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Abbreviations and symbols∗
A amplitude of the os
illatory stru
tural for
e
c weight per
entage of sili
a nanoparti
les
cs molar 
on
entration of surfa
tant

CMC 
riti
al mi
elle 
on
entration
d thi
kness of layers in a layer-by-layer 
oated polymeri
 �lm
d mi
elle diameter
F for
e

F/R normalized for
e measured by AFM
FTa hydrodynami
 for
e
g(r) bulk pair 
orrelation fun
tion
h separation between AFM 
olloidal probe and the substrate

Imax maximum s
attering intensity in arbitrary units
Itot total ioni
 strength
Isalt ioni
 strength of added salt
kb sti�ness of deformable surfa
e
kc AFM 
antilever spring 
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K 
ondu
tivity

κ−1 Debye length
κ−1
W Debye length in
luding the wall-
ounterions
N number of layers in a layer-by-layer 
oated polymeri
 �lm

Pmax height of the �rst maximum of the solvation pressure
qmax momentum transfer in the position of max. s
attering
q−1 dimensionless 
orrelation length of mi
elle
∆q full width at half maximum of the stru
ture peak
R radius of the AFM 
olloidal probe
R radius of the sili
a nanoparti
le

2(R+ κ−1) e�e
tive parti
le diameter
RRMS root mean square roughness

t−1 de
ay length of ele
trostati
 repulsive for
e
u s
anning velo
ity
w0 dimensionless intera
tion strength of mi
elle

∆X 
hange in the nominal separation
Z valen
y of 
harged parti
le
Z̃ e�e
tive valen
y of 
harged parti
le
Zc AFM 
antilever de�e
tion
ζ zeta-potential

ψS surfa
e potential of 
on�ning wall
φ volume fra
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θf phase shift in the os
illatory for
e (solvation for
e) 
urve
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t angle
η vis
osity
λ wavelength
λf wavelength in 
on�nement
λb wavelength in bulk

2π/ω dimensionless wavelength of mi
elleContinued on next page. . .
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al parameters are not in
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Chapter 1Introdu
tionColloidal dispersions have large appli
ation in our daily life, for instan
e, as 
osmeti
s,advan
ed 
erami
s,1,2 
oating,3 paints, and inks.4,5 Also, thin �lms of 
olloidal disper-sions are 
on�ned to a solid substrate to manufa
ture advan
ed self-assembled materialssu
h as photoni
 
rystals,6�10 and sensors.11,12 In addition, spe
ial 
olloids have biologi
alappli
ations, e.g. as pharma
euti
als, in drug delivery,13 and in food pro
essing.Many appli
ations of 
olloids involve intera
tions on substrates, for example, the spreadingand adhesion phenomena on the substrates (e.g. paints and inks) or the transport of
olloids in mi
ro �uidi
 devi
es or in porous media or at biologi
al surfa
es (e.g. drugdelivery, sta
king of red blood 
ells). Besides, an enhan
ed interest in miniaturizationof the produ
ing pro
ess draws in
reasing resear
h attention. Therefore the 
on�nemente�e
ts on the 
olloidal stru
turing formation and properties are needed to be 
onsidered.The 
on�nement indu
es 
olloids to order di�erently as 
ompared to the bulk. Colloidal
rystal stru
ture has been reported14,15 in 
on�nement at su�
iently high 
on
entration.At relatively low 
on
entrations, layered ordering of 
olloids has been found.14,16�24,24�31Among previous studies, the os
illatory wavelength of 
harged 
olloids was found to de-pend on the bulk 
olloid volume fra
tion φ a

ording to λ ∝ φ−1/3.14,21,22,24,25,31Previous work has fo
used on revealing the dependen
y of inter-
olloid distan
e in 
on-�nement on the 
olloid 
on
entration. However there are still numerous questions left tobe answered. How does the 
on�nement e�e
t behave on the two 
hara
teristi
 lengths:the inter-
olloid distan
e and the 
orrelation length? What is the dependen
y of 
hara
-teristi
 lengths on the 
olloid size? Is the stru
turing of 
olloids in 
on�nement a�e
tedby the total ioni
 strength of the dispersions? What is the e�e
t of 
on�ning surfa
e
harge/potential on the 
orresponding stru
turing? Can os
illatory for
e still be observedon rough or deformable 
on�ning surfa
es? How does the surfa
e 
harge and deformabilityof 
olloids in�uen
e the 
orresponding stru
turing?This thesis is aimed to answer the above questions. The stru
turing of 
olloids under 
on-�nement is studied via for
e measurements with CP-AFM. In 
hapter 4, the stru
turingof sili
a nanoparti
les 
on�ned between two smooth, solid surfa
es is investigated, subdi-vided into three parts based on the e�e
t of parti
le 
on
entration, ioni
 strength, andparti
le size. The 
hara
teristi
 quantities, i.e. interparti
le distan
e, 
orrelation length,and intera
tion strength are extra
ted from the os
illatory for
e and their relation withthe system parameters is investigated. Additionally, SAXS measurements, Monte Carlo



2 Chapter 1 Introdu
tionsimulations and hypernetted 
hain (HNC) 
al
ulations (done by Sabine Klapp group, TUBerlin) are in
luded in order to examine in detail the e�e
t of 
on�nement on the 
hara
-teristi
 quantities. Chapter 5 dis
usses the in�uen
e of surfa
e potential and roughness ofthe 
on�ning surfa
es on the stru
turing of nanoparti
les. Monte Carlo simulation with amodi�ed parti
le-wall potential are 
ombined to reveal the me
hanism behind the 
hangein for
e amplitude. In 
hapter 6, the e�e
t of the surfa
e deformability on the stru
turingof sili
a nanoparti
les is investigated by 
on�ning nanoparti
les between a solid sphereand an air bubble. Various surfa
tants are used to tune the bubble deformability. Chap-ter 7 des
ribes the in�uen
e of the surfa
e 
harge and deformability of 
olloids on theirstru
turing formation by probing non ioni
 surfa
tant mi
elles. Theoreti
al 
al
ulationsdone by Krassimir Danov (Uni So�a) based on the hard-sphere model is 
ombined toprovide a deeper understanding of the observed pro
esses.



Chapter 2S
ienti�
 ba
kgroundA 
olloidal system 
onsists of two separate phases: a dispersed phase (or internal phase)and a 
ontinuous phase (or dispersion medium). The dispersed phase and the 
ontinuousmedium 
an be in gas, liquid, and solid states. The dispersed-phase has a diameter ofbetween approximately 1 and 1000 nanometers. Homogeneous mixtures with a dispersedphase in this size range may be 
alled 
olloidal aerosols, 
olloidal emulsions, 
olloidalfoams, 
olloidal suspensions, or hydrosols depending on varying 
ombinations of dispersedphase and 
ontinuous phase.A distinguishing feature of 
olloidal systems is that the 
onta
t area between dispersedphase and the dispersing medium is large. As a result, surfa
e for
es strongly in�uen
edispersion behavior. By tailoring intera
tions between dispersed-phase, one 
an design
olloids needed for spe
i�
 appli
ations. The stability, rheology, and other desired prop-erties of 
olloids are 
ontrolled internally by the surfa
e 
harge of the dispersed-phase andexternally by the properties of the dispersing medium, su
h as temperature, pH, and ioni
strength.2.1 Surfa
e for
esThe for
es of 
harged 
olloids intera
ting through a liquid medium 
an be des
ribed byDerjaguin-Landau-Verwey-Overbeek (DLVO) theory.32,33 It 
ombines the e�e
ts of thevan der Waals attra
tion and the ele
trostati
 repulsion due to the so-
alled double layerof 
ounterions. Be
ause of the markedly di�erent distan
e dependen
y of the van derWaals and ele
trostati
 intera
tions, the total for
e 
an show several minima and maximawith varying interparti
le distan
e. Additional for
es, su
h as stru
tural for
e (solvationfor
e) and hydrophobi
 for
e 
ommonly o

ur in aqueous solutions. Considering thepresent experimental systems, the involved for
es will be des
ribed: van der Waal for
e,ele
trostati
 for
e, stru
tural for
e and hydrophobi
 for
e.2.1.1 Van der Waals for
eVan der Waals for
es are a family of short-range for
es, in
luding the dipole-dipole for
e,dipole-indu
ed dipole for
e, and dispersion for
es. The expression of the van der Waalsintera
tion between parti
les 
an follow the method by Hamaker,34 in whi
h the netintera
tion energy is the integration of all pair 
ontributions between two bodies. Thus



4 Chapter 2 S
ienti�
 ba
kgroundthe non-retarded van der Waals intera
tion energy of two spheres of radius R1 and R2
an be obtained as
VvdW (D) = −

AH
6

[
2R1R2

D2 + 2(R1 +R2)D
+

2R1R2

D2 + 2(R1 +R2)D + 4R1R2

+ ln(
D2 + 2R1D + 2R2D

D2 + 2(R1 +R2)D + 4R1R2
)] (2.1)where AH is the Hamaker 
onstant, R1 and R2 are the radius of parti
le 1 and 2, respe
-tively, and D is the surfa
e-to-surfa
e distan
e, that is, D = r − (R1 + R2) (r being theparti
le 
enter-to-
enter distan
e).The 
orresponding simpli�ed expression of the van der Waals intera
tion energy of aparti
le approa
hing a surfa
e is

VvdW (D) = −
AHRnorm

6D
(2.2)where Rnorm is the normalized radius, whi
h depends on the geometry used. In the 
aseof sphere/�at geometry: Rnorm = Rsphere, sphere/sphere geometry: Rnorm = R1R2/(R1 +

R2).The van der Waals for
e 
an be obtained by di�erentiating the energy with respe
t todistan
e
FvdW = −

dVvdW
dD

=
AHRnorm

6D2
(2.3)The van der Waals for
e is always attra
tive between identi
al surfa
es of the same ma-terials, and 
an be repulsive between surfa
es of dissimilar materials. Hamaker's methodand the asso
iated Hamaker 
onstant AH assumes that the intera
tion is pairwise ad-ditive and ignores the in�uen
e of an intervening medium between the two parti
les ofintera
tion.

AH = π2 × C × ρ1 × ρ2 (2.4)where ρ1 and ρ2 are the number of atoms per unit volume in two intera
ting bodies andC is the 
oe�
ient in the parti
le-parti
le pair intera
tion. The more advan
ed Lifshitztheory35 has a same expression of the van der Waals energy but with 
onsideration of thediele
tri
 properties of the intervening medium, thus the Hamaker 
onstant has a di�erentvalue.



2.1 Surfa
e for
es 52.1.2 Ele
trostati
 for
eThe ele
trostati
 for
e originates from the fa
t that most surfa
es in 
onta
t with anyliquid of high diele
tri
 
onstant a
quire a surfa
e 
harge. The surfa
e 
an either be
harged by ionization of surfa
e groups (e.g. silanol groups for glass or sili
a surfa
es) or byadsorption of 
harged ions from the surrounding solution. This results in the developmentof a surfa
e potential whi
h attra
ts 
ounterions from the surrounding solution and repels
o-ions. In equilibrium, the surfa
e 
harge is ele
tri
ally neutralized by oppositely 
harged
ounterions in solution within some distan
e from the surfa
e. The region near the surfa
eof enhan
ed 
ounterion 
on
entration is 
alled the ele
tri
al double layer (EDL).32 TheEDL 
an be approximately sub-divided into two regions. Ions in the region 
losest tothe 
harged wall surfa
e are strongly bound to the surfa
e. This immobile layer is 
alledthe Stern or Helmholtz layer. The region adja
ent to the Stern layer is 
alled the di�uselayer and 
ontains loosely asso
iated ions that are 
omparatively mobile. The wholeele
tri
al double layer, due to the distribution of the 
ounterion 
on
entration, results inthe ele
trostati
 s
reening of the surfa
e 
harge.The de
ay length of the di�use ele
tri
 double layer is known as the Debye s
reeninglength,36 κ−1, whi
h is purely a property of the ele
trolyte solution. The Debye lengthfalls with in
reasing ioni
 strength of the solution. In totally pure water at pH 7, κ−1 is960nm, and in 1 mM NaCl solution κ−1 is 9.6nm. The value κ is given by the relation
κ =

√

∑

i

ρ∞ie20z
2
i /ǫǫ0kBT (2.5)where ρ∞i is the number density of ion i in the bulk solution, zi is the valen
y of the ioni, e0 is the elementary 
harge, ǫ0 and ǫ are the permittivity of the va
uum and the solventdiele
tri
 
onstant, respe
tively, and kB is Boltzmann's 
onstant.The Debye length determines the range of the ele
trostati
 double-layer intera
tion be-tween two 
harged surfa
es. The repulsive intera
tion between two equally 
harged sur-fa
es is an entropi
 (osmoti
) for
e. A
tually, the ele
trostati
 
ontribution to the netfor
e is attra
tive. What maintains the di�use double layer is the repulsive osmoti
 pres-sure between the 
ounterions whi
h for
es them away from the surfa
es and from ea
hother so as to in
rease their 
on�gurational entropy. When bringing two equally 
hargedsurfa
es together, one is therefore for
ing the 
ounterions ba
k onto the surfa
es againsttheir osmoti
 repulsion, but favored by the ele
trostati
 intera
tion. The former dom-inates and the net for
e is repulsive. Commonly speaking, when two 
harge surfa
esapproa
h ea
h other, the ele
tri
 double layers overlap and results in the so-
alled ele
tri
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ienti�
 ba
kgroundor ele
trostati
 double layer repulsion for
e, even though the repulsion really arises fromentropi
 
on�nement of the double layer ions.The ele
trostati
 intera
tion 
an be obtained by solving the Poisson-Boltzmann equation37for the potential distribution or 
ounterion distribution in the liquid, subje
t to suitableboundary 
onditions.36,38 These 
onditions are usually either 
onstant surfa
e potentialif the 
on
entration of 
ounterions is 
onstant as D is de
reased (e.g. metal sols in asolution) or 
onstant surfa
e 
harge if the total number of 
ounterions in liquid does not
hange (e.g. 
lay minerals). Using weak overlap approximation at 
onstant potential,36the free energy per unit area of intera
tion between two spheres is
WEL = (64kBTρ∞γ1γ2/κ)e

−κD (2.6)where γ is the redu
ed surfa
e potential γ = tanh
(

zeψ0

4kBT

), ψ0 is the potential on thesurfa
e.Using Derjaguin approximation F = 2πRnormW ,39 the expression of ele
trostati
 for
e Fbetween two spheres be
omes
FEL = (128πkBTρ∞Rnormγ1γ2/κ)e

−κD (2.7)In the simplest 
ase, FEL = (64πkBTρ∞Rγ
2/κ)e−κD for two identi
ally 
harged parti
lesof radius R. This approximation is appropriate for surfa
e potential between 30-100 mV.At low surfa
e potentials, below 30 mV, the ele
trostati
 for
e 
an be simpli�ed withlinear Poisson-Boltzmann approximation,

FEL ≈ 2πRǫǫ0ψ
2
0κe

−κD = 2πRq2
fe

−κD/κǫǫ0 (2.8)where the surfa
e potential ψ0 and surfa
e 
harge density qf are related by qf = κǫǫ0ψ0.For more general 
ase, the surfa
e 
harge density is 
al
ulated by using the Grahameequation36
qf =

√

8ǫ0ǫkBTItotNA sinh(
e0ψ0

2kBT
) (2.9)where Itot is the bulk total ioni
 strength, Itot = 1

2NA

∑n
i=1 ρ∞iz

2
i .It should be noted that the above equations are a

urate for surfa
e separation beyondone Debye length. At small separation one has to use numeri
al solutions of the Poisson-Boltzmann equation to obtain the exa
t intera
tion potential, for whi
h there are nosimple and a

urate expressions. The 
harge regulation due to the 
ounterion bindingneeds to be taken into a

ount, therefore the strength of the double layer intera
tion is
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e for
es 7always less than that obtained at 
onstant surfa
e 
harge 
ondition and higher than thatat 
onstant surfa
e potential.Combining the van der Waals for
e and the ele
trostati
 double layer for
e, the DLVOfor
e between two parti
les or two surfa
es in a liquid 
an be expressed as:
F (D) = FvdW (D) + FEL(D) (2.10)In 
ontrast to the double layer for
e, the van der Waals for
e is mostly insensitive toele
trolyte strength and pH. Additionally, the van der Waals for
e is greater than thedouble layer for
e at small separation sin
e it is a power law intera
tion, whereas thedouble layer for
e remains �nite or in
reases mu
h more slowly within the same separationrange. The interplay between these two for
es has many important 
onsequen
es, thusunderstanding the individual for
es and their 
ontributions is a good way to 
ontrol thestability of the 
olloidal suspensions.2.1.3 Depletion for
eThe depletion for
e exists in the systems 
ontaining parti
les with di�erent length s
alesor parti
les and non-adsorbing polymer 
oils or mi
elles. In this dissertation, the depletionfor
e arises between a mi
rometer-sized sili
a parti
le and a �at sili
a plate immersed ina dispersion of sili
a nanoparti
les or surfa
tant mi
elles. The nanoparti
les/mi
elles 
anbe 
alled depletion agents. Depletion agents are ex
luded from a shell of thi
kness oftheir radius around the larger sili
a parti
le (or sili
a plate), 
alled the depletion zone.When two larger parti
les or surfa
es are brought together and the distan
e h between twolarger parti
le surfa
es is less than diameter of depletion agents, h < 2R, their depletionzones will overlap and the depletion agents are expelled from the gap between the largerparti
les. The absen
e of depletion agents in the gap leads to a density gradient andan osmoti
 pressure 
ausing the attra
tive depletion for
e between the larger parti
lesurfa
es. The range of the attra
tion is dire
tly related to the radius of depletion agent,whereas the strength is proportional to the 
on
entration of the depletion agent. Asakuraand Oosawa40,41 �rst 
al
ulated the for
e per unit area between two parallel plates asbeing equal to the osmoti
 pressure of the surrounding depletion agent with simplest hardsphere approa
h:

Fdep
A

= −ρkBTΘ(2R− h), h < 2R (2.11)where Θ is the Heaviside fun
tion. The depletion for
e depends on the parti
le numberdensity ρ and absolute temperature T of the surrounding depletion agent. And Fdep

A
= 0,



8 Chapter 2 S
ienti�
 ba
kgroundfor h ≥ 2R.

Figure 2.1: When the distan
e between two surfa
es is larger than the diameter of thedepletion agents, h ≥ 2R, the depletion agents 
an move into the gap and there is nodepletion for
e a
ting on them. When the distan
e is small enough, h < 2R, the depletionagents are expelled from the gap and the net for
e a
ting on surfa
es is equal to the pressureof the surrounding depletion agents.A detailed insight into depletion for
es is important for studying the stability and phasebehavior of 
olloidal suspensions and for the understanding of properties of polymer-
olloid mixtures and other self-assembling phenomena in liquid dispersions.2.1.4 Stru
tural for
eBesides the depletion for
e, there is another non-DLVO for
e, 
alled stru
tural for
e oros
illatory for
e. It arises when the ma
ros
opi
 surfa
es are immersed in a relativelylarge 
on
entration of the small 
olloidal parti
les. The stru
tural for
e was �rst foundby Israela
hvili in the system of 
on�ned water mole
ules. The stru
tural for
e is ageneri
 feature also for 
olloidal parti
les, liquid 
rystals, and polyele
trolytes. These
omplex �uids 
an be 
onsidered as depletion agents for larger parti
les (surfa
es). Atlarge separation, the density of depletion agents in any highly restri
ted spa
e is the sameas that in bulk.The density pro�le of depletion agents normal to a solid surfa
e os
illates around thebulk density with a periodi
ity 
lose to the distan
e of the depletion agent, and thisos
illation extends several e�e
tive diameters of the depletion agent into the liquid. Withinthis range, the depletion agents are indu
ed to order into quasi-dis
rete layers. When a
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e for
es 9neighboring surfa
e approa
hes, the density distributions normal to both surfa
es overlapand the depletion agents are squeezed out of the restri
ted spa
e layer by layer so as tobe a

ommodated between two surfa
es. The variation of overlapping density pro�le withseparation leads to an os
illating osmoti
 pressure.The osmoti
 pressure as a fun
tion of separation is
P (h) = kBT [ρs(h) − ρs(∞)] (2.12)where ρs(h) is the density of depletion agent at two surfa
es separated by a distan
e ofh and ρs(∞) is the 
orresponding density at isolated surfa
e. Thus an osmoti
 pressurearises on
e there is a 
hange in the depletion agent's density at the surfa
es as the surfa
esapproa
h ea
h other. ρs(h) is higher than ρs(∞) only when surfa
e separations are mul-tiples of the distan
e of the depletion agents and lower when at intermediate separations.At large separations, ρs(h) approa
hes the value of ρs(∞), the osmoti
 pressure is zero.As the last layer of depletion agent is squeezed out, ρs(h→ 0)→ 0, the osmoti
 pressureapproa
hes a �nite value given by
P (h→ 0) = −kBTρs(∞) (2.13)whi
h means the for
e at 
onta
t is negative. Eqn. 2.13 has the same form as the depletionfor
e. Therefore, the depletion for
e is 
onsidered as a spe
ial 
ase of the os
illatory for
ein the limit of very small separations.The attra
tive surfa
e-liquid intera
tion and geometri
 
onstraining both have in�uen
eon the variation of the layering of depletion agents with separation, the latter beingessential be
ause layering is still observed even in the absen
e of the attra
tive surfa
e-liquid intera
tion.For simple spheri
al depletion agents between two smooth surfa
es the stru
tural for
e isusually a de
aying os
illatory fun
tion of distan
e. For depletion agents with asymmetri
shapes, the resulting stru
tural for
e may also have a monotoni
ally repulsive or attra
tive
omponent. Stru
tural for
es depend not only on the properties of the depletion agentbut also on the 
hemi
al and physi
al properties of the 
on�ning surfa
es, su
h as thehydrophobi
ity, the morphology and the deformability of the surfa
es.In general, the os
illatory stru
tural for
e 
onsists of a harmoni
 os
illation 
oupled withan exponential de
ay fun
tion, thus it 
an be written as
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Figure 2.2: S
hemati
 illustration of the layering of spheri
al parti
les during the ap-proa
h of two smooth surfa
es and the 
orresponding measurable stru
tural for
e. Thedensity pro�le of parti
les 
hanges with separation of two surfa
es, resulting in di�erentstru
turing of parti
les. At 
ertain separation, parti
les are squeezed out of the gap to re-lease the high inner pressure/for
e. The distan
e between two adja
ent layers of parti
lesrelates to the inter-parti
le distan
e (illustration adopted from Israela
hvili's book36).
Fosc(h)

R
= A exp

(

−
h

ξf

)

cos

(

2π
h

λf
+ θf

)

