the CP-AFM did not detect such well-pronounced oscillatory behavior as with
Brij 35 (fig. 7.1-7.5). The data in fig. 7.6 have been obtained at two relatively low force
measuring velocities: v — 5 and 10 nm s™!. Asseen in the figure, only one well-pronounced
jump has been registered. Among 120 runs, only a few experimental curves were detected
that exhibit signs of oscillatory behavior. Below a speed of 5 nm s, the noise was too

1 also no oscillations were detected. In

large to detect oscillations and above 10 nm s~
fig. 7.6, the experimental curves at approach and retraction (150 mM Tween 20) were
compared to the theoretical curve. The values d = 7.2 nm and ¢ = 0.250, determined

previously,®® have been used.
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Figure 7.6: Force vs distance for 150 mM Tween 20 solutions. The points are CP-AFM
data for two runs: (a) and (b); the arrows show the direction of measuring motion. The
solid line is the theoretical curve.

Qualitatively similar experimental curves have been obtained for adsorbed micelles. '™
The data in fig. 7.6 indicate that the experimental force is close to that predicted by the
theory for mobile (non-adsorbed) micelles, but the possible presence of adsorbed micelles

cannot be ruled out.

The difference between the AFM experimental curves obtained for Brij 35 and Tween
20 micellar solutions indicates that the micelles of Tween 20 are more labile and are
demolished by the shear stresses engendered by the hydrodynamic flows in the liquid
film. Indeed, the lack of oscillatory behavior indicates absence of structural units (i.e.,
micelles) in the film. The scanning frequencies used in the experiments varied from 0.05
to 0.4 Hz; i.e., the film thinning/thickening continues from 2.5 to 20 s. In contrast, the
spontaneous thinning of free films in the capillary cell takes more than 4000 s.5® In this
respect, the capillary-cell method!®! and the thin film pressure balance method?1%® are
much milder (as compared to the CP-AFM), because the slow hydrodynamic flows in the
spontaneously thinning films are accompanied by weak shear stresses that do not cause
decomposition of the Tween 20 micelles in view of the well-pronounced stepwise shape of

the experimental curves obtained by these methods.?®

The conclusion that the micelles of Tween 20 are more labile as compared to those of Brij
35 is supported by the measured relaxation time of the slow micellar process, 75, which
characterizes the relaxation of the concentration of micelles in the course of their decom-
position to monomers upon a sudden dilution.®?!83 The stopped-flow dilution technique
yields 75 = 6 s for Tween 20, and 7 = 80 s for Brij 35; see Table 1 in the previous work
by Patist et al..'® In other words, if the surfactant concentration is suddenly decreased,
the perturbations in the concentrations of Tween 20 and Brij 35 micelles exponentially

decay with characteristic times of 6 and 80 s, respectively. Hence, the micelles of Tween
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20 are destroyed much faster, which is in agreement with the conclusion that they are

more labile.

7.2.4 Differences between structuring of nonionic micelles and charged particles

Both types of systems lead to oscillatory force curves. In the case of nonionic micellar so-
lutions, which behave as hard-sphere fluids, the oscillatory wavelength depends relatively
weakly on the volume fraction ¢ and is approximately equal to the micelle diameter (see
the values of A/d in Table 7.1). In contrast, for charged particles the wavelength depends
much more strongly on particle concentration. In the case of charged silica particles of
diameter 11-26 nm, the oscillation wavelength A shows a strong dependence of the par-

1/3 The second difference is the behavior of the

ticle volume fraction and scales as ¢~
decay length. For nonionic micellar solutions, the decay length increases with the micelle
concentration. In contrast, for charged particles it decreases with particle concentration
and the relation ¢ = R+ k! has been found, indicating the decay length is both particle
size and ionic strength controlled. The wavelength and decay length of charged silica par-
ticles correspond to the mean particle distance and correlation length in bulk solutions,
respectively, obtained from the structure peak of scattering spectra. The experimental
results are in good agreement with Monte Carlo simulations using a grand canonical po-
tential and lead to the conclusion that the interactions between the nanoparticles can be

described with the simple potential of screened Coulomb interaction (see Chapter 4).