+ offset (2.14)where R is the radius of the 
olloidal probe, and h is the separation between two 
on�ningsurfa
es. The three important parameters 
hara
terizing the os
illations are the amplitude
A, the wavelength λf , and the de
ay length ξf . The amplitude des
ribes the intera
tionstrength of the parti
les, wavelength indi
ates the interparti
le distan
e of the layeredstru
turing, and de
ay length tells the degree of the ordering. This fun
tion is similaras the bulk pair 
orrelation fun
tion whi
h is valid at large intera
tion distan
e. Stri
tlyspeaking, this equation should apply at relatively large separation be
ause the additional
ontribution of nonstru
tural for
es exists at small distan
e.2.1.5 Hydrophobi
 for
eWhen using a hydrophobi
 surfa
e, for example, repla
ing the solid substrate with agas bubble or an other surfa
e 
omposed of hydro
arbons, the hydrophobi
 for
e playsa role in the system. The hydrophobi
 for
e des
ribes the apparent repulsion betweenwater and hydrophobi
 substan
es. Comparing to bond with hydrophili
 mole
ules whi
hhave polar or ioni
 groups and hydrogen-bonding sites, water mole
ules have mu
h lessa�nity to bond with the hydrophobi
 surfa
e. The orientation of water mole
ules in
onta
t with hydrophobi
 mole
ule is entropi
ally unfavorable, therefore two hydrophobi
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al Modelings 11mole
ules tend to 
ome together and expel the water mole
ules into the bulk. This simpleattra
tive for
e between hydrophobi
 mole
ules is favored be
ause of the redu
ed total freeenergy of the system. Similarly, when water mole
ules are 
on�ned between hydrophobi
surfa
es, a net attra
tive for
e arises between the 
on�ning surfa
es to expel the watermole
ules, whi
h in
reases the translational and rotational entropy of water mole
ulesand de
reases the total free energy. Therefore, the attra
tive for
e, or hydrophobi
 for
ebetween hydrophobi
 surfa
es is 
onsidered to be the 
onsequen
e of water mole
ulesmigrating from a restri
ted spa
e to the bulk water where there are unrestri
ted hydrogen-bonding opportunities and a lower free energy.The attra
tive hydrophobi
 for
e is a long range for
e and mu
h stronger than the van derWaals for
e.42�45 It has a signi�
ant in�uen
e on the stability of 
olloids. Thus the for
eis needed to be taken into a

ount when the system involves hydrophobi
 surfa
es.2.2 Theoreti
al ModelingsThe developed theories are based on modeling by means of the integral equations of sta-tisti
al me
hani
s,46 numeri
al simulations,47�49 and density-fun
tional modeling.50�52 Asa rule, these approa
hes are related to 
ompli
ated theoreti
al expressions or numeri
alpro
edures. The studies have shown that theoreti
al tools 
an des
ribe os
illatory for
esin a variety of model systems, su
h as hard spheres,47,52,53 polar �uids,54 liquid 
rystals,55polyele
trolytes,56 and and 
olloidal parti
les.48,51 In the 
ase of nonioni
 mi
elles that
an be modeled as hard spheres, Trokhym
huk et al.53 proposed a quantitative analyti-
al expression for the os
illatory for
e, whi
h has been tested against both Monte-Carlosimulation data53,57 and data for stratifying free foam �lms.582.2.1 Charged parti
les∗Based on Derjaguin-Landau-Verwey-Overbe
k (DLVO) theory, a suspension of 
hargednanoparti
les is modeled on an e�e
tive level whi
h only in
ludes the negatively 
hargedsili
a nanoparti
les expli
itly.59�62 Here, the ele
trostati
 part of the DLVO potential isused32
u(r) = Z̃2e20

exp (−κr)

4πǫ0ǫr
(2.15)

∗Done by Sabine Klapp group at TU Berlin (Cooperation)
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kgroundwhere Z = 4π(σ/2)2qf is the total 
harge of a parti
le with diameter σ and surfa
e 
hargedensity, qf , whi
h 
al
ulated from the Grahame equation eqn. 2.9 with assuming themeasured zeta potential ζ 
lose to ψ0.In addition, Z̃ is the e�e
tive valen
y whi
h is given by
Z̃ = Z exp(κσ/2)/(1 + κσ/2) (2.16)

κ is the inverse Debye s
reening length, de�ned in eqn. 2.5 and 
an be also written as
κ =

√

√

√

√

1

ǫ0ǫkBT
(ρc(zce0)2 +

K
∑

k=1

ρk(zke0)2) (2.17)where T is the temperature (set to 300 Kelvin), and ρc and zc are the number density andvalen
y of the 
ounterions, respe
tively. The remaining sum refers to the additional saltions. Assuming univalent 
ounterions |zc|= 1, the 
ondition of 
harge neutrality between
ounterions and 
harged parti
les requires ρc = |Z|ρ. Eqn. 2.17 
an then be rewrittenas
κ =

√

e20
ǫ0ǫkBT

(Zρ+ 2IsaltNA) (2.18)where Isalt = 1
2NA

∑K
k=1 ρk(zk)

2 is the ioni
 strength of the additional salt, and NA isAvogadro's 
onstant.For numeri
al reasons the soft sphere intera
tion uSS(r) = 4ǫSS(σ/r)
12 is added to thenanoparti
les intera
tion whi
h is, however, essentially negligible 
ompared to the DLVOintera
tion energies at typi
al mean parti
le distan
es in this study.Chara
teristi
 lengths as wavelength and de
ay length of bulk systems are extra
tedfrom bulk pair 
orrelation fun
tions gb(r). Within Monte Carlo (MC) simulations, gb(r)is determined using between 500 and 2000 parti
les depending on the volume fra
tion

φ = (π/6)ρσ3. Additionally, the integral equation for gb(r) ≡ hb(r) + 1 (with hb(r)being the total 
orrelation fun
tion) 
onsisting of the exa
t Ornstein-Zernike equation,
h(r12) = c(r12) + ρ

∫

dr3h(r13c(r32),63 
ombined with the approximate hypernetted 
hain(HNC) 
losure, g(r) = exp[−βu(r) + h(r) − c(r)],64 is solved.A 
onvenient feature of using integral equations is that the asymptoti
 stru
ture, that is,the dominant wavelength and 
orrelation length of the fun
tion hb(r) = gb(r) − 1 in thelimit r → ∞ 
an be determined dire
tly. This is done by analyzing the 
omplex poles
q = ±q1 + iq0 of the stru
ture fa
tor Sb(q) = 1 + ρh̃b(q).50 The pole with the smallest
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Figure 2.3: Dominant wavelength λb 
hara
terizing hb(r) = gb(r)-1 as a fun
tion of thevolume fra
tion a

ording to HNC (solid line) and MC (diamonds). Also shown are theHNC data for λs 59 (dashed line) and the 
orresponding SANS data for λs 61 (�lled 
ir
les,with error bars). The inset shows two MC results for the fun
tion ln(r |hb(r)|) (
ir
les).The asymptoti
 �t fun
tions are plotted as dashed lines.imaginary part determines the slowest exponential de
ay and thus yields an analyti
aldes
ription of the asymptoti
 behavior of hb(r) whi
h reads
rhb(r) = Abexp(−q0r)cos(q1r − θb), r → ∞ (2.19)with q0 = ξ−1

b playing the role of an inverse de
ay length (
orrelation length) and q1 =

2π/λb determining the wavelength of the os
illation. q0 and q1 
an be also determinedfrom the MC data by plotting the fun
tion ln(r |hb(r)|). Wavelength and 
orrelationlength then follow from the os
illations and the slope of the straight line 
onne
ting themaxima at large r.The HNC and MC results for wavelength in bulk λb as a fun
tion of the parti
le volumefra
tion φ are given in the main part of �g. 2.3, showing that the two approa
hes arein good agreement. This is 
onsistent with the observations previously reported65 andjusti�es the use of HNC in the bulk system.DFT50,51 predi
ts that, for su�
iently large h allowing a bulk-like region in the middle ofthe pore, the mi
ros
opi
 density pro�le should de
ay as ρ(z)−ρb → Aρexp(−q0z)cos(q1z−

θρ), where q0 and q1 are exa
tly the same as in the bulk system at equal 
hemi
al potential
µ (with bulk parti
le number density ρb), whereas the amplitude Aρ and θρ depend onthe nature of �uid-wall (parti
le-
on�ning surfa
e) intera
tions. The same asymptoti
behavior is expe
ted for the so-
alled normal solvation pressure, f(h) = Pzz(h)−Pbulk.The 
on�ned system modeled �rst by two in�nite plane parallel, smooth, un
harged sur-fa
es separated by a distan
e h along the z-dire
tion,59,61 �uid-wall (parti
le-
on�ning
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 ba
kgroundsurfa
e) intera
tion is 
hosen to be purely repulsive and read as
uSW

FS (z) =
4

5
πǫw

(σ

z

)9 (2.20)The MC simulation in the grand 
anoni
al (GC) ensemble 
an be employed to investigatethe 
on�ned systems, that is, at 
onstant temperature, wall separation, box area parallelto the walls, and 
onstant 
hemi
al potential µ.59 66 Furthermore, the inverse Debye lengthshould be �xed at the value 
orresponding to the bulk volume fra
tion. The solvationpressure f(h) = Pzz(h) − Pb with Pb being the bulk pressure and Pzz(h) the normal
omponent of the pressure tensor66 exhibits os
illations with varying surfa
e separation.This quantity is related to the os
illatory for
es of the AFM experiment via Derjaguin'sapproximation.52 The fun
tions f(h) are �tted a

ording to the expression
f̃(h) = Af exp

(

−
h

ξf

)

cos

(

2πh

λf

− θf

) (2.21)with λf and ξf being the wavelength and de
ay length, respe
tively.In the whole parti
le 
on
entration range 
onsidered, the os
illatory asymptoti
 de
ay off(h) (determined by a wavelength λf) is indeed well des
ribed by the leading bulk wave-length (and 
orrelation length), implying λf = λb. This is parti
ularly well-demonstratedby the logarithmi
 representation in the inset of �g. 2.4. Thus, the GCMC simulationresults for the 
harged sili
a parti
les 
on�rm the DFT predi
tions. As eqn. 2.19 derivedfrom Ornstein-Zernike theory eqn. 2.21 is only valid for h→ ∞. However the asymptoti
expression is found to provide a good approximation of the os
illations already at remark-ably small wall separations. The full 
urve is well des
ribed by the asymptoti
 formulaalready after the �rst minimum at h = hmin. For smaller separations h ≤ hmin, a 
ubi
polynomial �t is used:
f̃(h) = a0 + a1h+ a2h

2 + a3h
3 (2.22)The 
oe�
ients are adjusted su
h that both the pressure and its derivative are 
ontinuousat hmin. Then, an a

urate �t formula for f(h) 
an be found by immediately integratingf(h) 52 to obtain the solvation for
e F(h)/2πR, results for whi
h are in
luded in �g. 2.4.In order to obtain the impa
t of surfa
e potential on the other quantities of the solvationfor
es, i.e. amplitude and phase shift, whi
h is predi
ted by the DFT, the 
on�ned systemis modeled by two in�nite plane parallel, smooth, 
harged surfa
es separated by a distan
e

h along the z-dire
tion.62 Their surfa
e potential mimi
s the experimental 
onditions. A
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luded are the resulting stru
tural for
es F(h)/2πR (dashed line). Theinset shows a logarithmi
 plot of f(h).simplest version of linearized Poisson-Boltzmann (PB) theory is �rst employed

uI(z) = WS exp

(

−κ

(

h

2
− z

))

+WS exp

(

−κ

(

h

2
+ z

)) (2.23)The de
ay of potential is determined by the bulk Debye s
reening length κ and the wall
harge only 
ome into play through a prefa
tor WS = 64πǫ0ǫγfγsR (kBT/e0)
2, where

γF/S = tanh
(

e0ψF/S/4kBT
), ψF/S is the surfa
e potential of the �uid parti
les (F) andthe solid walls (S), and R is the radius of the �uid parti
le, R= σ/2. This model has the
onsequen
e that the os
illations of the normal pressure be
ome weakened with in
reasing

|ψS|, whi
h is in 
ontradi
tion to the experiment.Thus a modi�ed �uid-wall potential is developed. It takes additional wall 
ounterions intoa

ount whi
h 
hange the s
reening between 
harged walls and 
olloidal parti
les. Theexpression of a sili
a ion and one of the 
harged walls is read as
uLSA

FS (z) = 64πǫ0ǫγFγSR

(

kBT

e0

)2

exp [−κW(z −R)] (2.24)where the s
reening parameter depends on ψS and is spa
e-dependent,
κW(z) =

√

e20
ǫ0ǫkBT

(

Zρ+ 2IsaltNA +
|qS|

e0z

) (2.25)and the 
on�ning surfa
e 
harge density qS is related to the surfa
e potential via theGrahame equation.
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 ba
kgroundThe total �uid-wall intera
tion is therefore given by
uFS(z) = uLSA

FS (h/2 − z) + uLSA
FS (h/2 + z) + uSW

FS (h/2 − z) + uSW
FS (h/2 + z) (2.26)where uLSA

FS and uSW
FS are given by eqn. 2.24 and eqn. 2.20, respe
tively. This indu
es anon-monotoni
 behavior of the �uid-wall intera
tion potential as a fun
tion of the wall
harge.2.2.2 Nonioni
 surfa
tant mi
elles∗Using the Derjaguin's approximation, one 
an express the surfa
e for
e, F, between aspheri
al parti
le and a planar plate in the form:

F (h) = 2πRW (h) (2.27)where R is the parti
le radius; h is the surfa
e-to-surfa
e distan
e between the parti
leand the plate; W(h) is the intera
tion energy per unit area of a plane-parallel liquid �lmof thi
kness h. In the 
onsidered 
ase of nonioni
 surfa
tant mi
elles,W 
an be expressedas a sum of 
ontributions from the van der Waals for
es, WvdW , and os
illatory stru
turalfor
es due to the surfa
tant mi
elles, Wosc
36,58

W (h) = Wosc +WvdW = Wosc −
AH

12πh2
(2.28)The surfa
e 
harge of the 
on�ning surfa
es 
an be negle
ted, sin
e 
on�ning surfa
e
harge would not 
hange the os
illation wavelength and de
ay length, but in
rease theamplitude w0.51The 
ombination of eqn. 2.27 and eqn. 2.28 yields

F = 2ρR
kBT

d2
(
Woscd

2

kBT
−

AH
12π(h/d)2kBT

) (2.29)where d is the mi
elle diameter; h/d is the dimensionless surfa
e-to-surfa
e distan
e.Furthermore, the expression for Wosc due to Trokhym
huk et al.53 is used:
Woscd

2

kBT
= −

phsd
3

kBT
(1 − h/d) −

2σhsd
2

kBT
, 0 ≤ h/d < 1 (2.30)

∗Done by Krassimir Danov at Uni So�a (Cooperation)
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Woscd

2

kBT
= w0 cos(ωh/d+ ϕ1) exp−qh/d +w1 expδ(1−h/d), h/d ≥ 1 (2.31)where phs is the pressure of a hard-sphere �uid expressed through the Carnahan-Starlingformula,67 and σhs is the s
aled-parti
le-theory68 expression for the ex
ess surfa
e freeenergy of a hard-sphere �uid:

phsd
3

kBT
=

6

π
φ

1 + φ+ φ2 − φ3

(1 − φ)3
(2.32)

σhsd
2

kBT
= −

9

2π
φ2 1 + φ

(1 − φ)3
(2.33)The parameters w0, ω, ϕ1, q, w1 and δ in eqn. 2.31 depend on the hard-sphere (mi
elle)volume fra
tion, φ, as follows53

w0 = 0.57909 + 0.83439φ+ 8.65315φ2 (2.34)
ω = 4.45160 + 7.10586φ− 8.30671φ2 + 8.29751φ3 (2.35)

q = 4.78366 − 19.64378φ+ 37.37944φ2 − 30.59647φ3 (2.36)
w1 =

2σhsd
2

kBT
− w0 cos(ω + ϕ1) exp(−q) (2.37)

ϕ1 = 0.40095 + 2.10336φ, δ =
π1

w1
(2.38)where

π1 =
6

π
φ exp(

∆µhs
kBT

) −
phsd

3

kBT
− π0 cos(ω + ϕ2) exp(−q) (2.39)

µhs
kBT

= φ
8 − 9φ+ 3φ2

(1 − φ)3
(2.40)

π0 = 4.06281 − 3.10572φ+ 76.67381φ2 (2.41)
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ienti�
 ba
kground
ϕ2 = −0.39687 − 0.3948φ+ 2.3027φ2 (2.42)The parameters w0, ω, and q de�ned by eqn. 2.34-2.36 
hara
terize, respe
tively, theamplitude, wavelength and de
ay length of the os
illations (see eqn. 2.31). The last termin eqn. 2.31 ensures the 
orre
t height of the �rst (the highest) maximum.53 Note thatfor a hard sphere �uid, the amplitude, wavelength and de
ay length of the os
illationsdepend on the parti
le volume fra
tion, φ, in a

ordan
e with eqn. 2.34-2.36.Eqn. 2.29, along with eqn. 2.30-2.42, determines the theoreti
al dependen
e F(h, φ) atgiven 
olloidal probe radius, R, and mi
elle diameter, d. In parti
ular, for a given mi
ellevolume fra
tion, φ, phs, σhs, w0, ω , q, µhs, π0 
an be �rst 
al
ulated, and ϕ2 from eqn. 2.32-2.36 and eqn. 2.40-2.42; after that, w1, ϕ1, π1 and δ 
an be 
al
ulated from eqn. 2.37-2.39;next Wosc is 
omputed from eqn. 2.30-2.31, and �nally F, from eqn. 2.29.The �tting pro
edure is as follows. The experimental for
e, Fexp is given as a fun
tion ofthe experimental distan
e, hexp = h + ∆h, where h is the theoreti
al distan
e and ∆h isthe di�eren
e between the positions of the experimental and theoreti
al 
oordinate originson the h-axis. The �tting by means of the least-squares method 
onsists of numeri
alminimization of the following merit fun
tion:

Φ(∆h, φ) =
∑

i

[F (hiexp − ∆h, φ) − F i
exp(h

i
exp)]

2 (2.43)where F i
exp(h

i
exp) is the set of experimental data numbered by the index i, and the sum-mation is 
arried out over all experimental points. It is important to note that in the�tting pro
edure, the points from the non-equilibrium portions of the experimental 
urveshave to be ex
luded, be
ause the theoreti
al 
urve gives the equilibrium for
e-vs.-distan
edependen
e.When φ is known, the variation of ∆h is equivalent to a simple horizontal translation ofthe experimental 
urve with respe
t to the theoreti
al one, the latter being uniquely deter-mined. The minimization of Φ with respe
t to ∆h 
orresponds to the best 
oin
iden
e ofthe two 
urves. When φ is not known, both ∆h and φ should be varied to minimize numer-i
ally Φ in eqn. 2.43, and to �nd the best �t. When 
al
ulating the theoreti
al 
urves, ineqn. 2.29 the value AH = 7×10−21 J of the Hamaker 
onstant for sili
a/water/sili
a �lmsis used.36 The e�e
t of van der Waals for
es is essential only at the lowest investigatedmi
ellar 
on
entrations, where the os
illatory amplitude w0 is relatively small.



Chapter 3Experimental Se
tionAbstra
tThis se
tion des
ribes the preparation and 
hara
terization of investigated systems. Thepreparation part involves solely 
olloidal suspensions, mixture of nanoparti
les and sur-fa
tants, mi
elle solutions, polyele
trolytes solutions, and the substrate 
leaning pro
essand modi�
ation. Zeta potential, 
onta
t angle, surfa
e tension, surfa
e topography andsurfa
e thi
kness are 
hara
terized via relevant te
hniques. The stru
turing of 
olloidalsuspensions in 
on�nement and in bulk are determined by 
olloidal-probe atomi
 for
emi
ros
opy and small angle X-ray s
attering, respe
tively. The detailed experimentalpro
edures and data-analyzing methods are presented as well.3.1 Preparation of materials3.1.1 Colloidal nanoparti
le suspensionsLudox grade 
olloidal sili
a nanoparti
le suspensions, named TMA 34 (deionized), HS 40(stabilized with Na+), and SM 30 (stabilized with Na+) were pur
hased from Aldri
h(Taufkir
hen, Germany) and used in AFM for
e measurements. The original sto
k of
olloidal suspensions was dialyzed with Milli-Q water (Millipore, Billeri
a, MA, USA)for two weeks. The dialysis tubes (Aldri
h, Germany) with pore size of 1000 MWCOwere used to remove any remaining ions and ioni
 
ontaminants. After dialysis, parti
lesuspensions of varying 
on
entrations were prepared with Milli-Q water as solvent. Theweight per
entage, 
, and density of the solutions, ρs, were determined by weighing aknown volume of the sample before and after drying (24 h at 400 ◦C). The volume fra
tionwas 
onverted from the weight per
entage as φ = c×ρs

ρp
. The mass density of sili
a parti
le

ρp was set as manufa
tural value of 2.2 g mL−1. The mass density of suspension had adependen
y on the parti
le 
on
entration as in �g. 3.1. The sili
a nanoparti
le suspensionshave a pH of about 6.5. Whenever needed, sodium 
hloride NaCl (suprapur 99,99 %,Mer
k) was used to tune the ioni
 strength of the suspensions. Ludox sili
a suspensionshave been stored in plasti
 tubes.
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Figure 3.1: The dependen
y of mass density of the parti
le suspensions on the parti
le
on
entration, whi
h is needed to 
onvert weight per
entage to volume fra
tion.3.1.2 Surfa
tant solutionsIn terms of the measurements on deformable bubble surfa
es, surfa
tants were used to tunethe surfa
e tension. β-dode
ylmaltoside (β-C12G2) (Gly
on Bio
hemi
als, Lu
kenwalde),sodium dode
yl sulfate (SDS) (Sigma-Aldri
h, purity >99.9 %) and hexade
yltrimethy-lammonium bromide (C16TAB) (Sigma-Aldri
h, purity >99 %) were used as re
eived. The
riti
al mi
elle 
on
entrations (CMC) are 0.17 mM, 8 mM, and 1 mM for β-C12G2, SDS,and C16TAB, respe
tively. All surfa
tant solutions were prepared with Milli-Q water.The surfa
tant 
on
entrations were always well below the CMC.3.1.3 Mi
elle solutionsThe nonioni
 surfa
tants, poly(oxyethylene lauryl ether) (Brij 35), and poly(oxyethylenesorbitan monolaurate) (Tween 20), produ
ts of Sigma, were used without further pu-ri�
ation. The mole
ular weight of Brij 35 is 1198 g mol−1; its 
riti
al mi
ellization
on
entration (CMC) is 9×10−5 M, and the mi
elle diameter is d = 8.8 nm. The mi
ellesare spheri
al up to 150 mM Brij 35 
on
entration, but they undergo a transition to elon-gated mi
elles at higher 
on
entrations. The mole
ular mass of Tween 20 is 1225 g mol−1;its CMC is 4.9×10−5 M, and the mi
elle diameter is d = 7.2 nm.3.1.4 Polyele
trolytes solutionsPoly(ethylenimin) (PEI), 750 kDa, 50 wt% solution in water, poly(allylamine hydro
hlo-ride) (PAH), 65 kDa, poly(sodium 4-styrenesulfonate) (PSS), 70 kDa, and poly(a
ryli
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id) (PAA), 450 kDa were pur
hased from Sigma Aldri
h (Germany). Hyaluroni
 a
id(HA) in the sodium hyaluronate form, 150 kDa, was obtained from Amersham Bio-s
ien
e (Muni
h, Germany). The polyele
trolytes solutions were prepared by dissolvingthe amount of polymer 
orresponding to a 
on
entration of 10−2 monoM in Milli-Q wa-ter. Certain amount of sodium 
hloride (suprapur 99,99 %, Mer
k) was added afterwardswhen ne
essary. In order to over
ome solubility problems, a solution of 1 mg mL−1 of HAwas used.3.2 Preparation of di�erent surfa
es3.2.1 Sili
a surfa
eSili
a, as 
olloids or a plate, is an amorphous material whi
h is often used as model systemfor studying the surfa
e 
hemistry and intera
tion of many systems. The surfa
e of sili
ais well known to be negatively 
harged due to the ionization of silanol groups in 
onta
twith water: SiOH + H2O ⇋ SiO− + H3O+. The surfa
e 
harge of sili
a varies with pH,ele
trolyte 
on
entration, and 
leaning pro
ess. It has been proposed in the literaturethat a gel-like surfa
e layer forms when sili
a is in 
onta
t with water. This gel-like layeris about 2-6 nm thi
k and 
omposed of silanol and sili
i
 a
id groups. This hypothesismay explain the high surfa
e 
harge and low potentials of the sili
a surfa
e, and also theadditional non-DLVO repulsion at small separation due to the steri
 repulsion betweentwo overlapped layers.Sili
on wafers (Wa
ker Siltroni
 AG, Germany) were 
leaned in a 1:1 mixture of piranhasolution (H2O2/H2SO4 solution) for 30 min followed by extensive rinsing with Milli-Qwater. Afterwards, the et
hed sili
on wafers were stored under Milli-Q water in a glass
ontainer. The above pro
edure yielded a fully hydrophili
 surfa
e. Just before theexperiment, the substrate was taken out of water and dried in a nitrogen �ux.3.2.2 Mi
a surfa
eMi
a is easily 
leaved into atomi
ally smooth layers and hen
e is widely used as an im-portant substrate in many fundamental studies. The highly perfe
t 
leavage is explainedby the hexagonal sheet-like arrangement of its atoms. Mi
a is a layered dio
tahedralaluminosili
ate represented as KAl2(AlSi3)O10(OH)2. Ea
h mi
a sheet 
onsists two sili-
ate layers joined together by aluminum atoms. The substitution of aluminum for sili
on
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tionin the sili
ate layers results in a net negatively 
harged latti
e, whi
h is neutralized bypotassium ions present between aluminosili
ate sheets. Therefore mi
a 
an be 
leavedalong the plane of potassium ions. In air the mi
a surfa
e is neutralized while in water ita
quires a high negative surfa
e 
harge by disso
iation and ion ex
hange. The apparentsurfa
e potential of mi
a in pure water is found to be −160 mV, whi
h is de
reased slightlyas the ioni
 strength of the solution in
reases. The fresh mi
a surfa
e was prepared by
leaving the mi
a sheets with tweezer, and then deposited on top of a sili
on wafer.
3.2.3 Hydrophobi
 substrateIn order to avoid the strong 
apillary for
e between the AFM sili
a probe and hydrophili
substrate in air during spring 
onstant determination, a modi�ed sili
on wafer with
onta
t angle > 100 ◦C is needed. 50 µL of heptade
a�uoro-1,1,2,2-tetra-hydrode
ylsimethyl
hlorosilane (ABCR, Karlsruhe) was pipette in a small glass vial, whi
h 
ouldbe 
losed very tightly. A 
lean sili
on wafer (1-3 
m2) was pla
ed inside of the glass vialwithout that the wafer was in 
onta
t with the silane. After 
losing the vial, the sili
onwafer was leaving inside for 24h at room temperature. The modi�ed sili
on wafer was thentaken out and heated in an oven to 70 ◦C for 10-20 min in order to remove non-boundedsilane. The 
onta
t angle of the hydrophobi
 sili
on wafer was measured > 100 ◦C.3.2.4 Polyele
trolyte layer-by-layer adsorption on surfa
esOn sili
on wafer: After 
leaning in a 1:1 mixture of H2O2/H2SO4 solution for 30 min andthen extensively rinsing in Milli-Q water, the sili
on wafers were dipped into an aqueoussolution of 10−2 monoM PEI for 30 min and then rinsed gently in Milli-Q water. The layer-by-layer self assembly of polyele
trolytes 
onsists of sequential dipping of sili
a substrateinto polyanion and poly
ation solutions.69 The adsorption time for ea
h layer was 20 min,after whi
h the substrate was rinsed by dipping the wafers three times into fresh Milli-Qwater for 1 min to remove any loosely bound polyele
trolytes. This pro
ess was repeateda de�ned n times to obtain a multilayer 
onsisting of (polyanion/poly
ation)n layers. Themultilayers were not dried between di�erent deposition steps. After the last adsorptionstep, the samples were dried with nitrogen stream and stored in 
lean glass vessels.On sili
a sphere: The polyele
trolyte multilayers were a

omplished by adsorption frompolyele
trolyte solutions a

ording to the previous des
ription.70 500 mL of a 10−2 monoMPEI solution was added to 2.5 mL of 6.7 µm sized sili
a suspension. The samples were



3.3 Methods 23soni
ated and the adsorption solution was left to stand for a minimum time of 30 min. Thesolution was then 
entrifuged at 4300 rpm for 20 min and the supernatant was removed.500 mL of water was added to the sample and the solution was soni
ated and left tostand for 20 min. A total of three washing 
y
les were performed, after the adsorptionof ea
h polyele
trolyte layer. To the remaining 
olloidal solution was alternately added500 mL of a 10−2 monoM PSS and PAH solution. Similar adsorption and washing stepswere performed. Su

essful deposition was veri�ed by ζ-potential measurements afterea
h deposit step.3.3 Methods3.3.1 Atomi
 For
e Mi
ros
opyThe atomi
 for
e mi
ros
opy (AFM) was invented by Binning et al.71 and �rst used inimaging the topography and morphology of samples at di�erent resolution. Later on itwas modi�ed by Du
ker et al.72�74 for use in measuring intera
tions between di�erentobje
ts. The main prin
iple of AFM is to re�e
t a laser beam on the free end of a
antilever. The re�e
ted laser beam is measured by a dete
tor. Any positional 
hangesof the 
antilever like bending or twisting are re
orded by the dete
tor. A s
anner whi
hmade of piezoele
tri
 materials is used to move the 
antilever with high resolution in alldire
tions. The 
antilever sensitivity 
an be varied by 
hoosing di�erent spring 
onstantsin the range of 0.002 N m−1 to 400 N m−1. The probe is mounted to the free end of
antilever. Normally for imaging the probe is mounted as a sharp tip, while for intera
tionmeasurements it is a glued mi
rometer-sized sili
a sphere. The AFM setup is depi
ted in�g. 3.2.ImagingTwo major imaging modes are normally used in the experiments: 
onta
t mode andtapping mode. In 
onta
t mode the probe and the sample are in 
onta
t during imaging.Optimally applied for
e between the probe and sample needs to be sele
ted via a setpoint for the verti
al dete
tor response. During s
anning the set point is kept 
onstant.If a peak/valley is rea
hed on the sample when the probe passes by, the 
antilever willpush upwards/downwards as a rea
tion but the feedba
k will raise/lower the 
antileverto maintain the dete
tor signal 
onstant. By re
ording the 
antilever height for ea
hsample position, one obtains a three-dimensional image of the sample surfa
e topography.
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Figure 3.2: S
hemati
 AFM setup. Four main parts are in
luded: laser beam, photo-diode dete
tor, 
antilever with a probe and piezoele
tri
 s
anners to move the 
antileverin three dire
tions. For AFM imaging, a 
antilever with sharp tip is used and feedba
kele
troni
s are required to maintain either the for
e or amplitude during s
anning.Tapping mode, or AC mode, is a 
ommon mode for imaging samples, espe
ially in liquid.The 
antilever os
illates 
lose to its resonant frequen
y during s
anning. The systemattempts to keep the amplitude of the os
illation 
onstant by using a feedba
k on theheight to raise or lower the probe if there are any irregularities on the sample. Atomi
for
e mi
ros
ope MFP-3D provides a parallel imaging method via iDriveTM (AsylumResear
h, CA, USA), whi
h uses Lorentz for
e to magneti
ally a
tuate a 
antilever withan os
illating 
urrent that �ows through a v-shaped 
antilever instead of a
ousti
 piezo-driven pla
ed 
lose to the 
antilever in the 
ommer
ial AFM. IDrive 
an eliminate themultitude of resonan
e peaks due to the me
hani
al 
oupling of the piezo to the 
antileverand liquid. A resonant peak 
an be easily de�ned with auto tune in aqueous media.The morphology of polyele
trolytes-
oated sili
on wafer was performed in tapping modewith iDrive 
antilever BL-TR400PB (Asylum Resear
h, Santa Barbara, CA) in Milli-Qwater via a MFP-3D setup produ
ed by Asylum Resear
h, In
. and distributed by Atomi
For
e (Mannheim, Germany). The root mean square (RMS) roughness of polyele
trolytelayers was 
al
ulated from height images with bound software in ea
h 1×1 µm2 box of theimage so as to be 
omparable to standard neutron re�e
tivity measurements with 1 µmneutron 
orrelation length. The �nal value is an average of those 
al
ulated at di�erentpositions on ea
h image.
RRMS =

√

1

n

n
∑

y2
i (3.1)
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e measurementThe for
e between the probe and sample 
an be re
orded as the AFM probe approa
hesand retra
ts from the sample surfa
es. What is dire
tly measured is a pro�le of de�e
tion(volts) versus ZSensor displa
ement (µm). During approa
h the probe will at some pointbe in 
onta
t with the sample. If further approa
h is attempted, the de�e
tion of the
antilever linearly in
reases with the ZSensor displa
ement. This linearly in
reasing partis 
alled the 
onstant 
omplian
e region, and the slope of de�e
tion versus displa
ementin this region is referred to as the de�e
tion sensitivity. Note the de�e
tion sensitivitymust be determined on a rigid surfa
e, where the drive displa
ement equal to the bendingamount. The algorithm used to 
onvert the de�e
tion versus displa
ement data into for
eversus apparent separation is illustrated in �g. 3.3 as in the proto
ol of Du
ker et al.73

Figure 3.3: The algorithm to 
onvert primary data into for
e versus separation. For solidsurfa
es the slope of the for
e 
urve be
ome in�nity at zero separation (i.e. in 
onta
t).The de�e
tion inverse opti
al lever sensitivity (InvOLS) α in the 
onstant 
omplian
eregion is de�ned as
α =

∆X

∆Y
(3.2)where X and Y are the piezo displa
ement in meters and de�e
tion signal in volts,respe
tively. The voltage signal of the de�e
tion thus 
an be related to the bending inmeters, Zc, by

Zc = (Y − Y0)α (3.3)where Y0 is the de�e
tion at in�nite displa
ement. This subtra
tion is needed based onthe assumption that there is no intera
tion between AFM probe and surfa
e at large
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tionseparation. The separation between the probe and surfa
es is 
al
ulated as
h = (X − C) − Zc (3.4)where 
onstant C is the displa
ement value at �
onta
t point�. The �
onta
t point� istaken to be the point at whi
h the linear 
omplian
e line rea
hes zero for
e. The for
e Fthen 
an be 
al
ulated through the Hooke's law

F = kcZc (3.5)where kc is the spring 
onstant of the 
antilever, whi
h was determined with a thermalnoise power spe
tra before or after the experiment75 with a hydrophobi
 substrate andyielded values in the range 0.01-0.08 N m−1 (see Se
tion 3.2.3).A sili
a sphere (Bangslabs, USA) with radius of R=3.35 µm was glued with epoxy glue(UHU Endfest Plus 300) at the end of a tipless re
tangular 
antilever (CSC12, Mikro-Mas
h, Estonia) using a three-dimensional mi
rotranslation stage a

ording to the previ-ous pro
edure72. Immediately before ea
h experiment the sili
a sphere with 
antilever was
leaned by exposure to a plasma 
leaner for 20 min to remove all the organi
 
ontaminantsand to 
reate a high density of hydrophili
 silanol groups (Si-OH) on the surfa
e.The 
antilever was pla
ed into a 
antilever holder and the parti
le probe was positionedroughly a few µm above the substrate. Then few drops of the target sample solution wasput onto the substrate, and the probing head was fully immersed in the solution. For
e-separation 
urves were 
olle
ted with a MFP-3D. No adsorption of sili
a nanoparti
les onthe AFM probe or substrates is expe
ted be
ause sili
a and mi
a surfa
es are negatively
harged in the experimental 
onditions (pH ≈ 6-7), while the non-ioni
 surfa
tant ispartially adsorbed at the surfa
e.The optimal s
anning velo
ity was in the range of 150-400 nm s−1 for sili
a nanoparti-
le suspensions and 5-100 nm s−1 for non-ioni
 surfa
tant solution, respe
tively, over as
an size of 300-400 nm. Chan and Engel showed that hydrodynami
 drainage for
eswere negligible at these approa
h speeds.76,77 For ea
h sample solution, altogether 30-40for
e-distan
e 
urves were re
orded at the same lateral position (usually at the 
entre) ofair-water interfa
es. To quantitatively study the stru
turing of nanoparti
les, the os
il-latory for
es are �tted with eqn. 2.14. As the sili
a mi
rosphere is 6.7 µm in diameter,by Derjaguin approximation the sili
a probe surfa
e 
an be 
onsidered as a �at surfa
ebe
ause of the 
omparatively small for
e distan
e (<300 nm). Thus for
e per probe ra-dius, F (h)
R

, is the measure of intera
tion energy per area. All experimental for
e 
urves



3.3 Methods 27were �tted with eqn. 2.14. Beside the three mentioned parameters a phase shift (θf) anda for
e o�set (o�set) also had to be �tted.Surfa
e elasti
ity measurementsFirst, it is ne
essary to 
alibrate the de�e
tion inverse opti
al lever sensitivity (InvOLS).The previous 
ases have involved solid substrates that are mu
h sti�er than the 
antilevers.The de�e
tion InvOLS 
an thus be simply 
alibrated by �nding the slope of de�e
tion vs.ZSensor on
e the surfa
es are in 
onta
t. In the present 
ase the 
antilever and bubble
an have similar sti�nesses so that the 
alibration must be done separately, before orafter the for
e measurements, by pressing the parti
le against a rigid surfa
e. The AFMphotodiode voltage was 
onverted to 
antilever de�e
tion using the dete
tor sensitivitydetermined before the experiment and then 
onverted into for
e via eqn. 3.5.The 
onversion from ZSensor position to a
tual parti
le-bubble separation is more 
ompli-
ated. The nominal separation is de�ned as in eqn. 3.4. This de�nition does not 
onsiderdeformation, so for rigid surfa
es the nominal separation 
oin
ides with the a
tual sep-aration. Then for deformable surfa
es, the a
tual separation is the nominal separationminus the deformation
∆h = ∆X − ∆δ (3.6)An attra
tive for
e between AFM probe and substrate 
auses an extension and a positivedeformation while a repulsive for
e 
auses a negative deformation. During the measure-ments, an absolute measure of the shape 
hange of the bubble surfa
e is not known, onlythe 
hanges in ∆X are measured. This problem 
annot be resolved without measurementof a
tual parti
le-bubble separation using an independent method, e.g. interferometry.Thus it is di�
ult to plot F vs. h. Instead F vs. ∆X is presented in this thesis.
∆X = ∆h + ∆δ (3.7)The �
onta
t point� (zero ∆X ) was taken to be the point at whi
h the linear 
omplian
eline rea
hed zero for
e, followed by the previous proto
ols on deformable surfa
es.78,79Before 
onta
t, ∆X represents the separation plus the relatively small deformation ofthe bubble whi
h depends on the surfa
e for
e between the probe and the bubble. After
onta
t, ∆X represents only the deformation of the bubble be
ause the separation betweenthe probe and the bubble surfa
e is 
onsidered to be zero. In the 
onstant 
omplian
e
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tionregion, the 
antilever and the bubble are assumed as two springs in a series where themeasured sti�ness km is given by
1

km
=

1

kc
+

1

kb
(3.8)Thus the bubble sti�ness is given by

kb =
kc

kc

km
− 1

=
kc

αbubble

αhard
− 1

(3.9)where αhard is the 
antilever inverse opti
al lever sensitivity (InvOLS) against a hardsurfa
e and αbubble is the 
antilever inverse opti
al lever sensitivity (InvOLS) against thebubble.The bubble sti�ness 
an be also 
al
ulated by
kb =

Fb
δ

=
F

δ
(3.10)sin
e for two springs in series, F = Fb = Fc = kb×δ = kc× Zc.Attard et al. des
ribed a theoreti
al way to express the sti�ness of a bubble or dropletwith

kb =
−4πγ

cos θ
2+cos θ

+ ln
[

R
2κR2

b

× (1+cos θ)2

sin2 θ

] (3.11)whi
h showed the bubble sti�ness to be linearly dependent on the surfa
e tension γ, andlogarithmi
ally depended on the de
ay length of the intera
tion κ−1, the radius of thebubble Rb, the radius of the probe R, and the 
onta
t angle θ.80,81A Te�on slide was 
leaned in 
on
entrated nitri
 a
id for several minutes, followed bythorough rinsing with Milli-Q water. Air bubbles were spontaneously transferred froman Eppendorf pipette onto a spot on the Te�on slide where was immersed in Ludoxnanoparti
le suspensions. The bubble diameter was typi
ally 800 µm as determined by topview light mi
ros
opy 
onne
ted to AFM. Gas bubbles are thermodynami
ally unstableand tend to dissolve in water due to the Lapla
e pressure.82 However air bubbles aremu
h more stable when existing in 
olloidal nanoparti
le suspensions, probably be
ausethe parti
les prevent 
oales
en
e of bubbles.83 The rest parts of the measurement followedthe 
ases of on the solid substrates.To quantitatively study the stru
turing of nanoparti
les, the os
illatory for
es are �ttedwith eqn. 2.14 as well. Based on Derjaguin approximation, the bubble whi
h is 800 µm
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Figure 3.4: Left: s
hemati
 representation of the AFM setup for the for
e measurements.Right top: S
anning ele
tron mi
ros
ope image showing the sili
a mi
rosphere glued tothe end of the AFM 
antilever. Right bottom: View from the top showing pla
ement of
antilever probe right on the top 
entre of the air bubble surfa
e. The middle 
antilever atwhi
h the laser beam aligned is in the fo
us. The brightest part of the ring underneath isthe top 
entre of the bubble.in diameter 
an be 
onsidered as �at surfa
e.3.3.2 Small angle X-ray s
atteringSmall angle X-ray s
attering (SAXS) is an a

urate and non-destru
tive analyti
al methodto determine the parti
le's stru
ture in terms of parti
le size and shape. The parti
le sizes
an be resolved in a range from 1 to 50 nm between the typi
al 0.1◦ and 10◦ of s
atteringangles. An ele
tron density di�eren
e between parti
les and solvent is required to establish
ontrast in SAXS. Besides the intera
tion between the in
oming radiation and parti
les,a dete
tor is also needed to re
ord and re
onstru
t s
attering patterns of parti
les. In there
ording pro
ess the phases of the dete
ted waves are lost. Be
ause the whole illuminatedsample volume is investigated, the average values of the stru
ture parameters are obtainedwith SAXS. The signal amplitude s
ales with the square of volume of the parti
le Vp, theparti
le number density ρ and the square of the 
ontrast ∆SLD2. The 
loser the lens is tothe obje
t (the larger the s
attering angle), the smaller is the detail that 
an be resolved.Under Bragg relation is valid, the length s
ale probed in the experiment is related tomeasurable parameter q as
d =

2π

q
(3.12)where q = 4π

λ
sin θ, 2θ being the s
attering angle.The SAXS measurements were performed on a new version of small angle X-ray equipment-SAXSess (Anton Paar, Graz). The equipment 
onsisted of a sealed tube to generate X-ray
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tion(Cu Kα, 0.1542 nm) and a line 
ollimation system. Sample-dete
tor distan
e was 309 mm.A �uid �ow 
ell with a 1 mm quartz 
apillary was used. For ea
h sample, the outputintensity was the integral of 100 frames of measurements. Data treatment was done usingSAXSquant 3.5 (Anton Paar, Austria). The data were �rst normalized using the pri-mary beam intensity as a standard. The water ba
kground was subtra
ted and then thedesmearing pro
ess was performed with used beam length and width pro�les. At the end,the stru
ture fa
tor was extra
ted out by dividing the form fa
tor from the total intensity.The stru
ture peak has a Lorentzian line shape, produ
ed from a Fourier transformationon a 
omplex exponential fun
tion of g(r)∝ e−r/( 2

∆q
) cos(qmaxr).84,85 The stru
ture peak is�tted with

S(q) =
S0(

∆q
2

)2

(q − qmax)2 + (∆q
2

)2
+ y0 (3.13)where S0 denotes the stru
ture peak intensity, ∆q the full width at half maximum of theintensity, qmax the 
enter, and y0 the baseline of the peak.3.3.3 Other methods for solution 
hara
terizationSurfa
e tension measurementsSurfa
e tension is the 
ohesive energy present at an interfa
e, des
ribing the property of aliquid to resist external for
e. The intera
tions of a liquid mole
ule in the bulk are balan
edby an equal attra
tive for
e with surrounding mole
ules in all dire
tions. Mole
ules on thesurfa
e of a liquid experien
e an imbalan
e of for
es, whi
h is energeti
ally unfavorable.In order to bring a mole
ule from bulk to the surfa
e, extra work is needed. This work

dW whi
h is proportional to the number of mole
ules brought to the surfa
e from thebulk and thus to the surfa
e area dA 
an be presented as
dW = γdA (3.14)The 
onstant γ is the surfa
e tension and has the dimension of energy per unit area (Jm−2) or for
e per unit length (N m−1).The surfa
e tension of both the pure sili
a nanoparti
le suspensions as well as mixtures ofnanoparti
le suspensions and various surfa
tants were measured via a K11 Tensiometer(Krüss, Germany) under 
lean room 
onditions. The du Noüy ring method86 was usedwith a thin Ir-Pt wire ring with the radius Rring. The surfa
e tension is obtained from
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e needed to balan
e the liquid menis
us before the ring is deta
hed from the liquidsurfa
e87
γ =

F

4πRring

(3.15)The experiments were performed at 25°C in a Te�on vessel (diameter of 5 
m). Beforeea
h measurements the vessel was equilibrated for at least 15 min.Zeta-potential measurementsZeta potential is the ele
tri
 potential di�eren
e between the stationary layer of �uid atthe slipping plane in the di�use double layer and the dispersion medium. Sin
e the zetapotential indi
ates the degree of repulsion between adja
ent likely 
harged parti
les, themagnitude of zeta potential 
an be related to the stability of 
olloidal suspensions. Thehigher the zeta potential, the higher the stability of the 
olloids. The zeta-potential wasmeasured via a Zetasizer Nano ZS (Malvern Instruments, Germany). An ele
tri
 �eld isapplied a
ross the suspension. Parti
les in the suspensions move toward the ele
trode ofopposite 
harge. The frequen
y shift or phase shift of an in
ident laser beam 
aused bythe moving parti
les is measured as the parti
le mobility, and this mobility is 
onvertedto the zeta potential using the dispersant vis
osity η and diele
tri
 permittivity ǫ in theSmolu
howski equation
UE =

ǫζ

η
(3.16)Condu
tivity measurementsA 
ondu
tometer �WTW series inolab pH/
ond� with a 
ell �TrtraCon 325� was used.The 
ell 
onstant is 0.475 
m−1, thus the 
ondu
tivity measurable ranges go from 0.5 µS
m−1 to 2000 µS 
m−1. The 
ondu
tivity of samples was measured at room temperatureand 
onverted to the ioni
 strength with individual prefa
tor for ea
h sized nanoparti
lesuspensions.3.3.4 Other methods for surfa
e 
hara
terizationConta
t angle measurementsThe 
onta
t angle is the angle between a liquid/vapor interfa
e and a solid surfa
e, whi
his a measure of the intera
tion a
ross three phases. Based on the spreading behavior of a
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tionmedium on a solid surfa
e, the 
onta
t angle 
an be varied from 0◦ to 180◦ a

ording tothe hydrophobi
ity of the solid surfa
es. The 
onta
t angle 
an be 
al
ulated by Young'sequation88 in the thermodynami
 equilibrium status
γLGcosθ = γSG − γSL (3.17)where θ is the 
onta
t angle, γLG, γSG and γSL is the surfa
e tension of liquid-vapor,solid-vapor and solid-liquid interfa
e, respe
tively.The 
onta
t angle of sili
a nanoparti
le and surfa
tant mixture solution on sili
on waferwas determined with dynami
 sessile drop method by an OCA 20 devi
e from Dataphysi
s(Germany) under ambient 
onditions. The liquid droplet pro�le was 
aptured with opti
alsubsystem and 
onta
t angle was assessed dire
tly by measuring the angle formed betweenthe baseline of the solid surfa
e and the tangent to the drop 
ontour by image analysis.Both stati
 and dynami
 measurements were able to be performed.EllipsometryEllipsometry has been widely used to determine the �lm thi
kness of mono- or multilayer
oated on a substrate. Ellipsometry setup normally in
ludes �ve parts, the light sour
e,in
ident beam polarizer, the sample stage, analyzer for re�e
ted beam o� sample, and thedete
tor. Ellipsometry measures the 
hange of polarization upon re�e
tion. This 
hangeis related to the sample thi
kness and diele
tri
 properties. Measurements were performedwith a Multis
ope from Optrel GbRm (Wettstetten, Germany) in Null-Ellipsometrymode.A He-Ne laser with wavelength of 632.8 nm was used, the angle of in
iden
e and re�e
tionwere set to be the same at 70°. Alignment was needed before ea
h measurement to makesure the re�e
ted beam was lo
ated in the 
enter of the dete
tor. The 
omplex re�e
tan
eratio between p-polarized (rp) and s-polarized re�e
ted beam (rs) 
an be parametrizedby the measured values of amplitude ratio Ψ and the phase shift ∆.

tan(Ψ)ei∆ =
rp
rs

(3.18)The instrument was 
ontrolled by the software Multi, whi
h measures Ψ and ∆. Thedata analysis for the determination of thi
kness d and refra
tive index n of the multilayerwas performed by using the software Elli (Optrel). A model analysis with four layers wasused; (i) air (n = 1), (ii) multilayer, (iii) SiOx (d = 1.5 nm, n = 1.4598) and (iv) Si (n =3.8858, k = -0.02).