In literature, an effective diameter of a charged particle including the Debye thickness,
k1, of the counterion atmosphere is defined as the interparticle distance, which means
A =2(R+ r~1), where R is the particle hydrodynamic radius. The increase of ¢ leads to
an increase of the ionic strength due to counterions dissociated from the charged particles
followed by a decrease in k™! and 2(R + x~'). Note, however, that the above simple
expression for A does not provide quantitative description of the data from experiments
and numerical simulations with stratifying films of charged particles. In the salt-free
case, the interparticle distance has been found to be smaller than the effective particle
diameter, A < 2(R + x~!), and does not change significantly with adding extra salts up
to 1072 M (see Chapter 4). It indicates that a long-ranged electrostatic repulsion arisen
between charged particles due to the overlap of counterion atmosphere at distances even
smaller than one Debye length. Even although this repulsion is screened with adding
salts, it hampers the approach of two particles as long as it is sufficient. Therefore,
different interaction involved in two different systems manipulates the aforementioned

opposite behaviors. For non-ionic surfactant micelles, the interaction between micelles is
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characterized by the hard core potential, micelles behave indeed like hard spheres and
A equals to 2R. Because of uncharged surfactant micelles used in the measurements,

the expression of 2(R + x~!) approaches 2R assuming !

equals zero. For charged
nanoparticles, the interaction is dominated by long-ranged electrostatic repulsion due
to the overlap of counterion atmosphere, thus A < 2(R + x~!) has been found in the

considered particle concentration range in the salt-free case.

When charged nanoparticle concentration increases to the threshold that electrostatic
repulsion is totally screened by the counterions, the hard-sphere behavior is supposed
to be observed. This has been proven by the theoretical calculations and simulations,?
thus A = 2R is achieved. At the same time, when nanoparticles behave as hard spheres,
decay length does not decrease with particle concentration, strictly speaking, £ = R+x~*
is no longer valid as proposed for low particle concentration regime in the Chapter 4,
but rather increase with particle volume fraction.®® This coincides with the increase of
decay lengths of non-ionic surfactant micelles in this Chapter, which behave as hard-sphere
fluids. Thus for charged particles the range of the decay length is determined by the range
of the electrostatic repulsion in the normal direction, which is controlled by the hard-core

repulsion with radius R and the DLVO repulsion with range .

For uncharged ones
(totally screened particles or uncharged micelles), an increase in the sample concentration
does not change the range of the hard-core repulsion but rather the in-plane ordering of
the layers. The larger the concentration, the higher the in-plane ordering, thus the larger

the decay length is.

Another difference between micelles and solid particles is in the scan rate during the
measurements. While one uses a higher scan rate (several 100s of nm s™!) to observe
oscillations with solid particles,® the optimum scan rate in the case of nonionic micelles
is quite low (100 nm s~! and lower). This is related to the deformability of the micelles.
Micelles decompose under larger shear stress engendered by the hydrodynamic flow dur-

ing fast scan. According to the micelle relaxation time, an optimum scan rate can be
defined.

7.3 Conclusions

In the present study, the oscillatory forces in micellar solutions of the nonionic surfactants
Brij 35 and Tween 20 were measured using the CP-AFM. These forces cause stepwise
thinning (stratification) of foam and emulsion films, and they can stabilize liquid films

and disperse systems under certain conditions.’®%%173 Experimental force curves were
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obtained at both approach and retraction of the colloidal probe. They were compared

with the respective theoretical curves that correspond to a hard-sphere model.%?

Spherical micelles were present at low concentration of Brij 35 and harmonic oscillations
were observed. The oscillation wavelength is close to the micelle diameter, slightly de-
creasing with the rise of concentration, while both the amplitude and decay length of
the force oscillation increases, indicating an increased in-plane ordering of the micelles
(Table 7.1). In addition, the attraction between the surfaces at short distances (the depth
of the first minimum) increases with increasing surfactant concentration, which leads to
a strong hysteresis between the regimes of approach and retraction. The attraction can
be strong enough that several oscillations detected during approach can be jumped over

when the cantilever detaches from contact.

The comparison of theory and experiment gives the complete picture of the investigated
phenomena and provides new information and understanding of the observed processes.
The experiment gives only parts of the stable branches of the oscillatory force-vs-distance
dependence, whereas the theoretical model allows us to reconstruct the full curve, which
allows a detailed analysis of the micellar ordering. In particular, by superimposing a given
experimental curve on the theoretical one, the point of probe/substrate contact (i.e., the
zero on the distance axis) could be accurately determined. At h ~ d, a strong repulsion
is detected which leads to the conclusion that the system cannot overcome the first (the
highest) maximum, explained by the fact that one layer of micelles remains between
the surfaces and cannot be pressed out. At low concentration of Brij 35 (80 mM), the
surfaces can be approached down to at least 5 nm and the hysteresis is even greater
than for higher concentrations (fig. 7.1). This could mean that at low concentrations the

micelles are deformed under the heavy load at short distances.