Chapter 4Stru
turing of nanoparti
le suspensions 
on�nedbetween two smooth solid surfa
esAbstra
tCombining 
olloidal-probe atomi
 for
e mi
ros
opy and small angle X-ray s
attering, the
hara
teristi
 lengths determining the stru
turing of nanoparti
le suspensions 
on�nedbetween two smooth solid surfa
es are analyzed. Monte Carlo simulations and integralequation theory are in
luded to understand the interparti
le and parti
le-
on�ning sur-fa
e intera
tions. The os
illation, whi
h indi
ates the layered formation of parti
les, isdetermined by the dominant wavelength and 
orrelation length of the bulk pair 
orrela-tion fun
tion. As a 
onsequen
e, 
on�ned and bulk quantities display the same power-lawdependen
e. This indi
ates that, in a system treatable both by experiments and by sim-ulation, the stru
tural wavelength and 
orrelation length both in bulk and 
on�nement
oin
ide. Moreover, theoreti
ally and experimentally-derived wavelengths are in ex
ellentquantitative agreement, while 
orrelation lengths are in qualitative agreement. In�uentialfa
tors on wavelength and 
orrelation length are studied. The wavelength is found to be asimple 
onsequen
e of volume-e�e
t, s
aling as ρ−1/3, irrespe
tive of the parti
le size andthe ioni
 strength. The 
orrelation length, on the other hand, is found to be a fun
tion ofthese two parameters, ξ = R+κ−1. Both experimental and theoreti
al results show a pro-noun
ed intera
tion amplitude and range as a result of in
reasing parti
le 
on
entration,parti
le size, and de
reasing ioni
 strength of suspensions.4.1 Introdu
tionCon�ning parti
les between two solid surfa
es leads to damped os
illatory for
es.89,90 Thiswell-known e�e
t is dire
tly related to the os
illating parti
le density pro�le perpendi
ularto the surfa
e.15,91 The os
illatory for
e o

urs when the os
illating 
on
entration pro�leof the parti
les in front of the opposing 
on�ning surfa
es overlap. With de
reasingseparation between the two 
on�ning surfa
es, the layers of parti
les are pressed outone after another, whi
h leads to measurable alternating repulsion and attra
tion. Theos
illatory for
e thus indi
ates the periodi
 layering of 
on�ned parti
les. The for
e 
anstabilize the 
olloidal systems, sin
e it hampers drainage of the �lm.92,93 The os
illatorywavelength represents the distan
e between two adja
ent layers of parti
les formed parallelto the 
on�ning surfa
es. The de
ay length is a measure of how far parti
les 
orrelate
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on�ned between two smooth solid surfa
esto obtain periodi
 os
illations. There exists presently several te
hniques su
h as thesurfa
e for
e apparatus,91 total internal re�e
tion mi
ros
opy,89 opti
al tweezers,94 thin�lm pressure balan
e,95,96 and 
olloidal probe atomi
 for
e mi
ros
opy72 to measure theos
illatory for
es.The �rst study of the ordering of 
olloidal parti
les 
an be tra
ed ba
k to the 1980's.Nikolov et al. found that thinning �lms of aqueous dispersions of polystyrene latexnanoparti
les 
hanged thi
kness with regular step-wise abrupt transitions by using re-�e
ted light mi
rointerferometry.14 These observations veri�ed that the step-wise thin-ning or strati�
ation of thin liquid �lms 
ould be explained as a layer-by-layer thinning ofordered stru
turing of 
olloidal parti
les formed inside the �lm. There are several otherpapers that have also shown that parti
les tend to form periodi
 ordering during theapproa
h of 
on�ning surfa
es by methods of thin �lm pressure balan
e16�18 and totalre�e
tometry.19,20Re
ently, the stru
turing formation has been studied by the measurement of the os
illatoryfor
e of 
olloidal parti
les by Pie
h and Dreli
h et al.21�25 with 
olloidal probe atomi
 for
emi
ros
opy (CP-AFM), whi
h was advantageous in measuring the 
omplete os
illatoryfor
e 
urves for various systems.21�25,30,97�101Among those mentioned studies, the os
illatory wavelength of 
olloidal parti
les was foundto depend on the bulk parti
le volume fra
tion φ a

ording to λ ∝ φ−1/3 at relatively lowvolume fra
tion.21,22,24,25 At su�
iently high volume fra
tion, the wavelength was foundto be 
lose to the e�e
tive parti
le diameter, 2(R + κ−1).23However, a pre
ise understanding of the 
hara
teristi
 lengths, that is the wavelength andde
ay length (
orrelation length) of the os
illations in relation to the 
orresponding bulkproperties and their dependen
e on the internal and external sample properties, is stillmissing.23,24In this 
hapter, AFM, small angle X-ray s
attering (SAXS), and theoreti
al modelings are
ombined to investigate the intera
tion in suspensions of 
harged sili
a nanoparti
les andtest the validity of the DFT predi
tions in a real 
olloidal �uid. The interparti
le distan
eand 
orrelation length in bulk as obtained from SAXS are 
ompared to those found under
on�nement as obtained from AFM. Both experimental results are 
ompared to the the-oreti
al results in the framework of Derjaguin-Laudau-Verwey-Overbeek (DLVO) theory,where the intera
tion between two nanoparti
les is des
ribed via a s
reened Coulomb po-tential. Three di�erent-sized sili
a nanoparti
les, with mean parti
le diameters of 11 nm,



4.2 Results 3516 nm and 26 nm are used. The geometri
 
on�nement e�e
t on the ordering of nanopar-ti
les is studied by 
omparing the 
hange of 
hara
teristi
 lengths. The dependen
e ofea
h 
hara
teristi
 length on variation of parti
le size, parti
le 
on
entration, and ioni
strength, and their power-law are investigated. The intera
tion strength, for
e amplitudeand maximum s
attering intensity, in relation to the parti
le 
on
entration and parti
lesize, is dis
ussed as well.4.2 Results4.2.1 E�e
t of 
on�nement and parti
le 
on
entration∗In order to know the e�e
t of 
on�nement, the stru
turing of sili
a nanoparti
les in bulkwas �rst determined by small angle X-ray s
attering (SAXS). Fig. 4.1(a) shows the SAXSdiagram of Ludox sili
a nanoparti
le suspensions with parti
le diameter of 26 nm at vary-ing parti
le 
on
entration. With in
reasing sample 
on
entration, the stru
ture peakposition qmax shifts to the high q region. The grey lines in the �gure are the 
orrespond-ing form fa
tor F(q) 
al
ulated using the polydisperse sphere model. It is apparent thatthe form fa
tor does not 
hange with 
on
entration, thus the stru
ture fa
tor 
an beextra
ted by dividing the form fa
tor F(q) from the total intensity. Fig. 4.1(b) shows
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Figure 4.1: (a) SAXS diagrams of Ludox nanoparti
le suspensions with parti
le diameterof 26 nm at di�erent 
on
entrations. Grey lines represent the best form fa
tor F(q) �ttedwith polydisperse sphere model. (b) The stru
ture fa
tor extra
ted from SAXS intensity.Peaks �tted with the Lorentzian form of eqn. 3.13.
∗Similar 
ontent has been published in: Surviving Stru
ture in Colloidal Suspensions Squeezed from 3Dto 2D, Sabine H. L. Klapp, Yan Zeng, Dan Qu, and Regine von Klitzing, Physi
al Review Letters,2008, 100, 118303
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on�ned between two smooth solid surfa
esthe 
orresponding stru
ture fa
tor with �tting 
urve by Lorentzian equation (eqn. 3.13),from whi
h the quantitative values of qmax and ∆q 
an be obtained. As parti
le 
on
en-tration in
reases, the position of maximum qmax shifts to higher q values and its width
∆q in
reases. Under the assumption that the Bragg relation is valid, the mean parti
ledistan
e is the re
ipro
al of the peak position, 2π/qmax, whi
h de
reases with in
reas-ing parti
le 
on
entration. In addition, 2/∆q 
orresponds to the de
ay length of pair
orrelation fun
tion g(r), thus it 
an be also 
alled the 
orrelation length of the parti
leintera
tion. In this se
tion the investigation of the wavelength is fo
used, while in thenext the 
orrelation length is further dis
ussed.To whi
h extent the bulk wavelength λb persists in the presen
e of 
on�nement is nowinvestigated. Experimental results for the os
illatory for
e F(h) were re
orded with CP-AFM, in whi
h nanoparti
les were 
on�ned between a sili
a mi
ro-sphere glued on theAFM 
antilever and a sili
on wafer. Fig. 4.2 shows some examples of AFM for
e versusdistan
e 
urves at varying parti
le 
on
entration. For all but the highest 
on
entration
onsidered, the data are well �tted after the �rst minimum (h > hmin) by an exponentiallydamped os
illation with wavelength λf based on eqn. 2.14. The �tting 
urves by eqn. 2.14are shown in �g. 4.2 as solid lines. Moreover, the data 
learly show that λf de
reases andthe os
illations be
ome more pronoun
ed with in
reasing parti
le 
on
entration. At thehighest 
on
entration (10.9 vol%) one observes a deviation from the �t fun
tion for the �rstmaximum (of about 1σ-2σ), indi
ating a di�erent spatial distribution in ultrathin �lmsof the last few layers. This di�erent distribution may be partially due to 
rystallizatione�e
ts 
lose to the surfa
es.
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10.9 vol%Figure 4.2: Experimental 
urves for normalized for
e F(h)/R obtained by CP-AFM forthree di�erent parti
le 
on
entrations (the data have been verti
ally o�set for ease of view-ing). The 
urves are �tted a

ording to the formula 2.14.The 
orresponding experimental results for λf as a fun
tion of the parti
le volume fra
tionare plotted in �g. 4.3(a). Also shown are the theoreti
al GCMC data for λf (whi
h,



4.2 Results 37as demonstrated in �g. 2.4, equals the bulk wavelength λb plotted in �g. 2.3), and theexperimental SAXS data for the bulk wavelength λs=2π/qmax dedu
ed from the stru
turefa
tor. Clearly, there is good agreement between the experimental data for λf and λs.
λs is 
onsidered as a wavelength averaged over all parti
le separations, as the stru
turefa
tor S(q) is the Fourier transform of the full fun
tion hb(r) involving all poles, whi
hdoes not need to 
oin
ide with theoreti
al bulk wavelength λb. The latter determinesthe asymptoti
 behavior via the leading pole (eqn. 2.19). Still, one expe
ts these twowavelengths to be very 
lose to ea
h other. This is 
on�rmed by the MC results for
λb, whi
h 
oin
ide well with the experimental data for λs (see �g. 4.3(a)). Thus, theexperimental data for λs is 
onsidered as an a

urate approximation of the true wavelength
λb 
hara
terizing gb(r) in the real bulk system. Therefore, the experimental AFM andSAXS results are 
ompletely 
onsistent with the DFT predi
tion λf = λb.50,51 Moreover,one see from �g. 4.3 that there is ex
ellent agreement between experimental and theoreti
aldata for λf .
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 (%)Figure 4.3: (a) Comparison of the various wavelengths from theory and experiment inbulk and 
on�nement. Not in
luded are the theoreti
al results for λs sin
e these are verysimilar to the SAXS data (see �g. 2.3). (b) shows the experimental data on a logarithmi
s
ale.This is strong yet indire
t eviden
e that the a
tual shape of the �uid-wall intera
tions(whi
h is simpli�ed in the theoreti
al model) is irrelevant for the asymptoti
 de
ay ofsurfa
e for
es, whi
h 
onforms with the DFT predi
tions.50,51 It is also noted that, irre-spe
tive of the 
on
entration 
onsidered, the amplitudes and phases 
hara
terizing theexperimental data are di�erent from those of the theoreti
al fun
tions F(h) illustrated in�g. 2.4. This is expe
ted in view of the simpli�ed �uid-wall potential ufw(z) used in thetheoreti
al 
al
ulations (eqn. 2.20). The in�uen
e of �uid-wall potential on the amplitudesand phases of the os
illatory for
es will be addressed in Chapter 5.
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on�ned between two smooth solid surfa
esThe very similar behavior of the wavelengths λf and λb is also re�e
ted by the 
lose valuesof the exponents b governing their power-law density dependen
e (i.e., λ = aφ−b shownin �g. 4.3(b)). The exponents are shown in Table 4.1. Indeed, for λb that bb = 0.36 fromexperiment, while for λf , bf = 0.34 are found. The theoreti
al results for the exponentsare 
lose to the experimental ones as well.Table 4.1: Experimental and theoreti
al results for the exponents b of the wavelengthsresulting from a �t a

ording to λ = aφ−bType Experiments TheoriesBulk bSAXS=0.36 bMC=0.36, bHNC=0.39Con�nement bAFM=0.34 bGCMC=0.364.2.2 The in�uen
e of salt∗The main goal in the following se
tion is to identify the e�e
t of the salt 
on
entration, or
Isalt, on the os
illatory for
e and the related stru
turing. As a starting point, the results ofSAXS experiments in bulk system are 
onsidered. The stru
tural fa
tors of parti
les at 5.1vol% and varying salt 
on
entrations are shown in �g. 4.4, where the peak broadening andintensity de
rease is observed, indi
ating the 
orrelation length ξb=2/∆q de
reases within
reasing salt 
on
entration. The mean parti
le distan
e λb=2π/qmax remains the same
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Figure 4.4: The stru
ture fa
tor of 26 nm sized parti
le suspension with varying salt 
on-
entration at a �xed parti
le 
on
entration. Solid lines are the �ts a

ording to Lorentzianequation 3.13.up until the point that parti
les start to form aggregates at 
on
entrations higher than
∗Similar 
ontent has been published in: Asymptoti
 stru
ture of 
harged 
olloids between two and threedimensions: the in�uen
e of salt, Sabine H. L. Klapp, Stefan Grandner, Yan Zeng, and Regine vonKlitzing, Journal of Physi
s: Condensed Matter, 2008, 20, 494232



4.2 Results 3910−3 M (see Table 4.2). These are 
onsistent with the results for theoreti
al modelings,60where a de
rease of the 
orrelation length ξb and 
onstant wavelength λb with in
reasingsalt 
on
entration have been observed.Table 4.2: SAXS results for the mean parti
le distan
e λb=2π/qmax and the 
orrelationlength ξb=2/∆q at di�erent 
on
entration of added NaCl and a �xed parti
le 
on
entrationof 5.1 vol%
Isalt[M℄ 2/∆q[nm℄ 2π/qmax [nm℄0 35.7 55.210−5 34.8 55.310−4 32.7 55.410−3 26.5 55.1The experimental results for F(h) from CP-AFM measurements at volume fra
tion of φ= 7 vol% and �ve di�erent salt 
on
entrations obtained by adding none, 10−5, 10−4, 10−3,and 10−2 M of NaCl to the system are shown in �g. 4.5. The for
e amplitude de
reasessigni�
antly with in
reasing salt 
on
entration. Moreover, at a NaCl 
on
entration of 10−2M the os
illations of the for
e have essentially disappeared. This is 
onsistent with GCMCsimulations,60 where a primary e�e
t of adding salt 
onsists of a pronoun
ed de
rease inthe amplitude of the os
illations and the os
illations essentially vanish at Isalt ≥ 10−3 M.Similar results were obtained for 
on�ned polyele
trolytes solutions where the os
illationswere drasti
ally redu
ed after adding salt well below the ioni
 strength indu
ed by thepolyele
trolytes.102
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-2Figure 4.5: Experimental 
urves F(h)/R obtained by CP-AFM at �ve di�erent salt 
on-
entrations and a given parti
le volume fra
tion φ= 7 vol% (the data have been verti
allyo�set for 
larity). The salt 
on
entrations were adjusted by addition of NaCl as indi
ated(Isalt is given in M). The solid lines are �ts a

ording to eqn. 2.14.The solid lines in �g. 4.5 are the �tting 
urves obtained a

ording to eqn. 2.14. The �tdes
ribes the experimental 
urves at distan
es larger than the �rst minimum quite well,but not on shorter length s
ales. A

ording to eqn. 2.19 and eqn. 2.21, the expression



40 Chapter 4 
on�ned between two smooth solid surfa
eseqn. 2.14 des
ribes only the asymptoti
 behavior of the os
illatory for
e. That means,the breakdown of eqn. 2.14 at small h is rather expe
ted. In addition, the deviation fromthe �t at shorter lengths 
ould also be due to the relatively low spring 
onstant of the
antilever used in the measurement 
ompared to the strong attra
tive for
e 
aused by theex
lusion of the layers of parti
les, whi
h leads to me
hani
al instability in those regionsof the for
e 
urves. Interestingly, the deviation from the asymptoti
 behavior at smallh be
omes less pronoun
ed with in
reasing salt 
on
entration. This behavior indi
atesthat the in
reased ele
trostati
 s
reening within the system lowers the surfa
e for
es andresults in redu
ed me
hani
ally instability. At higher parti
le 
on
entration (e.g. 10.9vol% in �g. 4.2), the in
reasing of the ele
trostati
 s
reening 
an lower the tenden
y forordering and/or 
rystallization next to the surfa
e as well. In the 
ase of absen
e of
rystallization, the optimal �tting needs to 
over the �rst peak of os
illation instead ofthe valley for the aforementioned reason.
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Figure 4.6: Asymptoti
 wavelength as a fun
tion of the volume fra
tion at di�erent salt
on
entrations Isalt (in M). (a) MC and HNC results for the bulk system and experimentaldata from SAXS measurements. (b) (GC)MC simulation results (where λf = λb) andexperimental data from CP-AFM measurements.The in�uen
e of the salt 
on
entration on the wavelength λ is now 
onsidered in moredetail. The experimental SAXS results for λb and HNC results of λb obtained from a poleanalysis of the 
orresponding bulk 
orrelation fun
tion are in
luded in �g. 4.6(a). The datafrom MC approa
h have the same values as in �g. 4.6(b) and they are rarely in�uen
edby salt 
on
entration, therefore only one representative plot at Isalt = 10−5 M is shown.Experimental CP-AFM results for λf as a fun
tion of the parti
le volume fra
tion and foursalt 
on
entrations are plotted in �g. 4.6(b). Also shown are (GC)MC data for λf whi
h,as explained above, is equal to the leading bulk wavelength λb 
hara
terizing the MC bulk
orrelation fun
tions. This is 
onsistent with the DFT predi
tions51 and also with the



4.2 Results 41previous �ndings of parti
les at zero Isalt in Se
tion 4.2.1. Ea
h of the approa
hes (CP-AFM, MC, HNC) 
onsistently predi
ts that variation of the salt 
on
entration has only avery small e�e
t on the a
tual value of λ, the di�eren
es between Isalt from 10−5 to 10−3M are essentially negligible. Moreover, �g. 4.6 shows that there is ex
ellent agreementbetween SAXS and HNC/MC data for λb and AFM and (GC)MC simulation data for
λf .In addition, all approa
hes yield 
lose results indi
ate λf = λb and predi
t a power-lawbehavior of the wavelength a

ording to λ = aφ−b with b ≈ 1/3, 
orresponding to anisotropi
 stru
turing. Thus, although the system is 
on�ned and 
hara
terized by layerformation (i.e. translational symmetry is broken), the average interparti
le distan
e alongthe dire
tion normal to the surfa
e remains the same as that in the isotropi
 bulk phase.Followed, the asymptoti
 
orrelation (de
ay) lengths, ξ, both in 
on�nement and in bulkare addressed. ξ is a measure of the range over whi
h parti
les in one region are 
orrelatedwith those in another region. A smaller ξ indi
ates a smaller intera
tion distan
e, whi
h
orresponds to a less ordered stru
ture. Fig. 4.7 shows the 
omparison of ξf , of AFMfor
e 
urves have been �tted with eqn. 2.14, and ξb = 2/∆q of SAXS stru
ture fa
torshave been �tted with Lorentzian equation (eqn. 3.13). An ex
ellent agreement betweenexperimental ξf and ξb is shown. The fa
t that the os
illation de
ay length is equal tothe range of positional 
orrelations extra
ted from the SAXS peak width, suggests thatthe for
e de
ay is indeed mainly 
aused by the loss of positional 
orrelations.
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 (%)Figure 4.7: AFM and SAXS results for the 
on�ned and bulk 
orrelation length as afun
tion of the volume fra
tion for di�erent salt 
on
entrations Isalt (in M). An ex
ellentagreement is found, ξf = ξb.Regarding the theoreti
al results, the fa
t that the MC values λf in 
on�ned geometryare equal to those in the bulk system λb has been found for the wavelength. Having this
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on�ned between two smooth solid surfa
esin mind, the HNC and GCMC results for ξb and ξf , respe
tively, as a fun
tion of thevolume fra
tion at di�erent Isalt, in addition to experimental ξb and ξf are in
luded in�g. 4.8. Fig. 4.8(a) shows the 
omparison of ξb between HNC and SAXS, while �g. 4.8(b)shows the 
omparison of ξf between GCMC and AFM. All approa
hes predi
t a signi�
antin�uen
e of the salt 
on
entration on the 
orrelation length as long as the volume fra
tionis not too large, that is, φ ≤ 10 vol%. For smaller volume fra
tions, adding salt at a�xed sili
a 
on
entration yields a pronoun
ed de
rease of ξ. This 
an be explained bysimple s
reening arguments. For I ≥ 10−4 M, ξ in
reases monotoni
ally with φ in therange of volume fra
tions 
onsidered. These strongly s
reened systems behave more likesystems with hard repulsive potentials (i.e. hard spheres) where the range of os
illatory
orrelations (and thus, ξ) just in
reases with φ. On the other hand, for Isalt ≤ 10−4 M, ade
rease of ξ is observed. This behavior may be interpreted as follows: for small valuesof Isalt and φ, in
reasing the sili
a 
on
entration has a similar e�e
t to adding salt sin
eboth yield an in
rease of the inverse Debye length κ and thus the s
reening. This leads,in turn, to a damping of os
illations and the related surfa
e properties. It is worth tomention that at larger φ does the system with low salt behave again like a �hard-sphere�,in that ξ in
reases with φ. These trends of the 
orrelation length are predi
ted both byHNC theory and the MC data at φ > 10 vol%.60
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 (%)Figure 4.8: (a) HNC results for the 
orrelation length ξb as a fun
tion of the volumefra
tion at di�erent salt 
on
entrations Isalt (in M) are shown beside the experimental onesfrom SAXS. (b) The theoreti
al ξf obtained from GCMC in 
omparison to the experimentalresults from AFM measurements. The experimentally determined 
orrelation lengths arelarger than the theoreti
al ones.At the parti
le 
on
entrations 
onsidered, the experimentally determined de
ay (
orrela-tion) lengths are larger than the theoreti
al 
orrelation lengths plotted in �g. 4.8. Thisis also visible in the slower de
ay of the experimental for
e 
urves (see �g. 4.5) in 
om-



4.2 Results 43parison to the simulated ones.60 A

ording to DFT, the di�erent �uid-wall potential inexperiments and theory should not have any e�e
t on ξ, and ξf should be equal to ξb aslong as the asymptoti
 limit is 
onsidered. This has been found experimentally by 
om-paring results of AFM and SAXS (�g. 4.7), but not between experimental and theoreti
alresults.Although HNC dire
tly 
al
ulated the 
orrelation fun
tions from integral equations it
ontained several approximations whi
h might 
ause the di�eren
es to the experimentalresults. Parti
ularly in the theoreti
al GCMC data, there is 
learly some un
ertaintyregarding the separation h where the asymptoti
 behavior a
tually sets in, the determi-nation of the de
ay length ξf in eqn. 2.21 su�ered from big un
ertainties, whereas thewavelength λf yielded good agreement with the experimental results (see �g. 4.6). The�tting pro
edure of the 
orrelation fun
tion using eqn. 2.21 is only valid for the asymp-toti
 range, i.e. for large distan
es. Choosing a �t range starting after several os
illationsshould yield better agreement between simulation and theoreti
al 
al
ulation. However,due to statisti
al errors of the simulations, the �tting pro
edure yielded erroneous resultsat large h sin
e the amplitudes of f̃(h) be
ame very small at the bulk 
on
entrations
onsidered. Hen
e, the limited distan
e range to �t f̃(h) yielded un
ertainties in ξ. Thesame un
ertainty was be found using eqn. 2.19 for the MC 
orrelation length ξb. However,sin
e HNC results yield better agreement with the experimental ones, MC data for bulk
orrelation length ξb is not in
luded in �g. 4.8(a).Nevertheless, the qualitative behavior of ξ, depending on the salt ioni
 strength Isalt andthe parti
le 
on
entration, was not a�e
ted by the �tting range. Further investigations ofthe 
orrelation length and its other dependen
e will be dis
ussed in the next se
tion.4.2.3 Impa
t of parti
le size∗†The main goal in this se
tion is to identify the e�e
t of parti
le size (and the resultingtotal parti
le surfa
e 
harge Z ∝ σ2) on the stru
tural for
es in slit-pore 
on�nement.Three types of 
olloidal suspensions, named TMA 34, HS 40, and SM 30, 
omposed of
harged sili
a nanoparti
les with di�erent diameters σ were used. The parti
le sizes were
∗Similar 
ontent has been published in: E�e
t of parti
le size and Debye length on order parameters of
olloidal sili
a suspensions under 
on�nement, 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:10.1039/C1SM05971H
†Similar 
ontent has been published in: Charged sili
a suspensions as model materials for liquids in
on�ned geometries, Sabine H. L. Klapp, Stefan Grandner, Yan Zeng, and Regine von Klitzing, Softmatter, 2010, 6, 2330-2336
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Figure 4.9: SEM images of (a) SM 30 (σ = 9 ± 2 nm), (b) HS 40 (σ = 16 ± 2 nm),and (
) TMA 34 (σ = 25 ± 2 nm).determined by s
anning ele
tron mi
ros
opy (SEM) and by small angle X-ray s
attering(SAXS). The ζ-potential was determined by ele
trokineti
 measurements at the same
onditions employed in the AFM experiments. The 
orresponding parti
le diameters, zetapotentials, and total surfa
e 
harge Z (see Se
tion 2.2.1) are summarized in Table 4.3.Table 4.3: Experimental results for the parti
le diameters σ, ζ-potentials, and totalsurfa
e 
harge Z of the Ludox parti
les investigated in the studyType σSEM [nm℄ σSAXS ζ [mV℄ ZTMA 34 25 ± 2 26 ± 3 -60 35HS 40 16 ± 2 16 ± 2 -57 13SM 30 9 ± 2 11 ± 2 -56 6The s
anning ele
tron mi
ros
opy images are shown in �g. 4.9. The images show that allthree types of parti
les are highly spheri
al and 
hara
terized by a relatively small sizedistribution. A highly mono-dispersed system is ne
essary in order to determine the e�e
tof parti
le size pre
isely, be
ause the wavelength of a polydisperse system results from all
ontributions of parti
les with various sizes.21SAXS diagrams are shown in �g. 4.10. Through �tting the form fa
tor, parti
le size 
anbe obtained, shown in Table 4.3. Furthermore one 
an observe, with in
reasing sample
on
entration, the stru
ture peak position shifts to the high q region. The stru
ture fa
torwas extra
ted by dividing the form fa
tor F(q) from the total intensity. The 
orrespondingstru
ture fa
tor for all three series of Ludox samples is shown in �g. 4.11, with �tting 
urveby Lorentzian equation (eqn. 3.13), from whi
h the quantitative values of qmax and ∆q
an be obtained. As parti
le 
on
entration in
reases, or parti
le size de
reases at a givenparti
le 
on
entration, the position of maximum qmax shifts to higher q values and itswidth ∆q in
reases. The 
orrelation length 2/∆q is reminis
ent of the de
ay length ofthe os
illatory for
e measured by AFM under slit-pore 
on�nement. The mean parti
le
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Figure 4.10: SAXS diagrams of Ludox nanoparti
le suspensions of three di�erent parti
lesizes, (a) 26 nm (b) 16 nm and (
) 11 nm, at varying parti
le volume fra
tions. Greylines represent the best form fa
tor F(q) �tted with polydisperse sphere model.
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Figure 4.11: The extra
ted stru
ture fa
tors of (a) 26 nm (b) 16 nm and (
) 11 nm sizedparti
le suspensions. Peaks are �tted to the Lorentzian form of eqn. 3.13 to obtain thequantitative values of qmax and ∆q.distan
e is the re
ipro
al of the peak position, 2π/qmax, and 
an be 
ompared to thewavelength of the os
illation from AFM measurements.Fig. 4.12 shows some examples of AFM for
e versus distan
e 
urves for Ludox sili
ananoparti
le suspensions with parti
le diameters of 11 nm, 16 nm and 26 nm, respe
tively,at varying parti
le 
on
entration. All 
urves in �g. 4.12 exhibit os
illations indi
atinglayer formation of the parti
les. In general, as des
ribed in previous se
tions, for thesamples at a given parti
le size at higher 
on
entrations, the for
e amplitude was morepronoun
ed and the for
e range was larger, indi
ating a stronger intera
tion and morelayers of parti
les. The wavelength of os
illation de
reased with parti
le 
on
entration inthe meantime, whi
h indi
ated that the layer-to-layer distan
e be
ame smaller. The mostprominent e�e
t of varying parti
le size 
onsists of a de
rease in the wavelength λf ofthe os
illations upon de
reasing σ. This 
hange in λf 
on�rms the idea that the parti
lediameter is an important length s
ale in the problem. A de
rease in the amplitude of the
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illations, whi
h be
ame parti
ularly apparent for the smaller parti
les, is also observed.To quantify these e�e
ts and obtain quantitative values of λf , ξf and A, the 
urves (seesolid lines in �g. 4.12) are �tted a

ording to eqn. 2.14.
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Figure 4.12: AFM for
e 
urves of three series of Ludox nanoparti
le suspensions, (a) 26nm (b) 16 nm and (
) 11 nm, under slit-pore 
on�nement. For better viewing, the 
urvesare o�set verti
ally. Solid lines are the 
orresponding 
urves �tted by eqn. 2.14.The experimental results for λf at di�erent volume fra
tions are summarized in �g. 4.13,where in
ludes the GCMC simulated results of theoreti
al λf for 
omparison. In GCMCsimulations, negatively 
harged parti
les with σ = 26 nm and 16 nm are 
onsidered. Z =

35 is set for the larger parti
les and the total 
harge of the smaller parti
les with σ = 16nm is set to Z = 13. The smallest parti
les with σ = 11 nm (
orresponding to Z ≈ 6) arenot taken into a

ount in the simulations, sin
e the resulting DLVO repulsion is too smallto generate dete
table for
e os
illations at the volume fra
tions of interest. All GCMCsimulations have been 
arried out with two di�erent salt 
on
entrations (Isalt = 10−5M and Isalt = 10−4 M). The data in �g. 4.13 reveal that the absolute value of Isalt israther unimportant. On the other hand, there is a strong impa
t of the parti
le sizeon the wavelength of the os
illations, in agreement with the experimental results. Thisquantitative 
onsisten
y underlines the validity of the DLVO-based model not only forTMA-34 parti
les (σ=26 nm, Z = 35), whi
h were studied earlier, but also for otherparti
les sizes.
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Figure 4.13: Asymptoti
 wavelengths for two parti
le sizes as a fun
tion of the volumefra
tion from GCMC simulation (
on�nement) at two salt 
on
entrations and from AFMexperiments.Table 4.4: GCMC results for the exponents b of the wavelengths resulting from a �ta

ording to λ = aφ−b Diameter [nm℄ Isalt [M℄ b26 10−4 0.3826 10−5 0.3716 10−4 0.4616 10−5 0.43The exponents extra
ted from GCMC data are given in Table 4.4. While the values foundat σ = 26 nm are still rather 
lose to the experimental result (see Table 4.5), the GCMCvalues for σ = 16 nm deviate more signi�
antly. However, a pre
ise determination of λfat this small parti
le size is rather di�
ult, sin
e the os
illations in f(h) de
ay extremelyfast.103 Thus, it is hard to identify the �asymptoti
� range relevant for whi
h eqn. 2.21should hold. Nevertheless, even with these slight deviations, one 
an 
on
lude that theGCMC data 
on�rms the idea of a bulk-like s
aling (b ≈ 1/3) of the wavelength withinthe range of volume fra
tions 
onsidered.Even without a more detailed analysis one observes from the stru
ture fa
tors an in
reaseof the peak width in �g. 4.11 and from the for
e 
urves in �g. 4.12 an in
rease of thedamping of os
illations towards its limiting value of zero, that is, in another word ade
rease of the 
orrelation length ξ with in
reasing parti
le size. As expe
ted from therelation between σ and Z, the larger (and thus, more strongly 
oupled) parti
les are
hara
terized by more pronoun
ed interparti
le 
orrelations. Sin
e a quantitative measureof the range of 
orrelations is the 
orrelation length, the larger parti
les are 
hara
terizedby larger 
orrelation lengths. This is 
onsistent with the theoreti
al results for ξ,103 where



4.3 Dis
ussion 49MC results for the pair 
orrelation fun
tions g(r) of two bulk sili
a suspensions 
omposedof parti
les with σ = 26 nm and 16 nm are in
luded. For MC data, the 
orrelationlengths �rst de
rease with parti
le volume fra
tion till 
ertain point and then in
reaseagain (hard repulsive potentials as aforementioned). In addition, similar 
orrelation e�e
tsare observed in the mi
ros
opi
 stru
ture of the 
on�ned systems: an in
rease of the size(and resulting 
harge) leads to both a stronger stru
turing in the z -dire
tion, and morepronoun
ed lateral 
orrelations.4.3 Dis
ussion∗4.3.1 S
aling law of the interparti
le distan
eFig. 4.14(a) shows the 
omparison of λf and λb=2π/qmax in a double logarithmi
 s
ale.For all three series of Ludox samples, λf and 2π/qmax de
rease with parti
le 
on
entrationand both values are in remarkable agreement. More pre
isely, as suggested by the lo
ationof the data points in �g. 4.14(a), the fun
tions λ(φ) 
an be �tted a

ording to a powerlaw, i.e., λ = aφ−b. The resulting exponents are given in Table 4.5. One �nds that all ofthe 
on�ned, layered systems essentially obey the simple (geometri
al) bulk s
aling rulea

ording to whi
h the wavelength should behave as the mean parti
le distan
e in an ideal(random �uid-like) system, i.e., λid = φ−1/3. One 
an also note that, the data sets forthe three parti
le sizes in �g. 4.14(a) are separated in the sense that the 
orrespondinglines are shifted along the y-axis, i.e., the prefa
tors a in the power law λ = aφ−b are size-dependent. This re�e
ts the fa
t (already apparent from �g. 4.12) that, at �xed volumefra
tion φ, the absolute value of λ de
reases with σ. This is due to the di�erent parti
lenumber densities at a given volume fra
tion for parti
les with unequal size, i.e. usingsmaller parti
les lead to a larger number density at the same volume fra
tion.Given the rather simple behavior of the fun
tions λ(φ), one may ask whether there is anynon-trivial impa
t of the parti
le size on the wavelength. In other words, 
ould one just�map� the data points for di�erent diameters σ onto ea
h other? To explore this question,the wavelength λ as a fun
tion of the parti
le number density, ρ = N/V = (6/π)φσ−3,is plotted in �g. 4.14(b). In an ideal (random �uid-like) system one would expe
t that
λid = aρ−1/3 with a = 1 (
onsistent with the s
aling rule λid = φ−1/3 mentioned above).
∗Similar 
ontent has been published in: E�e
t of parti
le size and Debye length on order parameters of
olloidal sili
a suspensions under 
on�nement, 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 λf and SAXS 2π/qmax for threeseries of parti
les at varying 
on
entrations. Solid lines are the 
orresponding �tted 
urveswith s
aling fa
tor of approximately -0.33. (b) The master 
urve of �g. 4.14(a). The solidline is the 
al
ulated ideal value of average parti
le distan
e in bulk with λid= ρ−1/3.Given that this ideal s
aling holds for the sili
a systems at hand, all data points shouldfall on one �master 
urve�. In a double-logarithmi
 representation, this �master 
urve� is aline with slope −b = −1/3 and an inter
ept of a = 1. From the experimental data plottedin �g. 4.14(b) one observe that the ideal s
aling (indi
ated by the solid line) is ful�lledby all series of parti
les with an inter
ept of unity. The agreement of both wavelengths
λ to the parti
le-size-independent ideal value indi
ates that the interparti
le distan
e issolely number density dependent, not in�uen
ed by the parti
le size, whether in bulk or
on�nement.Table 4.5: Experimental results for the exponents b of the wavelengths resulting from a�t a

ording to λ = aφ−b Type bAFM bSAXSSM 30 (σ ≈ 11 nm) 0.33 0.33HS 40 (σ ≈ 16 nm) 0.32 0.31TMA 34 (σ ≈ 26 nm) 0.34 0.36It is worth mentioning, for samples prepared from di�erent original sto
ks of suspensions,that when one uses the parti
le size determined from SEM, only the system TMA 34
omposed of the largest parti
les has an inter
ept of approximately unity (a = 1.04). Forthe other systems, a = 0.93 for HS 40 and a = 1.23 for SM 30 (shown in �g. 4.15(a)).The experimentally observed deviations from the ideal behavior in this 
ontext mainlystem from the un
ertainty of the value of σ (see Table 4.3). This view is 
on�rmed by�g. 4.15(b), where the same data with assuming somewhat di�erent diameters is plotted



4.3 Dis
ussion 51(see �gure 
aption). The �tted values for the inter
ept are now 
lose to unity for all threesystems 
onsidered (a = 0.9988, 0.9936, and 1.0095 for TMA 34, HS 40, and SM 30,respe
tively). Thus, a nearly ideal behavior is regained by adjusting parti
le sizes to 26nm for TMA 34, 15 nm for HS 40, and 11 nm for SM 30, whi
h approa
h the valuesdetermined from SAXS measurements. 1 nm smaller than 16 nm determined from SAXSfor HS 40 is most likely due to the di�erent sto
k of suspensions were used in the twomeasurements. Thus the size determined from SAXS is more a

urate to be used as themean parti
le sizes.
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Figure 4.15: (a) Wavelength as a fun
tion of the parti
le number density from CP-AFMexperiments, assuming the average parti
le diameters from SEM given in Table 4.3. Theerror bars stem from the un
ertainty in the parti
le diameters. The dash line 
orrespondsto the ideal s
aling rule λid = ρ−1/3. (b) Same experimental data as in (a), with assumingsomewhat di�erent diameters (see �gure 
aption).4.3.2 Validity of λf=2(R + κ−1)Several literature studies have shown that the wavelength (in AFM, or step size in thin�lm pressure balan
e) 
oin
ided with the e�e
tive parti
le diameter 2(R+κ−1), in
ludingthe Debye length, for 
olloidal samples at high 
on
entration (above 10 vol%).14,23,104 TheAFM wavelength λf with the 
al
ulated e�e
tive parti
le diameter, 2(R+ κ−1), is herein
ompared. The 
ontribution of the 
harge disso
iation from the sili
a nanoparti
le surfa
esis needed to be taken into a

ount on the total ioni
 strength Itot and thus the Debye length
κ−1. There are two methods to determine or 
al
ulate the Debye length, 
al
ulate the κ−1from eqn. 2.18 with known value of the sili
a surfa
e potential (ζ-potential, see Table 4.3)or 
onvert from 
ondu
tivity of the suspension. Previous literature studies24 used a simpleRussell prefa
tor, 1.6 × 10−5, whi
h is valid for simple ele
trolytes, for 
onversion and
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esyielded smaller values of the Debye length. Here, the prefa
tor for the present system isdetermined individually, based on the assumption of monovalent 
ounterions and 
hargeneutrality between 
ounterions and 
olloidal parti
les. A relation between the measured
ondu
tivity and ioni
 strength of the samples is found to be Itot = |Z|
2NAβ

×K, where β isthe slope of the plot of 
ondu
tivity versus parti
le number density as shown in �g. 4.16.This equation yields a prefa
tor 1.27×10−6 to 
onvert 
ondu
tivity K in the unit of µS
m−1 to ioni
 strength Itot in the unit of M for 26 nm sized parti
les. The values of Debyelength κ−1
1 obtained from 
ondu
tivity measurement are listed in Table 4.6, where the
al
ulated values κ−1

2 from eqn. 2.18 are also in
luded. The κ−1
2 and κ−1

1 have similarvalues, whi
h are in the range approximately of 0.7-1.5σ for the parti
le 
on
entration ofinterest.
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Figure 4.16: Condu
tivity K versus parti
le number density ρ for 26 nm sized parti
les.The slope β is 2.282×10−20.It is obvious that the AFM wavelength λf is signi�
antly smaller than the 
orrespondinge�e
tive parti
le diameter in the absen
e of intera
tions between parti
les, as shown in�g. 4.17. This indi
ates that the parti
les' 
ounterion double layers overlapped signi�-
antly in the present studied 
on
entration range, leading to the strong ele
trostati
 re-pulsion. In the meanwhile, the AFM results showed the ρ−1/3 s
aling law was valid at leastuntil 13 vol% (the maximum experimentally studied 
on
entration) and GCMC resultsextended the validity until 30 vol%.61 Upon �tting the literature results whi
h 
laimedto be 
lose to the e�e
tive parti
le size, the s
aling law of -1/3 was still obtained.14,104Therefore, one 
an 
laim that interparti
le distan
e is not ioni
 strength 
ontrolled and-1/3 s
aling law is a general des
ription for the distan
e of 
harged parti
les in the di-re
tion normal to the 
on�ning walls, as long as the repulsive intera
tion is su�
ientlylong-ranged. It is worth to mention that this s
aling law is no longer valid when the



4.3 Dis
ussion 53Table 4.6: Experimental results of 
ondu
tivity K at varying parti
le 
on
entration, the
orresponding ioni
 strength and Debye length κ−1
1 , and the previous 
al
ulated Debyelength κ−1

2 from eqn. 2.18, and the ratio of Debye lengths from two methods.
φ[vol%℄ K [µS 
m−1℄ Itot [M℄ mea. κ−1

1 [m℄ 
al. κ−1
2 [m℄ κ−1

2 /κ−1
12.1 58.8 7.4676×10−5 3.519×10−8 3.725×10−8 1.0583.0 82.8 1.0516×10−4 2.966×10−8 3.113×10−8 1.0494.3 106.1 1.3475×10−4 2.620×10−8 2.596×10−8 0.9905.1 126.5 1.6065×10−4 2.399×10−8 2.387×10−8 0.9957.4 181 2.2987×10−4 2.006×10−8 1.989×10−8 0.9929.6 246 3.1242×10−4 1.721×10−8 1.744×10−8 1.0141.8 49.3 6.2687×10−5 3.841×10−8 3.933×10−8 1.0243.0 77.9 9.8933×10−5 3.057×10−8 3.102×10−8 1.0144.0 102.6 1.3036×10−4 2.663×10−8 2.692×10−8 1.0106.4 160.2 2.0353×10−4 2.131×10−8 2.145×10−8 1.0068.5 212.1 2.6931×10−4 1.853×10−8 1.861×10−8 1.00410.9 271.6 3.4489×10−4 1.637×10−8 1.642×10−8 1.00313.5 337.8 4.2907×10−4 1.468×10−8 1.471×10−8 1.002intera
tion is 
hara
terized by the hard 
ore of the parti
le, where the wavelength is thediameter of parti
le and not a�e
ted by the bulk 
on
entration (dis
uss in detail in Chap-ter 7). The previous des
ription of 2(R + κ−1) only in some systems (depends on ioni
strength of the samples) approa
hes the value of wavelength at high 
on
entrations.
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Figure 4.17: Comparison between AFM wavelength λf and the 
al
ulated e�e
tive parti
lediameter, 2(R+κ−1). Solid line: 2(R+κ−1) for 26 nm, dash line: 2(R+κ−1) for 16 nm,dot line: 2(R + κ−1) for 11 nm.
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on�ned between two smooth solid surfa
es4.3.3 S
aling law of the 
orrelation lengthThe 
omparison between ξf and 2/∆q for all three series of samples is shown in �g. 4.18.There is a good agreement between ξf and 2/∆q, ex
ept for the initial points of 16 nmand 11 nm samples whi
h show deviations from the �t, mainly due to the low resolutionof small size parti
les in the SAXS experiment.
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 (%)Figure 4.18: Comparison between AFM de
ay length ξf and SAXS 
orrelation length2/∆q.The 
orrelation length, whi
h indi
ates the de
ay length of the ordering, is reminis
entof the Debye s
reening length. The previous work showed that the de
ay length of theintera
tion between two �at surfa
es was found as the Debye length.105 The s
aling laws in�g. 4.18 is -0.39, -0.33, and -0.29 for 26 nm, 16 nm and 11 nm sized parti
les, respe
tively.The varian
e in the s
aling law suggests that the parti
le size has a signi�
ant in�uen
e onthe 
orrelation length. Thus, the expression ξ = R+ κ−1 is herein used for the predi
ted
orrelation length between parti
les. Fig. 4.19 shows the 
omparison of experimental
orrelation lengths obtained from AFM for
e 
urves and the predi
ted values by assuming
ξ = R + κ−1. These two values 
oin
ided with ea
h other for all sized parti
les.The radius-subtra
ted 
orrelation length versus the total ioni
 strength of the samples
Itot is then plotted, where (2NAItot)

−1/2 = (Zρ+ 2NAIsalt)
−1/2 ∝ κ−1. The master 
urvein �g. 4.20 shows that for all series of parti
les, the s
aling law of radius-subtra
ted 
or-relation length with ioni
 strength is remarkably 
lose to -1/2. This -1/2 s
aling law withrespe
t to the ioni
 strength 
an be suggested to apply to various systems by ex
luding thegeometries of investigated samples. For spe
i�
 systems, the ioni
 strength of the solutionis attributed solely by the investigated samples, (e.g. 
harged 
olloids and polyele
trolytes
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Figure 4.19: Comparison between AFM de
ay length ξf and the proposed 
orrelationlength, R + κ−1. Solid line: R + κ−1 for 26 nm, dash line: R + κ−1 for 16 nm, dot line:
R + κ−1 for 11 nm.in the absen
e of added salts) Itot is then proportional to the sample 
on
entration, thus-1/2 s
aling law of ξ-R with sample 
on
entration 
 
an be applied.101The 
onsisten
e of measured ξ with R+κ−1 indi
ates the 
orrelation length of the presentsystem is both parti
le size and ioni
 strength 
ontrolled, in 
ontrast to the negligible in-�uen
e of the parti
le size and ioni
 strength on the interparti
le distan
e. The de
reaseof the 
orrelation length with in
rease of parti
le 
on
entration 
an be understood as asimple s
reening e�e
t due to in
reased ioni
 strength asso
iated with parti
le 
on
entra-tion. The parti
le 
on
entration a�e
ts the 
orrelation length through the ioni
 strengthof the total suspensions instead of through the volume s
ale for interparti
le distan
e.