In the case of elongated micelles, which are present in the Brij 35 solutions at higher
concentrations,'® the experimental data do not show a harmonic oscillation anymore
(fig. 7.5). This can be attributed to the circumstance that the film thickness can decrease
not only by expulsion of micellar layers from the film but also by a gradual reorientation

of the elongated micelles parallel to the film surfaces.

With Tween 20, the experimental curves do not have such well pronounced oscillatory
behavior as with Brij 35. This fact indicates that the micelles of Tween 20 are much more
labile than those of Brij 35 and are demolished by the shear stresses engendered by the
hydrodynamic flows during the thinning or thickening of the liquid film. In contrast, in
the case of Brij 35, the micelles are sufficiently stable, and the experimentally-obtained

oscillatory curves are in good agreement with the theoretical predictions for a hard-sphere
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fluid. This behavior correlates with the characteristic times of the slow micellar relaxation
process for the two surfactants. In general, an optimum scanning speed is necessary to
be defined for the system to rearrange after the expulsion of former layers of the micelles

and thus obtain the force profiles.
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Conclusion and Outlook

8.1 Conclusion

The interaction between colloids is the key to controlling their stability and structuring.
The application of atomic force microscopy on the force measurement gives us the oppor-
tunity to investigate the interaction of colloids under one dimensional confinement. The
previous AFM work of colloids were mainly focused on studying their structuring between
two smooth solid confining surfaces and only on one quantity charactering the structur-
ing: the wavelength of the oscillation. In this thesis three characteristic quantities of the
structuring of silica nanoparticles between two smooth solid surfaces were considered and
compared with the bulk counterparts, by combining AFM and SAXS two experimental
techniques. In the meanwhile, experimental results are compared to those of Monte Carlo
simulations. %6519 AFM measurements on rough surface(s) and deformable surface were
further applied to investigate the effect of confining surface properties on the correspond-
ing structuring. In addition, uncharged colloids: non-ionic surfactant micelles were used

in AFM to study the effect of surface charge and deformability of the colloids.

Three quantities were extracted from oscillatory force profile of silica nanoparticles be-
tween two smooth solid surfaces. These were the wavelength A, the decay length &, and
the amplitude A. The first two characteristic lengths were found to correlate well with
the mean particle distance 27 /g4 and correlation length 2/Aq, respectively, as obtained
from SAXS structural peak. This observation suggests there is no confinement effect on
characteristic lengths themselves that represent the structuring, even though the confine-
ment indeed induces a layered structure of the particles. These apparently contrasting
results can be understood by considering the in-plane structure and the asymptotic range
used for fitting the force curves. At particle concentrations below 10 vol%, no in-plane
structure was observed by AFM or Monte Carlo simulations and the fitting based on
asymptotic behavior worked well until the first minimum. The fitting did not work for
the first maximum, represented as the contact layer, at concentration above 10 vol%. This
suggests a possibly higher ordering formed in the contact layer. Nevertheless, the fitting
was only performed in the asymptotic range, where the particles within the layers were

fluid-like, thus the structuring in confinement reflected that of the bulk.

A more quantitative study revealed that the oscillatory wavelength of silica nanoparticles
followed the bulk behavior, the relation of A = p~!/3 was observed irrespective of the

particle size (and associated surface charge) and the ionic strength of the solution. The
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previous description of effective diameter of a charged particle 2(R + x~1) as the particle
distance under confinement was found not quantitatively valid in the present charged
system. Instead, the interparticle distance was found to be smaller than the effective
particle diameter, A < 2(R + x~'). A repulsive interaction is therefore suggested to exist
among the silica nanoparticles, and A = p~/3 scaling law is a general description for the
distance of charged particles in the direction normal to the confining walls, as long as the

repulsive interaction is sufficiently long-ranged.

In contrast to the wavelength, which only showed pure volume effect, the decay length
was found to be controlled both by the particle size and ionic strength of the solution.
A relation of £ = R + k= was found at silica particle concentrations below 10 vol%.
This relation is supported by the fact that, on one hand, in the low particle concentration
regime the range of the correlations is determined by the range of the interaction potential.
On the other hand, the range of this potential is determined by the hard-core repulsion

with radius R and the DLVO repulsion with range 1.