10-4 10-3

10

20

30

40
50

 

 

f-R
 a

nd
 (2

/
q)
-R

 (n
m

)

Itot (mol/l)

 26nm -R
 26nm (2/ q)-R
 16nm -R
 16nm (2/ q)-R
 11nm -R
 11nm (2/ q)-R -0.53

Figure 4.20: The radius-subtra
ted 
orrelation length versus the total ioni
 strength ofthe sample. The s
aling law for all three series of samples is 
lose to -1/2, indi
ating the
orrelation length is the sum of parti
le radius and Debye length.
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esTo illustrate the dependen
y of theoreti
al 
orrelation length on the parti
le size andioni
 strength, �g. 4.8 is 
onverted into the plot of radius-subtra
ted de
ay length versustotal ioni
 strength shown in �g. 4.21, where a s
aling law of -1/2 is found for HNC andGCMC, 
onsisting with that of experimental ones. MC simulation (not shown in �g. 4.21)for de
ay length in bulk, however, yields a deviation in the s
aling law due to the afore-mentioned reasons. Compared with experimental 
orrelation lengths, HNC or GCMCgenerates smaller values. Similar behavior is shown in �g. 4.8. These deviations betweenthe experiments and the model predi
tions may be taken as a hint for an ina

ura
y ofthe 
hoi
e of model parameters. Indeed, small deviations of model parameters may a�e
ta highly sensitive quantity su
h as a 
orrelation length mu
h more than the rather robustwavelength values. The same observations that 
an be sured between experiments andmodeling are the de
reasing tenden
y of de
ay length with in
reasing parti
le 
on
entra-tion and parti
le size, and a signi�
ant in�uen
e of the ioni
 strength on the de
ay length.Regardless of the relative smaller values obtained from the model predi
tions, the similarexponent, -1/2, of the s
aling law behavior indi
ates that the 
orrelation length is a highlysensitive quantity 
ontrolled by parti
le size and ioni
 strength of the system. This 
anbe motivated by the fa
t that on one hand in the low parti
le 
on
entration regime therange of the 
orrelations is determined by the range of the intera
tion potential.64 Onthe other hand, the range of this potential is determined by the hard-
ore repulsion withradius R and the DLVO repulsion with range κ−1 (see eqn. 2.15). This s
aling law is validup to parti
le 
on
entrations of 10 vol%. Above this 
on
entration, the systems behavelike those with hard repulsive potentials due to the strong s
reening.
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Figure 4.21: The radius-subtra
ted 
orrelation length versus the total ioni
 strength ofthe sample. The s
aling law of HNC 
al
ulation for bulk and GCMC simulation for 
on-�nement is 
lose to -1/2. The di�eren
e in the absolute value between experimental andsimulated results is due to the un
ertainties regarding the 
hoi
e of asymptoti
 range.
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ussion 57Up to now, the relation of the two 
hara
teristi
 lengths with Debye-Hue
kel length 
anbe s
hemati
ally represented in �g. 4.22. In the low parti
le 
on
entration regime, theinterparti
le distan
e is always smaller than the e�e
tive parti
le diameter, λ =ρ−1/3 <

2(R + κ−1), meaning the di�use double layers overlap. The 
orrelation length 
an beproposed as the sum of parti
le radius and the Debye length, ξ = R + κ−1.

Figure 4.22: S
hemati
 representation of the relation between λ, ξ and κ−1 at 
on
en-trations 
onsidered in this study.4.3.4 Dependen
y of the parti
le intera
tion strengthBoth SAXS maximum intensity and AFM for
e amplitude measure the strength of theintera
tions between parti
les. As shown in �g. 4.23(a) and �g. 4.23(b), the maximumintensity and for
e amplitude in
reases linearly with parti
le 
on
entration at �xed size.Analogous behavior was also found for 
on�ned polyele
trolytes solutions where the am-plitude in
reased with in
reasing 
on
entration and polymer 
harge density due to higheroverall 
harge.101 For larger-sized parti
les, the in
rease in the intera
tion strength wasmore pronoun
ed. The ratio of the slopes of the maximum s
attering intensity versusparti
le number density in �g. 4.23(a) equals to the ratio of the parti
le size with powerlaw of six, σ6, indi
ating that s
attering intensity is proportional to the produ
t of parti
lenumber density and square of the parti
le volume due to s
attering me
hanism (Imax ∝ ρ

×V 3
p ). The ratio of the slopes of the for
e amplitude 
urves in �g. 4.23(b) is equivalent tothe ratio of the square of the total 
harge of the parti
le Z2 (Z = 35, 13, and 6 for 26 nm,16 nm and 11 nm sized parti
le, respe
tively), indi
ating that the intera
tion betweenparti
les is ele
trostati
 repulsion dominated and parti
le surfa
e 
harge in�uen
ed (seeeqn. 2.15). Previously, one observed that the in
rease in parti
le 
on
entration led to anin
rease in amplitude while the asso
iated in
rease in 
ounterion 
on
entration led to a
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esde
rease in amplitude (�g. 4.2 and �g. 4.5). The SAXS measurements also showed that,at a given parti
le 
on
entration, in
reasing salt 
on
entration 
aused a redu
ed inten-sity (�g. 4.4). However, the linearly in
reasing amplitude with no observed maximum in�g. 4.23(b) indi
ates that the e�e
t of parti
le 
harge dominates the 
ounterion e�e
t inthis study.
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 (%)Figure 4.23: (a) SAXS maximal intensity versus parti
le number density. Slope ratio276: 14: 2 is similar to the square of parti
le's volume 266: 166: 116. (b) AFM for
eamplitude versus parti
le 
on
entration. Slope ratio 210: 26: 6 is similar to the ratio ofsquare of ea
h surfa
e 
harge 352: 132: 62.There is no dire
t way to 
ompare the maximum intensity from SAXS with the for
eamplitude from AFM in order to know how the intera
tion strength 
hanges in a 
on�nedsystem. The in�uen
e of 
on�ning surfa
e potential on the stru
turing of parti
les is goingto be dis
ussed in the next 
hapter.4.3.5 E�e
t of 
on�nementSo far, the agreement between ξ - 2/∆q and λ - 2π/qmax indi
ates average interparti
ledistan
e and 
orrelation length in the dire
tion perpendi
ular to the 
on�ning surfa
es
orrelated well with the bulk ones. No 
on�nement e�e
t in terms of the average in-terparti
le distan
e and 
orrelation length was observed at the parti
le 
on
entration
onsidered. The question then is whether there is an e�e
t of 
on�nement on anothers
ale. The o

urren
e of an os
illatory for
e itself is a 
on�nement e�e
t, whi
h is 
ausedby the os
illatory density pro�les of parti
les in 
on�nement and represented as layers ofparti
les with varying parti
le densities formed parallel to the 
on�ning surfa
es. This
on�nement indu
es layering of nanoparti
les, in the vi
inity of the 
on�ning surfa
es,
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lusion 59indi
ating that the translational symmetry of the bulk system is broken.15,90 At parti
le
on
entration below 10 vol%, the parti
les within the layers are �uid-like as in bulk andthe asymptoti
 range is valid until to the �rst minimum. This �uid-like in-plane stru
tur-ing was also addressed by previous experimental and theoreti
al studies at low parti
le
on
entrations.106�108 Those previous studies also showed that a higher ordering startedto form within the 
onta
t layer as parti
le 
on
entration further in
reased and the fullos
illation deviated from the exp()×
os() asymptoti
 behavior. This is 
on�rmed by thepresent results on 26 nm sized parti
les at 
on
entration of 10.9 vol% (shown in �g. 4.2).4.4 Con
lusionThe dominating wavelengths of the os
illations in 
hara
teristi
 bulk 
orrelation fun
tionsand 
on�ned 
harged sili
a solutions are found to be in ex
ellent agreement with ea
hother, λf=λb, both from experimental (AFM, SAXS) and theoreti
al (MC/GCMC, HNC)point of view. The experimental wavelengths are reprodu
ed very well by theoreti
al
al
ulations based on the DLVO intera
tion potential. Stri
tly speaking, the latter is ane�e
tive potential derived for bulk systems with spheri
al 
ounterion distribution. Clearly,this will 
hange in a nanos
opi
 system where many parti
les are 
lose to an interfa
e(where image 
harge e�e
ts may also play a role).109�111 From that point of view, thegood performan
e of the bulk 
al
ulations in the 
on�nement and the agreement betweentwo experimental results indi
ates that the 
on�nement-indu
ed 
hanges of the wavelengthare irrelevant for the quantities 
onsidered.At a �xed parti
le number density the wavelength of the os
illations turns out to beindependent of the parti
le size, the surfa
e 
harge of the parti
les, and ioni
 strength ofthe suspensions. Regarding the parti
le number density dependen
e of the wavelength,the experimental results reveal an �ideal� s
aling behavior des
ribed by λ = ρ−1/3 withinthe error of the wavelength determined from �ts and the error 
aused by the determinationof the parti
le diameter. This ideal s
aling indi
ates that the wavelength of the 
on�ned,layered systems behaves like the average parti
le distan
e in an isotropi
 bulk system.Theory modeling yields very similar results as the experimental ones.Of 
ourse, the os
illatory for
e is a 
onsequen
e of the 
on�nement, meaning the transla-tional symmetry is broken. The wavelength λf 
onsidered in this study is asso
iated withthe density distribution perpendi
ular to the walls, and one has seen that this wavelengthstrongly and solely depends on the parti
le number density ρ. Clearly, one would also
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on�ned between two smooth solid surfa
esexpe
t an in
rease of lateral order with ρ, in
luding the possibility of wall-indu
ed 
rystal-lization. Hints for su
h behavior were already observed in X-ray experiments112 and alsoin the present study via a deviation of the measured for
e F(h) from simple os
illatorybehavior in ultrathin �lms at high parti
le volume fra
tion.In 
ontrast to the wavelength, the dominating 
orrelation length of the os
illations hasbeen found to be not only dependent on the parti
le number density but also on theparti
le size and the ioni
 strength of the suspensions. The in
rease of the parti
le 
on-
entration, 
orresponding in
rease in the ioni
 strength, and the de
rease of parti
le sizelead to the de
rease of the 
orrelation length. The relation between the 
orrelation lengthand Debye s
reening length 
an be proposed as ξ = R + κ−1, meaning the 
orrelationlength is both parti
le size and ioni
 strength 
ontrolled. Theoreti
al models provide aqualitative agreement with experiments on the 
orrelation length: the dependen
y of 
or-relation length on the parti
le size and Debye length has been proven, while the di�eren
ein the absolute value between theoreti
al and experimental results exists in all modelingdue to some un
ertainties regarding the 
hoi
e of model parameters. That ξf and ξb areequal has also been found by AFM and SAXS and is 
onsistent with the predi
tion fromDFT.51Both experiment and simulations indi
ate that in
rease of parti
le size/
harge leads toboth a pronoun
ed in
rease of the amplitude and the range of the intera
tion. The AFMfor
e amplitude is proportional to the produ
t of parti
le volume fra
tion and square ofthe parti
le surfa
e 
harge, indi
ating that the parti
le 
harge exerts a strong e�e
t on theamplitude be
ause the parti
le-parti
le intera
tion is dominated by ele
trostati
 repulsion.The SAXS maximum intensity is proportional to the produ
t of parti
le number densityand the square of parti
le volume, due to the s
attering me
hanism.
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Chapter 5Stru
turing of nanoparti
les between modi�ed solidsurfa
es
Abstra
tIn order to investigate the e�e
t of 
on�ning surfa
es on the stru
turing of nanoparti
lesin between, 
on�ning surfa
e is modi�ed by either atta
hing a mi
a sheet on the sili
asubstrate or physi
ally adsorbing polyele
trolytes on sili
a surfa
es with layer-by-layerte
hnique. In the �rst 
ase, only the surfa
e potential (or surfa
e 
harge) is tuned. AFMfor
e measurements show an enhan
ed amplitude in os
illatory for
es while the wavelengthand 
orrelation length remain 
onstant with in
reasing 
on�ning surfa
e potential. Thisis an out
ome of redu
ed parti
le-wall intera
tion range, due to the fa
t that the 
hargedwalls release additional 
ounterions a

umulated in a thin layer at the wall surfa
es and
ontributed to the Debye length of parti
le-wall intera
tion. As a 
onsequen
e, moreparti
les 
an be a

umulated inside the slit. In the se
ond 
ase, the e�e
t of layer-by-layer modi�
ation on the surfa
e potential and the surfa
e roughness are also studied.Experimental �ndings reveal that for PAH/PSS multilayer the surfa
e potential does not
hange with in
reasing number of layers nor with in
reasing ioni
 strength of the solution,thus the 
orresponding redu
tion in the os
illatory amplitude 
orrelates with the in
reasein the surfa
e roughness. The in�uen
e of the surfa
e roughness is additive, whi
h isshown by the additional redu
tion in for
e amplitude between two assembled surfa
esin 
omparison to only one surfa
es assembled with polyele
trolytes. In
reasing surfa
eroughness further indu
es a vanishing of the os
illations.5.1 Introdu
tionTypi
ally, stru
tural for
e of 
on�ned nanoparti
les has a damped os
illatory 
hara
ter asa fun
tion of the surfa
e separation,91,95 re�e
ting the os
illatory density pro�le, signifyingthe formation of layers of nanoparti
les parallel to the surfa
es. In the previous 
hapter,the asymptoti
 behavior of the stru
tural for
es has been demonstrated, parti
ularly thewavelength and de
ay length of the os
illations at large surfa
e separations are governed bythe pair stru
ture in the 
orresponding bulk �uid. This observation is fully 
onsistent withpredi
tions from density fun
tional theory (DFT),50,51 a

ording to whi
h the propertiesof the surfa
es should be
ome irrelevant in the asymptoti
 limit. On the other hand, DFT
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t of 
on�ning surfa
e potential and roughnessalso predi
ts that the surfa
e properties (or, more spe
i�
ally, the intera
tion between a
harged parti
le and a surfa
e) do in�uen
e the amplitude and phase of the os
illations.The properties of the surfa
e are studied in two aspe
ts in this 
hapter: the surfa
epotential and the surfa
e roughness. The surfa
e potential is modi�ed by depositing anegatively-
harged mi
a sheet on top of a sili
on wafer. To understand the me
hanisms ofthe 
hange in stru
turing after modifying the surfa
e potential, a grand-
anoni
al MonteCarlo simulation (GCMC) involving 
on�ned sili
a parti
les, whi
h intera
t via the DLVOpotential, is in
luded.62 The GCMC results only involving sili
a ions turn out to be highlysensitive with respe
t to the a
tual model for the intera
tion between a sili
a parti
leand the surfa
e(s). In parti
ular, the simulated observations are not reprodu
ed evenqualitatively and predi
ts an opposite behavior as the experimentally observed one whenthe simplest version of linearized Poisson-Boltzmann (PB) theory64,113 is employed, wherethe exponential de
ay of the potential is determined by the bulk Debye s
reening lengthand the wall potential only 
omes into play through a prefa
tor.To solve this 
ontradi
tion, a modi�ed �uid-wall (parti
le-
on�ning surfa
e) potential isintrodu
ed, starting from a PB-like theory for a 
olloidal suspension next to one 
hargedsurfa
e.114 The modi�
ation 
onsists of supplementing the bulk Debye s
reening lengthappearing in the simplest approa
h by a 
ontribution from the wall 
ounterions.62 A sim-ilar idea though in a di�erent 
ontext is followed in various earlier investigations.115�117In these studies, however, the 
ontribution of the wall 
ounterions to the s
reening pa-rameter in the resulting potential was assumed to be homogeneous. In the present work,at least approximately, the inhomogeneity of the 
ounterion distribution is taken intoa

ount, whi
h yields a parti
le-wall s
reening length whi
h depends both on the wall
ounterions (or equivalently, the wall 
harge) and on the distan
e between parti
le andwall. The full �uid-wall potential from the two 
harged surfa
es is then 
onstru
ted bylinear superposition (LSA). The resulting potential is still purely repulsive, but displaysa non-monotoni
 behavior as a fun
tion of the wall potential with respe
t to the degreeand range of repulsion. In parti
ular, within the experimentally relevant range of surfa
epotentials, the GCMC results with the new �uid-wall potential model is in qualitativeagreement with the experiments.The surfa
e roughness is tuned by physisorption of polyele
trolytes onto the sili
a sub-strate. The 
onse
utive adsorption of oppositely 
harged polyele
trolytes has been in-trodu
ed by De
her et al..69 This so-
alled layer-by-layer 
oating is possible be
ause, formany polyele
trolytes, physisorption onto a 
harged surfa
e is irreversible and results insurfa
e 
harge reversal.118 Thus, after the �rst adsorption step the surfa
e 
an again serveas a substrate for the adsorption of an oppositely 
harged polyele
trolyte and so on until



5.2 Results and dis
ussion 65the desired number of layers is adsorbed. The main features are that the thi
kness ofadsorbed polyele
trolyte layers 
an be easily 
ontrolled in the nanometer range by thenumbers of layers or by the ioni
 strength119�121 and the ma
ros
opi
 properties 
an be
ontrolled by the type of the polyele
trolytes. The layer-by-layer te
hnique is not onlyapplied to �at substrates but also to 
olloidal probes in this study.A

ording to the previous studies on liquid mole
ules by surfa
e for
e apparatus (SFA),the roughness of the 
on�ning surfa
es is just as important as the nature of the parti
lesfor determining the os
illatory for
es.36 For surfa
es that are randomly rough, the os
il-latory for
e pro�le be
omes smoothed out and disappears altogether, to be repla
ed by apurely monotoni
 for
e pro�le.122 This o

urs even if the liquid mole
ules themselves areperfe
tly 
apable of ordering into layers. Despite 
ertain appli
ations of CP-AFM wereused in studying the intera
tion between surfa
es 
oated with polyele
trolyte multilayersin aqueous medium,123,124 the investigation of os
illatory for
es due to 
olloidal parti
leordering between two polyele
trolyte 
oated surfa
es is s
ar
e. Thus, the 
orrelation be-tween the amplitude of the os
illatory for
e pro�le of parti
les and the roughness of the
on�ning surfa
es is investigated in this 
hapter.5.2 Results and dis
ussion5.2.1 Potential of 
on�ning surfa
eIn the for
e experiments two types of substrates are 
onsidered: (i) a sili
on wafer witha native sili
a (SiO2) top layer, and (ii) a freshly 
leaved mi
a sheet deposited on topof a sili
on wafer. The 
orresponding surfa
e potentials are ψS ≈ −80 mV for sili
a and
ψS ≈ −160 mV for mi
a, respe
tively. The CP-AFM results for the for
e-distan
e 
urvesof 26 nm sized sili
a parti
le suspensions, F (h), involving two di�erent (sili
a and mi
a)surfa
es are presented in �g. 5.1. One immediately sees that the larger (absolute) surfa
epotential related to the mi
a surfa
e leads to a pronoun
ed enhan
ement of the os
illa-tions as 
ompared to the sili
a surfa
e. To quantify the e�e
t for
e 
urves have been�tted a

ording to eqn. 2.14. Results for the amplitude A, wavelength λf , and 
orrelationlength ξf are given in Table 5.1. The data show that the amplitude A obtained for the(more strongly 
harged) mi
a surfa
e is nearly twi
e as large as that for sili
a. On the
∗Similar 
ontent has been published in: Impa
t of surfa
e 
harges on the solvation for
es in 
on�ned
olloidal solutions, Stefan Grandner, Yan Zeng, Regine von Klitzing, and Sabine H. L. Klapp, TheJournal of Chemi
al Physi
s, 2009, 131, 154702
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e potential and roughness
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8.5 vol% on micaFigure 5.1: AFM for
e 
urves of 26 nm sized sili
a parti
le suspensions 
on�ned betweena sili
a mi
ro-sphere (on an AFM 
antilever) and a sili
a (top) and mi
a (bottom) sur-fa
e 
hara
terized by surfa
e potentials ψS ≈ −80 mV and −160 mV, respe
tively. Thedata have been verti
ally shifted for ease of viewing. The solid lines are �ts a

ording toeqn. 2.14. Three 
on
entrations are represented on ea
h surfa
e.Table 5.1: Surfa
e potential ψS (−80 mV 
orresponds to sili
a and −160 mV 
orrespondsto mi
a), Amplitude A, wavelength λf , and de
ay length ξf of F(h) for di�erent parti
levolume fra
tion as obtained from the CP-AFM in �g. 5.1
φ [vol%℄ ψS [mV℄ A [mN/m℄ λf [nm℄ ξf [nm℄4.0 -80 0.06 59.2 37.44.0 -160 0.11 60.3 36.86.4 -80 0.21 50.3 33.06.4 -160 0.45 51.0 33.18.5 -80 0.27 45.5 32.18.5 -160 0.59 45.5 31.5other hand, the wavelength λf and 
orrelation length ξf of the os
illations remain essen-tially una�e
ted. Similar results were previously observed for 
on�ned polyele
trolytes.125From a 
on
eptual perspe
tive, the 
onstant behavior of λ and ξ suggests that the 
har-a
teristi
 lengths are determined rather by the pair stru
ture among the parti
les thanby their intera
tion with the wall. Indeed, the experimental observation that the surfa
epotential in�uen
es the amplitude but not the 
hara
teristi
 lengths are fully 
onsistentwith rigorous predi
tions from DFT.51Clearly, su
h an enhan
ement in os
illation amplitude 
an arise due to various me
ha-nisms, in
luding the possibility that more parti
les move from the 
onne
ted bulk reservoirinto the slit. Indeed, su
h a situation has re
ently been observed in an investigation of
harged 
olloids in a 
harged wedge,117 where the 
olloids turn out to a

umulate in the
usp due to a lo
alized, attra
tive region in the intera
tion potential between a 
olloid andthe walls. Another possible explanation for the present observation is that the in
rease of



5.2 Results and dis
ussion 67wall potential strongly enhan
es the Coulomb repulsion between the sili
a parti
les andthe like-
harged wall, leading to a stronger layering of parti
les inside of the slit.To understand the underlying me
hanisms, a grand-
anoni
al Monte Carlo simulation ofa 
oarse-grained model involving 
on�ned sili
a parti
les, whi
h intera
t via the DLVOpotential, is in
luded as well.62 Firstly, the GCMC simulation results based on the sim-plest model for the �uid-wall intera
tion whi
h negle
ts the e�e
t of wall 
ounterions onthe s
reening are brie�y 
onsidered (eqn. 2.23). Corresponding numeri
al data for thenormalized normal pressure f(Lz) = Pzz − Pb as a fun
tion of the wall separation Lz(same as h used in the AFM for
e 
urves) and the (negative) surfa
e potential ψS arepresented in �g. 5.2.
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zz − P ∗

b for φ=10.5 vol% andvarious surfa
e potentials ψS as 
al
ulated by GCMC simulations involving the simplestmodel. The values of W ∗
S = βWS 
orrespond to ψS = 0 mV, −2.7 mV, −5.4 mV, −10.9mV, and −27.7 mV, respe
tively. The inset shows the 
orresponding mean sili
a parti
ledensity ρ̄∗ as a fun
tion of the wall separation.All fun
tions f(Lz) display the damped os
illatory behavior, with the os
illations vanish-ing upon rea
hing the bulk limit Lz → ∞ (i.e., Pzz → Pb). More signi�
ant in the present
ontext, however, is the fa
t that the amplitude of f(Lz) (and thus, the amplitude of thefor
e) de
reases monotoni
ally upon in
rease of |ψS|. This 
learly 
ontradi
ts the AFMexperimental results. From a theoreti
al point of view, the behavior of f(Lz) is a di-re
t 
onsequen
e of the 
orresponding behavior of the �uid-wall potential whi
h be
omesprogressively more repulsive upon in
rease of |ψS|. Thereby more and more parti
les areexpelled from the slit. This is also re�e
ted by the GCMC results for the mean sili
a den-sity, ρ̄, plotted in the inset of �g. 5.2: at �xed Lz, ρ̄ be
omes smaller the more negative

ψS is. Indeed, the slit be
omes essentially empty at small Lz already at ψS = −27.7 mV,a wall potential far below that 
hara
teristi
 of a real sili
a surfa
e.



68 Chapter 5 E�e
t of 
on�ning surfa
e potential and roughnessHaving in mind these (obviously wrong) predi
tions, the 
orresponding GCMC resultsbased on a new �uid-wall potential, uFS(z) (eqn. 2.26) is 
onsidered in �g. 5.3, wherethe s
reening parameter depends on ψS and is spa
e-dependent. This is motivated bythe release of additional (wall) 
ounterions whi
h a

umulate at the walls (eqn. 2.25).Clearly, the dependen
e of the fun
tions f(Lz) and ρ̄(Lz) on ψS is non-monotoni
. Theextra
ted parameters, Pmax (height of the �rst maximum), θf (phase), λf (wavelength),and ξf (de
ay length) as a fun
tions of ψS were listed in the 
orresponding paper62 upon�tting the 
urves with eqn. 2.21.
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Figure 5.3: GCMC results for (a) the redu
ed solvation pressure and (b) the mean poredensity ρ̄ at surfa
e potentials ψS = 0, −40 mV, −80 mV (sili
a), −120 mV, and −160mV (mi
a). The 
orresponding bulk 
on
entration is φ=10.5 vol%. The solid lines are �tfun
tions obtained from eqn. 2.21. (
) shows the resulting stru
tural for
es F (Lz)/2πRfor ψS = −80 mV (dashed), −120 mV (dotted), and −160 mV (dot-dashed). For 
laritythe 
urves in (a) are shifted along the y-axis.When �swit
hing on� the surfa
e potential from ψS = 0 up to a value of about |ψS| = 40mV the quantity Pmax �rst de
reases. Upon further in
reasing |ψS| towards 80 mV and
160 mV (whi
h are the experimentally relevant values for sili
a and mi
a, respe
tively),
Pmax in
rease. It is interesting in this 
ontext that the value of |ψS| = 40 mV where
Pmax 
hanges its behavior 
orresponds to the �reversal point� of the �uid-wall potential.Similar to Pmax, an in
rease of the maximum of the 
orresponding for
e-distan
e 
urves
F (Lz) obtained by integration of f(Lz) 
an be observed (see �g. 5.3(
)). Thus, GCMCsimulations with a modi�ed �uid-wall potential reprodu
e, on a qualitative level, the
harge-indu
ed enhan
ement of the os
illations observed in the CP-AFM experiments.The potential e�e
ts on the solvation pressure are mirrored by 
orresponding e�e
ts on



5.2 Results and dis
ussion 69the mean density ρ̄(Lz) of the sili
a parti
les, whi
h is plotted in �g. 5.3(b). In parti
ular,within the experimentally relevant range of 80 mV ≤ |ψS| ≤ 160 mV, the density at a �xedseparation Lz in
reases with |ψS|, whi
h is 
onsistent with the enhan
ement of pressureos
illations. This enhan
ement of the mean parti
le density reveal that more parti
lesmove into the slit with in
reasing the surfa
e potential. This is due to the 
orrespondingde
rease in the range of parti
le-wall intera
tion, resulting from the additional 
ontribu-tion of the wall-
ounterions into the Debye length. At a given wall separation, the shorterthe parti
le-wall intera
tion range the more layers of parti
les 
an �t into the slit.The 
hanges in Pmax and Fmax with ψS are a

ompanied by the 
hanges in the phase shift,
θf . The latter displays a maximum at ψS ≈ −40 mV. In general, the phase shift 
an bealso 
onsidered as the depletion zone, whi
h is the separation between the 
onta
t layer ofparti
les and the wall. The de
rease of θf for |ψS| ≥ 40 mV is interpreted as a 
onsequen
eof the 
orresponding de
rease in the range of uFS(z). The less the parti
le-wall intera
tionrange the narrower the depletion zone.On the other hand, the wavelength λf remains essentially 
onstant when ψS is 
hanged, inagreement to the experimental observations. The 
orrelation length ξf varies only slightly,given the di�
ulties to obtain a

urate values for this quantity (i.e., the large error bars).Nevertheless ξf is judged to remain essentially una�e
ted as well. This is indeed what onewould expe
t based on theoreti
al arguments: a

ording to DFT, the pre
ise nature of�uid-wall intera
tions does in�uen
e the amplitude and phase of the (asymptoti
) pressureos
illations, but not their wavelength and de
ay length.515.2.2 Roughness of the 
on�ning surfa
eMultilayer 
hara
terizationTo investigate the e�e
t of roughness of 
on�ning surfa
es on the ordering of parti
les,the sili
a substrates and sili
a probes were modi�ed by physisorption of two oppositely
harged polyele
trolytes one by one, e.g., PAH and PSS. A layer of PEI was pre-adsorbedonto the sili
a surfa
e for stabilizing the later adsorption.124 Polyele
trolyte 
on
entrationwas kept at 10−2 monoM.In order to make sure that ea
h polyele
trolyte had been adsorbed su

essfully on thesurfa
e, ellipsometry measurements were made to 
hara
terize the �lm thi
kness grownon the substrates. The Zeta-potential measurements were used for determining the sur-fa
e potential of AFM sili
a probes. Fig. 5.4 shows a regular growth of the thi
kness of
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Number of layers, NFigure 5.4: Ellipsometry measurements on �lm thi
kness as a fun
tion of the number oflayers of PAH/PSS in
luding the �rst layer of PEI.PAH/PSS multilayer obtained from ellipsometry measurements at assembling salt 
on-
entration of 0 and 0.1 M NaCl. N=1 refers to the �rst PEI layer. At the assembling salt
on
entration of 0.1 M NaCl, after the 5th layer, the growth of multilayer �lm be
amelinear with an average thi
kness of 11 Å per pair of layers. The growth in thi
kness ofthe �rst few layers was slower than the latter layers due to the in�uen
e of the substrates.Up to the �rst �ve layers, the �lms were built up in a more 
ondensed manner be
auseof the strong attra
tion between negatively 
harged substrate and the positively 
hargedPAH. In the salt-free 
ase, the growth of the thi
kness was almost linear with an averagethi
kness of 4.6 Å per pair of layers. It is obvious that after adding extra NaCl into thepolyion solution during multilayer assembling, the thi
kness in
reases signi�
antly in thereal multilayer regime (above �ve layers). The in
rease in thi
kness of �rst few layers isnot signi�
ant 
omparing to the latter ones, implying again the in�uen
e of the substrateson the pre
ursor zone. These results are 
onsistent with the layer growth reported forPAH/PSS systems.126Zeta-potential measurements were performed on the sili
a probe assembled by 10−2 monoMof PAH/PSS with PEI as the �rst layer. The zeta-potential 
hanged from -55 mV to +35mV after PEI was adsorbed and then os
illated between -44 mV for PSS and + 41 mVfor PAH (�g. 5.5). The 
harge reversal 
on�rmed the su

ess of 
onse
utive assembling inea
h step. The un
hanged zeta-potential of PSS- or PAH-ended multilayers, irrespe
tiveof the number of assembled layers, indi
ates that the surfa
e potential of polyele
trolyteadsorbed surfa
es does not 
hange with the number of layers.70,123,127�129In addition, the surfa
e potentials of polyele
trolyte-assembled substrates were determinedas well. The approa
hing part of the 
orresponding surfa
e for
e (pure repulsion type and
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Figure 5.6: The approa
hing part of a normalized for
e 
urve between two non-adsorbedsili
a surfa
es in Milli-Q water. The best �t at 
onstant surfa
e potential (solid line) and
onstant surfa
e 
harge (dotted line) are shown.Generally, �tting with 
onstant surfa
e 
harge or surfa
e potential is in good agreementwith experimental for
e at larger separations and deviates only at relatively small dis-tan
es. The presented experimental for
e 
urves lie between these two �tting 
urves atsmall distan
es and are better approximated by the 
onstant surfa
e 
harge model. It isobvious that the surfa
e potential, or the surfa
e 
harge, 
hanges hardly with in
reasingnumber of PAH/PSS multilayer on sili
a substrates. The average value of surfa
e poten-tials was taken from multiple measurements on the same spot and also on di�erent spotsand remained around -45 mV, while the average value of surfa
e 
harges was around 2.0mC m−2. No signi�
ant di�eren
e has been found between the values obtained from purerepulsion 
urves and weak adhesion 
urves. The 
al
ulated surfa
e potential agrees with
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t of 
on�ning surfa
e potential and roughnessthe zeta-potential study on sili
a mi
ro-spheres. The 
omparison of the surfa
e potentialsextra
ted from two methods is shown in �g. 5.7. The same �t was also applied on sub-strates 
oated with PAH/PSS multilayer in the presen
e of 0.1 M NaCl during assemblyand on one layer of PAA and HA assembled substrates. The surfa
e potential of PAH/PSSwith 0.1 M NaCl shows no signi�
ant di�eren
e in 
omparison to the salt-free 
ase. Theaverage value is -44 mV and stays 
onstant with in
reasing number of layers.123 The 
al-
ulated surfa
e potentials of PAA and HA are -40 mV131 and -42 mV,132,133 respe
tively,similar to the surfa
e potential of PSS. The surfa
e potentials determined from the DLVOanalysis on varies polyele
trolyte 
oated surfa
es are summarize in Table 5.2.
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omparison of the surfa
e potentials extra
ted from two methods forPAH/PSS multilayer: zeta-potential measurements (squares) and DLVO for
e analysiswith 
onstant potential (
ir
les).Table 5.2: Summary of the surfa
e potentials ψS determined by DLVO-analysis with
onstant potential model for various polyele
trolytes 
oated substratessurfa
e ψS [mV℄0 M NaCl 0.1 M NaClPEI-PSS -50 -46PEI-PSS-PAH-PSS -40 -44PEI-(PSS-PAH)2-PSS -45 -45PEI-(PSS-PAH)3-PSS -45 -44PEI-(PSS-PAH)4-PSS -47 -48PEI-PAA -40 -PEI-HA -42 -For
e pro�les in the absen
e of nanoparti
lesThe for
e pro�les 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 
urves were a
quired



5.2 Results and dis
ussion 73at ea
h spot and 100 
urves in total on a single surfa
e. Three main types of surfa
efor
e pro�les were observed between 
on�ning surfa
es, based on the number of layers ab-sorbed on the surfa
es. Fig. 5.8(a) demonstrates the pure repulsion type, in whi
h bothapproa
h and retra
tion bran
hes show only repulsion between the probe and substratesurfa
e. In �g. 5.8(b), a weak adhesion appears in the retra
tion bran
h, while the ap-proa
h part remains repulsive. In the third type, a weak attra
tion or no repulsion in theapproa
h bran
h 
an also be observed in addition to an adhesion in the retra
tion bran
h(�g. 5.8(
)). The reversible transition between pure repulsion type to weak adhesion type
an o

ur in the same experiment. This transition was observed both on the same spotand on the di�erent spots of the substrate. In general, the probability to observe thepure repulsion for
e 
urves in the same experiment is always larger than that of the weakadhesion type. In the 
ase of only �rst 
ouple of adsorbed layers, the third type 
anbe observed o

asionally and it is irreversible to transfer to other two types. It is onlypossible for the samples whi
h show strong attra
tion to restore the repulsive behaviorupon re-dipping the substrates and/or probe into the last adsorbed polyion solution.The se
ond type of for
e 
urves present the same repulsive behavior in the approa
has the pure repulsive ones and these two types of for
e 
urves 
an 
oexist in the sameexperiment. This indi
ates that the 
orresponding polyele
trolytes do not deta
h from thesurfa
e. If some polyele
trolyte 
hains transferred from one surfa
e to the other, a partial
harge reversal would be expe
ted, resulting in a 
onsequent redu
tion or annihilation ofthe repulsive for
e. The surfa
e potential determination shows that there is no signi�
antdi�eren
e between the values obtained from pure repulsion 
urves and weak adhesion
urves, whi
h proves that the surfa
e 
harge remains 
onstant and no deta
hment o

urs.The observed weak adhesion upon retra
tion therefore does not have an ele
trostati
origin. Instead, weak adhesion seems to arise when adsorbed polyele
trolyte 
hains fromthe opposing surfa
es get entangled. The adhesion takes pla
e in the retra
tion bran
h,due to the deta
hment of the probe from the substrate and to the bridging and extensionof the a

ompanied polyele
trolyte 
hains.In the third type, weak attra
tion or no repulsion on the approa
h bran
h and the nospontaneous transition to a repulsive type has been observed. This indi
ates that a partial
harge reversal indeed o

urs on the surfa
es. This type of for
e 
urve is mostly due tothe deta
hment of polyele
trolyte from one surfa
e to other or the in
omplete 
overage ofthe surfa
es, whi
h results in a strong intera
tion of the poly
ation on one surfa
e withthe polyion on the opposing one, at a partial region. This deta
hment or in
omplete
overage me
hanism is 
on�rmed by the fa
t that this type of for
e only appears for �rstfew layer adsorbed surfa
es and disappears upon in
reasing the number of layers. For
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t of 
on�ning surfa
e potential and roughnesssurfa
e potential determination, the approa
hing bran
h of the pure repulsive and weakadhesive type of for
e 
urves should be used, in order to avoid the partial surfa
e 
hargereversal due to the polyele
trolyte's deta
hment.(a) First type: pure repulsion
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tion
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h (nm)Figure 5.8: Three types of for
e 
urves between a sili
a probe and a sili
a substrate inMilli-Q water. (a) Pure repulsion type: no hysteresis, no adhesion. (b) Weak adhesiontype: the approa
h part is repulsive while retra
tion part shows a weak adhesion. (
)Strong attra
tion type: the approa
h part shows a weak attra
tion or no repulsion.For
e spe
tros
opy with nanoparti
lesThe for
e 
urves of 4.0 vol% of 26 nm sili
a parti
le suspensions measured between anon-assembled AFM probe and a sili
a substrate assembled with varying number of poly-ele
trolytes are shown in �g. 5.9, where N represents the number of polyele
trolytesin
luding the �rst PEI layer. It is obvious that as more polyele
trolytes adsorb onto thesubstrate, the amplitude of the os
illatory for
e de
reases and the phase slightly shiftsto larger separations. By �tting the os
illatory for
e with eqn. 2.14, 
onstant wavelength
λf and de
ay length ξf are obtained, and remain the same as in the 
ase of bare sili
asubstrate. These observations are 
onsistent with the �ndings of DFT.51
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Figure 5.9: The normalized for
e 
urves of 4.0 vol% of 26 nm nanoparti
le suspensions
on�ned between a non-
oated AFM sili
a probe and a polyele
trolyte layer-by-layer ad-sorbed sili
a substrate. N represents the number of polyele
trolyte layers in
luding the �rstPEI layer.Adding salt to polyele
trolyte solution during the multilayer assembling 
an result in astrong s
reening of the segment 
harge on the polyele
trolyte 
hain and thus 
ause a 
oil
onformation of the 
omplexes.119�121,134 Fig. 5.10 shows the 
omparison of for
e 
urvesof 4.0 vol% of 26 nm sili
a parti
le suspensions, both in the presen
e and absen
e ofsalt during preparation. The os
illation on the one layer of PSS adsorbed substrate,prepared with 0.1 M NaCl, has almost the same amplitude as on the one without saltduring assembling. In 
ontrast to that, the os
illation in the 
ase of PEI-(PSS/PAH)5-PSS assembled substrate, with PSS and PAH both prepared in 0.1 M NaCl solution, hasa signi�
antly smaller amplitude 
ompared to the os
illation on the substrate adsorbedwith same number of layers in absen
e of salt during the preparation.
150

100

50

0

-50

F
/R

 (
µ

N
/m

)

3002001000

h (nm)

N=2

N=2 with 0.1NaCl

N=6

N=6 with 0.1NaCl

Figure 5.10: Comparison of for
e 
urves of 4.0 vol% of 26 nm sili
a parti
le suspen-sions on PAH/PSS adsorbed substrates in the presen
e and absen
e of salt during thepolyele
trolyte preparation, using a bare sili
a probe.Redu
ed os
illatory amplitude is not only observed upon in
reasing the number of layersor adding salt during assembly, but also o

urs upon assembling the se
ond 
on�ning
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t of 
on�ning surfa
e potential and roughnesssurfa
e, the sili
a probe, with PAH/PSS multilayer. The additional in�uen
e of 
oatingother 
on�ning surfa
e on the for
e pro�les of 4.0 vol% of 26 nm sili
a parti
le suspensionsis shown in �g. 5.11, where the os
illatory for
es between a non-
oated sili
a probe andpolyele
trolyte adsorbed substrates are 
ompared with the for
es between both polyele
-trolyte adsorbed surfa
es. It is obvious that the extra adsorption on the other surfa
eleads to a further redu
tion in the os
illation amplitude. The os
illation vanishes fasterthan the 
ase in whi
h just one surfa
e has been modi�ed.
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N=6 + N=6Figure 5.11: Comparison of for
e 
urves of 4.0 vol% of 26 nm sili
a parti
le suspensionsin respe
t to the sili
a probe being pure or assemble with PAH/PSS multilayer on thesubstrates adsorbed with same number layers of PAH/PSS multilayer. N+N representsthat the substrate and sili
a probe both are 
oated with N number of layers.When polyanions PAA and HA were used instead of PSS, the surfa
e for
es showed puremonotoni
 behavior already on substrates 
oated with only one layer of PAA or HA, usinga bare sili
a probe. Fig. 5.12 shows the 
omparison of surfa
e for
es of 4.0 vol% of 26nm sili
a parti
le suspensions on bare sili
a substrate and PEI-PAA and PEI-HA 
oatedsubstrate.
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Figure 5.12: Comparison of surfa
e for
es of 4.0 vol% of 26 nm sili
a parti
le suspensionsbetween a bare sili
a substrate and PEI-PAA and PEI-HA 
oated substrate, using a baresili
a probe.



5.2 Results and dis
ussion 77For
e amplitude 
orrelation to surfa
e roughnessUp to now, amplitude-redu
ed os
illations o

urred in four 
ases: in
reasing the numberof PAH/PSS multilayer, in
reasing ioni
 strength during assembly, by repla
ing the baresili
a probe with one 
oated with PAH/PSS multilayer, and by adsorbing a layer of PAAor HA onto the substrate instead of PAH/PSS multilayer. There are two fa
tors thatmight 
ause the redu
ed amplitude in the above 
ases: the 
hange of surfa
e potentialand surfa
e roughness.Based on the results of un
hanged surfa
e potential in those above 
ases, one 
an ex-
lude the surfa
e potential as dominant fa
tor in these studies. Another reason of thefor
e damping and phase shift in the PAH/PSS system might be the surfa
e roughness.Therefore, the 
hange of surfa
e roughness is further analyzed from tapping-mode AFMimages in aqueous medium at ea
h step with PSS forming the outermost layer. The heightmode of AFM images of PAH/PSS-adsorbed substrates immersed in Milli-Q water withs
an size 2.5 µm× 2.5 µm and a verti
al s
ale of 10 nm are shown in �g. 5.13. Within
reasing number of adsorbed layers, one 
an observe that the 
ontrast on the surfa
esbe
omes more signi�
ant, indi
ating that the surfa
e roughness in
reases. The rough-ness was 
al
ulated as a root mean square value of ea
h 1.0 µm× 1.0 µm box in images.The dependen
y of surfa
e roughness of PAH/PSS multilayer with number of layers isshown in �g. 5.14. The roughness of PEI-PSS adsorbed substrate is around 13 Å andin
reases to 22 Å for 10 layers of polyele
trolyte adsorbed substrates. A similar trend ofin
reasing roughness with the number of multilayers up to 10 bilayers has been reportedpreviously135�137 (after 10 bilayers, the surfa
e smoothed out or was healed by polyele
-trolytes, sin
e the steady-state surfa
e topography depends on the intrinsi
 morphologyof the polyele
trolytes and not on the topography of the substrate69). The de
rease in theamplitude of the os
illation thus 
an be 
orrelated with the in
rease in surfa
e roughness(�g. 5.9). Above 22 Å of roughness the os
illation vanished.The roughness in
reases visibly with in
reasing ioni
 strength in the polyele
trolyte sys-tem, espe
ially after four layers. The roughness of six layers of polyele
trolyte adsorbedsubstrate with 0.1 M NaCl in PAH/PSS system is 19 Å, being 
lose to the highest rough-ness obtained in the salt-free 
ase. An in
rease in roughness with salt 
on
entration 
o-in
ides with the previous reports.138,139 The in
reased roughness 
on�rms the signi�
antdamping in the os
illation at six layers and negligible 
hange at two layers in �g. 5.9.The roughness of PEI-PAA and PEI-HA adsorbed substrates are 35 Å and 60 Å, re-spe
tively. Although PAA has a similar ba
kbone as PAH and PSS, the pKa of PAAis about 6.5.140,141 This pKa is 
lose the the pH of assembling solution. Thus PAA is



78 Chapter 5 E�e
t of 
on�ning surfa
e potential and roughnesspartially ionized and 
onsequently the 
harge density is lower than that of PAH, whi
hhas a pKa of 8.8 and fully ionized at pH of 6.5,141 and of PSS whi
h is a strong polyanionand fully 
harged throughout a large pH range. Another reason 
ausing PAA outermostlayer to have a higher roughness might be the larger mole
ular weight 
ompared to PSSoutermost layer.142 HA has the lowest 
harge density among these polyele
trolytes. Thenominal 
harge distan
e is 10 Å 
ompared to 2.5 Å for PAH and PSS when they are fullyionized. A

ording to the previous studies,120,121,126 
harge density of the polyele
trolytesplays a very important role in the thi
kness and roughness of the multilayer. In general,redu
ing the 
harge density promotes a 
oiled polymer 
hain 
onformation. The in
reasedthi
kness and roughness with in
reasing ioni
 strength of the polyele
trolyte solution isalso due to the redu
ed 
harge density on the polyele
trolytes 
hains, resulting from the
harge s
reening by the 
ounterions.119,134 The s
hemati
 presentation of the in�uen
eof salt, pH, and 
onsequent polyele
trolyte 
harge density on the multilayer stru
ture issummarized in �g. 5.15.It's interesting to note, although the polymer 
harge density varies from ea
h at the pH of6.5, the measured zeta potential and/or DLVO-analysis determined surfa
e potential donot show a signi�
ant di�eren
e. This might be
ause that the shear plane in zeta potentialmeasurements and/or the 
onstant potential range used in 
al
ulation are beyond thelength s
ale, whi
h is important for observing di�eren
e in the surfa
e potentials. Even ifthere were lo
al di�eren
e in the surfa
e 
harges of the outermost layers, they would be
ompensated by 
ounterions within length s
ales shorter than the distan
e of the shearplane and/or 
onstant surfa
e potential range.The layer-by-layer te
hnique 
an therefore e�e
tively tune the surfa
e roughness withrespe
t to the e�e
tive polymer 
harge. The os
illation of the for
e pro�le of nanoparti
lesvanished around the roughness threshold of 22 Å introdu
ed by one 
oated 
on�ningsurfa
e. The e�e
t of surfa
e roughness is additive and 
ontributed by both 
on�ningsurfa
es. This was 
on�rmed by the signi�
ant redu
tion in the os
illation when these
ond 
oated surfa
e was introdu
ed.The vanish of the os
illatory for
e does not refer to the vanish of ordering of nanoparti-
les in the rough pore. At surfa
e(s) roughness where the for
e os
illations were nearlyzero, grand 
anoni
al Monte Carlo simulation143 showed the density os
illations due tothe ordering were still present. The 
hange in os
illatory amplitude and phase shift withsurfa
e(s) roughness 
an be understood with the superposition approximation by assum-ing that the os
illatory for
e at a given position in the rough pore is similar to the for
eobtained in the smooth pore whose width is equal to the rough pore width h at that lo
a-tion. For example, at the pore average width h 
orresponds to the maximum os
illation
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ussion 79(a) PEI-PSS, 12 Å
2.5

2.0

1.5

1.0

0.5

0.0

µ
m

2.52.01.51.00.50.0

µm

-4

-2

0

2

4

n
m

(b) PEI-PSS-PAH-PSS, 14 Å
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(
) PEI-(PSS-PAH)2-PSS, 15 Å
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(d) PEI-(PSS-PAH)3-PSS, 20 Å
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(e) PEI-(PSS-PAH)4-PSS, 21 Å
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(f) PEI-PAA, 35 Å
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(g) PEI-HA, 60 Å
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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 s
an sizes are 2.5 × 2.5 µm with a�xed verti
al s
ale of 10 nm.
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al
ulated from 1.0 µm×1.0 µmboxes on the AFM height images (in Milli-Q water, tapping mode) .
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t of 
on�ning surfa
e potential and roughnessamplitude (peak), the a
tual os
illation amplitude for rough pore is the superposition ofthe amplitude at separation ranged from hmax to hmin. This leads to a 
onsequent smalleros
illation amplitude at this pore width and a phase shift of the os
illation. The phaseshift towards a larger separation or smaller one depends on the surfa
e roughness as wellas the wavelength of the os
illation. In this study, the os
illation shifts to in
rease thepore width as the roughness in
reases, indi
ating an in
reased depletion zone. At theroughness threshold, su�
ient separation di�eren
e among the points on surfa
es smearsout the os
illations and the surfa
e for
e shows a pure monotoni
 behavior. The broad-ening of the peaks that a

ompanied the for
e redu
tion might be a 
onsequen
e of theresistan
e to squeezing out parti
les from the smallest distan
e between two opposingrough surfa
es.143 In order to show an os
illatory for
e, the parti
les must be able to be
orrelated over a reasonably long range. This requires that both the parti
les and thesurfa
es have a high degree of order or symmetry, otherwise the os
illation does not o

ur.A roughness of a few nanometers was su�
ient to eliminate the os
illatory for
e in thisstudy.