Considering the determination of the Debye length (ionic strength) of the solution, a
new method was established to convert the conductivity of the solution into the ionic
strength. Instead of using common Russell prefactor, which is valid for simple electrolytes,
the individual prefactor for each investigated system can be determined in the linearly
dependent regime of conductivity versus ion concentration. The Debye lengths obtained

by this new method shows a good agreement with those calculated with eqn.2.18.

The amplitude A which is a consequence of the strength of interparticle and particle-wall
interaction was found to increase linearly with particle concentration. This is attributed
to the increased interparticle interaction with narrowing interparticle distance. The am-
plitude also showed a dependency on the ionic strength of the solution and the particle
surface charge. An inverse dependency of amplitude on the ionic strength and a linear de-
pendency on the square of the particle surface charge can be understood by the definition

of the electrostatic repulsion: the prefactor Z2 and the interaction range kL.

Because there is no direct relation between the strength of interaction obtained from AFM
and SAXS, the effect of confinement on the interaction strength was studied between con-
fining surfaces with varied surface potential. An enhanced force amplitude was observed
between confining surfaces with higher potential, with wavelength and decay length re-
maining the same at a given particle concentration. This is explained by the fact that an
increase in wall charge strongly changes the screening of the coulomb repulsion between

the silica particles and the like-charged confining surface. Monte Carlo simulations,®?
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based on a modified particle-wall potential with considering the additional wall counteri-
ons which accumulate in a thin layer at the wall surface into the particle-wall interaction,
yielded a qualitative agreement with the AFM results. For small surface potentials (0 mV
< |¢s| < 40 mV) the confining surface potential dominated the particle-wall repulsion and
led to an exclusion of particles from the slit-pore. The opposite behavior occurred when
|ths| > 40 mV because the decreased screening length led to an accumulation of particles
in the slit-pore. The higher the mean particle density (more particles move from the
connected bulk reservoir into the slit), the higher the amplitude is. A decrease in phase
shift was accompanied with the increase in amplitude, resulting from the corresponding
decrease in the range of particle-wall interactions due to the strongly increased screening

of the coulomb repulsion.

A significant reduction in the force amplitude was observed on polyelectrolyte-coated
confining surfaces with increasing number of layers and ionic strength of the solutions.
Due to a rare change in the corresponding surface potential, this reduction in amplitude
was correlated with the change in surface roughness. The surface roughness was found
to increase with increasing number of layers as well as the ionic strength, and decreasing
the charge density of polyelectrolyte. A phase shift towards a larger separation was
accompanied the force reduction. The roughness-induced reduction in amplitude and
change in phase shift can be understood by the superposition approximation by assuming
that the oscillatory force at a given position in the rough pore is similar to the force
obtained in the smooth pore whose width is equal to the rough pore width h at that
location. At the roughness threshold, sufficient separation difference among the points on
surfaces smears out the oscillations and the surface force shows a pure monotonic behavior.
Vanish of the oscillatory force does not refer to vanish of ordering of nanoparticles in the
rough pore. At surface(s) roughness where the force oscillations were nearly zero, grand

canonical Monte Carlo simulation 43

showed the density oscillations due to the ordering
were still present. In order to show an oscillatory force, the particles must be able to be
correlated over a reasonably long range. This requires that both the particles and the
surfaces have a high degree of order or symmetry. If one of them is missing, so is the
oscillation. A roughness of a few nanometers is sufficient to eliminate the oscillatory force

in this study.

Motivated by the lack of dependence of interparticle distance on particle concentration
obtained by TFPB, the effect of confining surface deformability on the structuring of
silica nanoparticles was studied. An asymmetric confinement was made between a solid
silica probe and an air bubble surface and surface deformability was effectively tuned

by adding surfactants. The air-water interface deformability increased with decreasing
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surface tension and could be observed directly from the change of force slope at the con-
stant compliance region of force profiles. Normally, a decreased confining surface charge
was associated with the increase in surface deformability. The oscillatory wavelength was
found not to be affected by the surface deformability (associated surface charge) and was
the same as between two solid surfaces, while the force amplitude decreased with increas-
ing surface deformability, indicating the force required to exclude the layers of particles
was less for deformable surfaces. For cationic surfactant (C14TAB), a different behavior
was displayed on the retraction part of the force curve, in which a pronounced adhesion
appeared. This phenomenon might be attributed to the hydrophobic effect caused by the
monolayer formation of cationic surfactant on the silica sphere surface. Thus a stable thin
film of colloidal nanoparticles was assumed to be formed between the silica microsphere
and the bubble when strong repulsive interaction existed. The fact that the surface prop-
erties (surface deformability, surface charge) had no effect on the oscillatory wavelength
further proved that the layering distance depended solely on the particle concentration.
In contrast to this, ordering strength was found to depend on the surface properties as
well, thus it was affected not only by nanoparticle concentration, but also by the surface

deformability and surface charge after adding extra surfactants.

The unchanged wavelength and decay length between confining surfaces of various con-
ditions at a given particle concentration confirm that the characteristic lengths which
represent the particle structuring are particle-particle interaction dependent. In contrast
to this, surface property-dependent ordering strength are both interparticle and particle-

wall interaction controlled.

The scaling law of A = p~/3 for oscillatory wavelength and the relation of ¢ = R+ x~! for
correlation length break down in the case of non-ionic surfactant micelles. In the case of
spherical micelles, with increasing surfactant concentration, both the amplitude and decay
length increased which indicated increasing in-plane ordering of the micelles, while the
wavelength of micelles remained the same as the value of micelle diameter. This is because
the interaction is characterized by the hard core of the micelles. Thus the wavelength is
the diameter of micelles and not affected by the bulk concentration and the ordering is
enhanced by pressing more micelles into the layers with remaining the number of layers
constant at a given wall separation. Other difference from the oscillatory force curves of
charged silica nanoparticles was that a strong hysteresis between the regimes of approach
and retraction was observed due to the attraction between the surfaces at short distances.
By superimposing a given experimental curve on the theoretical one based on the hard
sphere potential,'® the point of probe/substrate contact could be accurately determined.

At a separation close to the micelle diameter, a strong repulsion was detected which led
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to the conclusion that the system could not overcome the first maximum and one layer
of micelles remained between the surfaces and could not be pressed out. In the case of
elongated micelles, the experimental data did not show a harmonic oscillation anymore.
This can be attributed to the circumstance that the film thickness can decrease not only
by expulsion of micellar layers from the film but also by a gradual reorientation of the
elongated micelles parallel to the film surfaces. In addition, the relaxation time of micelles
plays an important role in displaying the oscillatory forces as well. Micelles with short
relaxation time do not have well pronounced oscillatory behavior. This can be understood
as they are much more labile and are demolished by the shear stresses engendered by the
hydrodynamic flows during the approach and retraction. Therefore, an optimum scanning
speed is necessary to be defined for the system to rearrange after the expulsion of former

layers of the micelles and thus obtain the force profiles.

8.2 Outlook

During the preparation of this thesis, some new questions have arisen that could be fur-
ther investigated. Due to low concentrations of charged particles examined in this work
and large separation range for fitting the force curves, the characteristic lengths of the
oscillation correlate with those in bulk, which is isotropic and fluid-like, although parti-
cles form layers in the vicinity of the confining surfaces. Deviation from the asymptotic
behavior was observed at silica particle concentration higher than 10 vol%. This suggests
a higher in-plane ordering. A possible direction for further research is to induce further
in-plane structuring. This can be done by increasing the concentration of dye-doped silica
particles and pressing them to higher densities to obtain defined in-plane structure, i.e.
hexagonal or cubic structure. In the meantime, fluorescence microscopy can be used to fol-
low the particles” dynamics and determine the corresponding structure. The phenomenon
of nanoparticle structure formation under confinement is of considerable interest in both
science and technology. The nature of the oscillatory structural forces should be further
explored to learn how to optimize the interaction patterns of nanoparticles in order to

engineer nanomaterials and devices such as quantum dots and quantum wires.

Another open question is the difference between results from TFPB and AFM air bubble
measurements. A concentration-independent interparticle distance for charged nanopar-
ticles was observed in TFPB, which contradicted the p~'/® scaling law obtained from
AFM. Although the uncertainties in determining the step sizes due to the contribution
of surface deformability can be considered as one reason, one could also relate this issue

with the different packing of particles at the air-liquid interface. During the air bubble
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measurement, no packing of silica nanoparticles at the interface was found due to the high
hydrophility of the particle surface. Thus a possible research direction is that one can
tune the surface hydrophobicity to induce the packing. The symmetry of the confinement
might be also play an important role in the packing, thus the attachment of a bubble on
the cantilever is necessary. The use of additional surfactants for stabilizing the packing
needs to be considered as well. A understanding of interface self-assembly and the in-
teraction between particles and surfactants can be explored for a variety of applications

including drug delivery.
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