Figure 5.15: S
hemati
 representation of the in�uen
e of salt, pH, and 
onsequent poly-ele
trolyte 
harge density on the multilayer stru
ture. a-b) represents the stru
ture 
hangesof polyele
trolytes 
aused by the 
hange in ioni
 strength. a-
) pH of the weak polyanionsin solution. For weak poly
ations, 
harge de
reases with in
reasing pH.5.3 Con
lusionThe 
on�ning surfa
es were modi�ed by atta
hing a mi
a sheet onto a sili
a substrateor by physi
ally adsorbing polyele
trolytes onto sili
a surfa
es with the layer-by-layerte
hnique. The enhan
ed surfa
e potential, or surfa
e 
harge in the �rst 
ase results inan in
rease in the os
illatory for
e amplitude. The underlying me
hanism is the fa
t thatmore parti
les move from the 
onne
ted bulk reservoir into the slit, indi
ated by the grand-
anoni
al Monte Carlo simulations with a modi�ed parti
le-wall potential assuming that



5.3 Con
lusion 81the 
harged walls release additional 
ounterions whi
h a

umulated in a thin layer at thesurfa
es. On the other hand, the wavelength and 
orrelation length whi
h 
hara
terize theasymptoti
 behavior of the os
illation have been shown not to 
hange with the 
on�ningsurfa
e potential, both by experiment and simulation, in agreement with predi
tion fromdensity fun
tional theory.In the se
ond 
ase, the wavelength and 
orrelation length of the os
illation have also beenshown to be a�e
ted neither by the number of multilayers nor by the pair of the poly-ele
trolytes. A redu
ed os
illatory amplitude, however, is observed with in
reasing thenumber of multilayers and the ioni
 strength as well as the 
harge density of the polyele
-trolyte 
hains. The surfa
e potentials of multilayers have been found not to 
hange withthe number of multilayers, ioni
 strength of the polyele
trolytes solution, or pair of poly-ele
trolytes (although they 
hange after �rst layer regarding to the bare sili
a surfa
e), theredu
tion in the for
e amplitude thus 
orrelates with the 
onsequently in
reased surfa
eroughness. A few nanometer surfa
e roughness leads to a vanishing of the os
illation dueto the additive mapping of surfa
e for
es at ea
h point on the substrates with varyingseparations.
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e potential and roughness



Chapter 6Stru
turing of nanoparti
les 
on�ned between a sili
ami
rosphere and an air bubble∗
Abstra
tThis 
hapter 
ontributes to the understanding of e�e
ts of 
on�ning surfa
e deformabilityon the intera
tion within thin liquid �lms of 
olloidal nanoparti
les. The in�uen
e ofsurfa
tant on the surfa
e deformability and then on the stru
turing of the nanoparti
lesis investigated. The os
illatory for
e 
aused by the layering of the nanoparti
les is dete
tedbetween the AFM mi
rosphere probe and an air bubble, and the os
illatory wavelengththat re�e
ts the interlayer distan
e of the nanoparti
les is found to s
ale with 
olloidalnanoparti
le 
on
entration as φ−1/3. Under 
onstant experimental 
onditions (AFM proberadius, bubble size, Debye length and 
onta
t angle), the bubble sti�ness is found toin
rease linearly with surfa
e tension, while the os
illatory wavelength is not a�e
ted bythe bubble deformability. In addition, 
ationi
 surfa
tant C16TAB display a di�erentbehavior on the retra
tion part of the for
e 
urve, in whi
h a pronoun
ed adhesion for
eis observed. This phenomenon might be attributed to the hydrophobi
 e�e
t 
aused bythe monolayer formation of 
ationi
 surfa
tant on the sili
a sphere surfa
e. Thus a stablethin �lm of 
olloidal nanoparti
les is assumed to be formed between the sili
a mi
rosphereand the bubble when strong repulsive intera
tion exists.6.1 Introdu
tionIn the previous two 
hapters the stru
turing of sili
a nanoparti
les 
on�ned between tworigid surfa
es has been investigated. The stru
turing 
hara
teristi
 lengths, wavelengthand 
orrelation length, are determined by the parti
les-quantities rather than by the
on�ning surfa
e 
harge or surfa
e roughness. The for
e amplitude, in other words theintera
tion strength, is in�uen
ed by the 
on�ning surfa
e 
harge and surfa
e roughnessas well.The aim of this 
hapter is to investigate the in�uen
e of the 
on�ning surfa
e deforma-bility on the stru
turing of sili
a nanoparti
les. There are just a few reports of the
∗Similar 
ontent has been published in: Stru
turing of 
olloidal suspensions 
on�ned between a sili
ami
rosphere and an air bubble, Yan Zeng, Regine von Klitzing, SoftMatter, 2011, 7, 5329-5338



84 Chapter 6 E�e
t of 
on�ning surfa
e deformabilityintera
tion between 
olloids, su
h as mi
elles or latex parti
les,14,26,104,144 
on�ned be-tween deformable surfa
es like in a foam lamella. Typi
ally, a thin �lm pressure balan
e(TFPB) is used. The existen
e of os
illatory for
es is dete
ted by a sequen
e of stepsin �lm thi
kness. The step size between two adja
ent repulsive bran
hes is 
onne
ted tothe layering distan
e or the os
illatory wavelength. The previous unpublished work ofour laboratory145 shows the step size of sili
a nanoparti
les at low parti
le 
on
entrationregime is always twi
e the parti
le diameter, irrespe
tive of the parti
le 
on
entration.This is di�erent from the AFM results obtained between two solid surfa
es, where theos
illatory wavelength s
ales with parti
le 
on
entration as an exponent of -1/3. Thusthe measurements on deformable air/liquid interfa
es need to be performed by AFM to
ompare with the TFPB results.The �rst AFM for
e measurement on deformable surfa
es has been reported by Du
keret al..146 The intera
tion between a AFM solid sphere and various deformable surfa
eswere investigated. A sili
on wafer was hydrophobilized with a self-assembled monolayerof o
tade
yltri
hlorosilane (OTS) and then a sheet of mi
a with a hole with radius of200 µm in the 
enter was pla
ed on the top of the sili
on wafer. An air bubble 
an bethus transferred to the 
enter of the hole from a mi
ro-pipette and be stable for manyhours. Butt et al.147�149 simpli�ed the pro
edure by using a slide of Te�on as substrate.In 
ertain 
ases, a hole was digged on the Te�on and 
onne
ted through a tube with apump, thus air bubbles 
an be generated with 
ontrolled size through de�ned pressure.Butt et al. also invented a inversed CP-AFM,150 where the 
antilever probe was immersedin the liquid and approa
h upwards the air/liquid interfa
es, thus the intera
tion betweena solid sphere and deformable air/liquid interfa
es 
an be also determined. Dagastine etal.151,152 further applied the te
hnique to measure intera
tion between two air bubblesor oil droplets, with atta
hing a droplet or bubble on the 
antilever and another on thesubstrate.In addition, numerous signi�
ant 
ontributions to the theoreti
al analysis of intera
tionfor
es between a solid parti
le and deformable interfa
e or between two deformable inter-fa
es and the 
hange of deformation during approa
h have been made. The asymmetri
nature of the intera
tion and the 
ompli
ation of the deformable interfa
e 
ause mathe-mati
al 
omplexity in the interpretation of for
es. The interpretation for the deformableinterfa
es usually involves modeling the drop deformation using the Young Lapla
e equa-tion.153�155 Chan et al.156 developed a sophisti
ated model using quantities that 
an beeasily obtained from simple experiments and veri�ed by experimental results from AFM.In this 
hapter, a dire
t for
e measurement of sili
a nanopati
les between a sili
a mi
ro-sphere and an air bubble is performed with AFM. The surfa
e deformability is tuned by
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A B CFigure 6.1: Normalized for
e (F/R) versus ∆X 
urves of a sili
a mi
rosphere and anair bubble in water. `A' presents the 
onstant 
omplian
e region where the loading for
eis linearly in
reased; `B' presents the surfa
e for
e region between the sili
a mi
rosphereand the bubble; `C' presents the region where no surfa
e for
e is dete
ted. The monotoni
de
ay region (`B') is �tted with a de
ay length of 102 nm in the inset graph with doublelogarithmi
 s
ale.the di�erent type and amount of surfa
tants and the e�e
t of surfa
e deformability onthe stru
turing of 
olloidal nanoparti
les is investigated.6.2 Results6.2.1 For
e pro�les in the absen
e of additives.The result of a for
e experiment between a hydrophili
 sili
a mi
rosphere and a bubblein Milli-Q water without extra ele
trolytes is shown in �g. 6.1. There, the for
e is plottedversus relative separation ∆X (
hange in separation and deformation of the bubble asaforementioned). At ∆X larger than 400 nm, no for
e was dete
ted and the ∆X was 
on-sidered as pure separation between the sili
a probe and the initial bubble surfa
e be
ausesoft parti
les behave as rigid ones when there is no surfa
e for
e at large distan
e.157 Amonotoni
 repulsion began to appear when the probe further approa
hed the bubble. Thisrepulsion is at least partially 
aused by the ele
trostati
 double layer for
e be
ause thesili
a probe is negatively 
harged and the air-water interfa
e is slightly negatively 
hargedas well.158�160 The de
ay length determined in the linear region of the inset logarithmi
plot was 102 nm, whi
h agreed with the expe
ted value of the Debye s
reening length(κ−1 = 96 nm at an ioni
 strength of 10−5 M for pure water).When the probe was moved further toward the bubble, the for
e in
reased linearly whilewithin the so-
alled 
onstant 
omplian
e region. On solid surfa
es, the separation between
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Figure 6.2: Normalized for
e (F/R) versus ∆X 
urves of a sili
a mi
rosphere and anair bubble at di�erent Ludox TMA suspensions (1.8 vol%, 3.0 vol%, 4.0 vol%, 6.1 vol%).The solid lines are the 
orresponding 
urves �tted to eqn. 2.14. The for
e pro�les havebeen o�set verti
ally for ease of viewing.the sili
a probe and the substrate does not 
hange in the 
onstant 
omplian
e and thein
rease of for
e is due to the 
onsistent bending of the 
antilever after 
onta
ting thesolid surfa
e. On the bubble surfa
e it is assumed that the separation between the probeand the bubble surfa
e in the 
onstant 
omplian
e region to be not 
hange neither be
ausea stable water �lm is formed between the sili
a probe and air.78 Thus ∆X represents onlythe deformation of the bubble in the 
onstant 
omplian
e region (eqn. 3.7). The deviationof for
e dire
tion from verti
al observed on rigid surfa
es is due to the deformation of thebubble from its equilibrium shape. The slope of for
e versus ∆X at negative ∆X region(F/∆X ) 
ould be used as another measure of the bubble sti�ness sin
e F = kb∆δ =kb∆X.The bubble sti�ness of a 800 µm diameter bubble in water 
al
ulated from eqn. 3.9 oreqn. 3.10 is typi
ally kb = 76 mN m−1 whi
h is only two times larger than the spring
onstant of 
antilevers used in the for
e measurements. Therefore, 
onsidering bubble de-formation is ne
essary when measuring for
es against bubbles with su
h soft 
antilevers.6.2.2 Colloidal nanoparti
le suspensions in the absen
e of surfa
tantsThe normalized for
e versus ∆X 
urves for a sili
a probe intera
ting with a bubble surfa
ein TMA nanoparti
le suspension at varying parti
le 
on
entrations is shown in �g. 6.2.When the distan
e was larger than 200 nm, no for
e 
ould be dete
ted. The os
illatoryfor
e, or stru
tural for
e of nanoparti
les, grew more intense during approa
h and resultedfrom the mutual repulsion between the nanoparti
les and the layer-by-layer expulsion ofthe nanoparti
les.



6.2 Results 87The os
illatory wavelengths, whi
h represent the distan
es between two adja
ent nanopar-ti
le layers, de
reased with in
reasing nanoparti
le 
on
entrations. This parameter wasde�ned as the distan
e between su

essive for
e maxima or minima. At the same time, theos
illations in
reased in amplitude at the higher 
on
entrations be
ause the nanoparti
leswere for
ed 
loser to ea
h other, resulting in stronger ele
trostati
 repulsion.Following the os
illatory for
e, an attra
tive depletion for
e was observed due to theex
lusion of all parti
les from the 
on�ned gap between the sili
a probe and bubble. Ad-ditionally, at small separation, an ele
trostati
 repulsive for
e between 
on�ning surfa
eswas presented, whi
h de
ayed to zero at larger separation as nanoparti
le 
on
entrationde
reased. This means the phase shift, whi
h 
an be 
onsidered as the depletion zone ofthe 
onta
t layer of parti
les against the 
on�ning surfa
e, in
reases as parti
le 
on
en-tration in
reases and exhibit the same behavior as on the solid surfa
es.
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Figure 6.3: (a) Intera
tion between a sili
a mi
rosphere and an air bubble in a 4.9 vol%sili
a nanoparti
le suspension at di�erent β-C12G2 
on
entrations (0 M, 5×10−5 M, 10−4M). (b) The for
e pro�les have been o�set verti
ally for ease in 
omparison of os
illatoryfor
es. The solid lines are the 
orresponding 
urves �tted to eqn. 2.14.6.2.3 In the presen
e of non-ioni
 surfa
tants.
β-C12G2 is a non-ioni
 surfa
tant whi
h adsorbs at the air-water interfa
e resulting in ade
rease in the surfa
e tension. The adsorption of β-C12G2 to negatively 
harged sili
ahas been shown to be weak.161,162 The deformation of the bubble at the same nanopar-ti
le 
on
entration with varying β-C12G2 
on
entration is illustrated in �g. 6.3(a). Theslope of the for
e in the 
onstant 
omplian
e region de
reased with in
reasing β-C12G2
on
entration. The surfa
e tension of the bubble de
reased from 72 mN m−1 to 50 mNm−1 at 5×10−5 M β-C12G2 and to 40 mN m−1 at 10−4 M β-C12G2, and the 
orrespondingbubble sti�ness was 44 mN m−1 and 35 mN m−1, respe
tively. The de
rease in the bubble
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t of 
on�ning surfa
e deformabilitysti�ness, or in
rease in deformability was 
aused by the de
rease of interfa
ial tension and
an be understood by means of eqn. 3.11.The for
e pro�les as shown in �g. 6.3(b) were �tted with eqn. 2.14 in order to obtain thequantitative values of os
illatory wavelength and amplitude. The os
illatory wavelengthsshowed no 
hange after adding di�erent amount of β-C12G2 surfa
tant into nanoparti
lesuspensions. A de
rease in os
illatory amplitude with in
reasing β-C12G2 surfa
tant 
on-
entration was observed due to the redu
ed surfa
e sti�ness and surfa
e 
harge. The pureair-liquid interfa
e is assumed to be negatively 
harged160 and the β-C12G2 mole
ulespartially repla
e the negative 
harges. A de
rease in surfa
e 
harge leads to a redu
tionof the os
illatory amplitude as previously shown in Chapter 5, also in whi
h it is shownthat a modi�
ation of the 
harge, or potential of the 
on�ning surfa
es has no e�e
t onthe os
illatory wavelength.The for
e pro�les of 5×10−5 M β-C12G2 at di�erent nanoparti
le 
on
entrations are shownin �g. 6.4. The os
illatory amplitude in
reased with nanoparti
le 
on
entration whilethe os
illatory wavelength de
reased sin
e the nanoparti
les were 
loser at the higher
on
entrations. This behavior was the same as in the absen
e of added surfa
tant.6.2.4 In the presen
e of anioni
 surfa
tants.Sodium dode
yl sulfate is an anioni
 surfa
tant whi
h only adsorbs at the air-water inter-fa
e. A stable �lm of nanoparti
les was formed between the sili
a probe and the bubblein this 
ase as well, and the repulsive for
e at the 
onstant 
omplian
e region was also ob-served and attributable to the ele
trostati
 double layer for
e. The bubble sti�ness slightlyin
reased to 80 mN m−1 although the interfa
ial tension did not show measurable 
hangeat 5×10−5 M SDS in 
omparison to that of pure water. This 
an be explained a

ordingto eqn. 3.11 whi
h expresses the e�e
t of the de
rease of Debye length on the in
reaseof the bubble sti�ness. Charged SDS brings extra disso
iated ions into the suspension,thus leading to a de
rease of the Debye length. An in
rease of the os
illatory amplitudein the nanoparti
le for
e pro�le was observed for two reasons. In addition to the slightlyin
reased surfa
e sti�ness, it was also likely due to dode
yl sulfate ions adsorbing at theair-water interfa
e and the in
rease of the interfa
ial e�e
tive 
harge. Hen
e, an in
reasein the ele
trostati
 double layer for
e with in
reasing SDS 
on
entration up to the 
riti
almi
elle 
on
entration (CMC) would be expe
ted.163 The os
illatory wavelengths obtainedafter quantitative �tting were found to remain the same 
ompared to the previous 
aseswithout surfa
tant and with β-C12G2.
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Figure 6.4: Intera
tion between a sili
a mi
rosphere and an air bubble at 3.1 vol%, 4.6vol%, 6.1 vol% and 9.0 vol% Ludox TMA suspension with 5×10−5M β-C12G2. The solidlines are the 
orresponding 
urves �tted to eqn. 2.14. The for
e pro�les have been o�setverti
ally for ease of viewing.
0.3

0.2

0.1

0.0

F
/R

 (
m

N
/m

)

3002001000

∆X (nm)

 No surfactant

 5×10
-5

M SDS

a)
0.15

0.10

0.05

0.00

-0.05

F
/R

 (
m

N
/m

)

4003002001000

∆X (nm)

 No surfactant

 5×10
-5

M SDS

b)

Figure 6.5: (a) Intera
tion between a sili
a mi
rosphere and an air bubble at 4.9 vol%Ludox TMA suspensions with 5×10−5 M of SDS and without surfa
tant. (b) The for
epro�les have been o�set verti
ally for ease of viewing. The solid lines are the 
orresponding
urves �tted to eqn. 2.14.6.2.5 In the presen
e of 
ationi
 surfa
tants.Unlike SDS and β-C12G2, hexade
yltrimethylammonium bromide (C16TAB ) is a 
ationi
surfa
tant whi
h not only strongly adsorbs at the air-water interfa
e, but also at the sili
ami
rosphere and nanoparti
le surfa
es, due to intera
tion of opposite 
harges on the sili
asurfa
e and the 
ationi
 surfa
tant head group.The 
onta
t angle measurements of C16TAB on sili
on wafer shown in �g. 6.6 displayedan in
rease of 
onta
t angle to a maximum at around 5×10−5 M followed by a de
reaseagain with further in
rease of C16TAB, whi
h indi
ated that a monolayer of C16TA+ wasformed on sili
on wafer at a 
on
entration of 5×10−5 M.164 While at this 
on
entration,the adsorption of C16TAB on the bubble surfa
e was very low and only led to a redu
edsurfa
e tension of approximately 1.5 %.
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onta
t angle of C16TAB on a sili
on wafer as a fun
tion of surfa
tant
on
entration. The maximum of the 
onta
t angle appears at a 
on
entration of 5×10−5M resulting from the monolayer formation of 
ationi
 surfa
tant on the negatively 
hargedsili
a surfa
e. The further de
rease of the 
onta
t angle is be
ause of the bilayer formationof the surfa
tant and re-hydrophilization the sili
a surfa
e.Based on the 
onta
t angle measurement, the attra
tive for
es due to adsorption ofC16TA+ on the sili
a probe were expe
ted to be measured. A snap into the bubbleoften o

urred in C16TAB solution during manual approa
h, whi
h in
reased the di�-
ulty of measurement. An example is shown in �g. 6.7 when the full piezo range wasused in the experiment. A jump-to 
onta
t appeared during approa
h and a big adhesionexisted during retra
tion and no jump-o� from the 
onta
t was observed. The jump-to
onta
t and the adhesion took pla
e due to the hydrophobi
 attra
tive for
e betweenC16TA+ adsorbed sili
a probe and the bubble. However, on
e nanoparti
les were added,the long-range os
illatory for
e indu
ed a repulsive stru
tural barrier whi
h helped tooverwhelm the hydrophobi
 attra
tion by forming the layers between the sili
a probe andthe bubble. Thus the AFM for
e 
urves in su
h 
on
entration of C16TAB 
ontaining sili
ananoparti
les 
ould be re
orded. Fig. 6.8(a) shows that an os
illatory for
e began to bedete
ted around 200 nm and was present until a separation of 30 nm. When the lastlayer of nanoparti
les was ex
luded, the probe was attra
ted by the bubble due to thehydrophobi
 for
e and it penetrated the bubble at a 
ertain short distan
e. A three-phase
onta
t line (TPC) was formed as a 
onsequen
e and an in
reased loading for
e versusthe 
orresponding deformation of the bubble thus was dete
ted at smaller ∆X. Whenthe probe was retra
ted, an adhesion for
e o

urred instead of the os
illatory for
e andresisted the deta
hment of the probe from the bubble, only the probe was even furtherretra
ted at some point, it over
ame the adhesion for
e and was released from the bubble.The amplitude of the adhesion was found to be dependent on the loading for
e, in general
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tion between a sili
a mi
rosphere and an air bubble at 5×10−5 Mof C16TAB solution without 
olloidal nanoparti
les. A jump-in 
onta
t appeared duringapproa
h and a big adhesion for
e existed during retra
tion.a larger loading for
e led to a stronger adhesion until the maximum was rea
hed. Foradhesion the advan
ing 
onta
t angle was signi�
ant, the advan
ing 
onta
t angle 
ouldbe 
al
ulated from
cos θa =

R−D

R
(6.1)where D is the jumping o� distan
e.148The advan
ing 
onta
t angle varied greatly in ea
h for
e measurement with a maximumof 35◦ observed, whi
h was smaller than the 
onta
t angle measured on the planar sili-
on wafer in the equilibrium state. This phenomenon probably was due to the unstableorganization pro
ess of 
ationi
 surfa
tant adsorbed to the sili
a when surfa
tant 
on
en-tration was below the CMC. The slow adsorption of 
ationi
 surfa
tant was reported byRutland et al.165 and Fleming et al.,166 who found the build-up of the CTAB layer on asili
a surfa
e be
ame more rigid with time.Fig. 6.8(b) shows the os
illatory for
es in the presen
e and absen
e of C16TAB. The os
illa-tory wavelengths in both 
ases remained 
onstant. This further indi
ates that the layeringdistan
e of nanoparti
les in the 
on�nement is parti
le number density determined, eventhough the surfa
e 
harge of the nanoparti
les was somewhat redu
ed after the adsorptionof oppositely 
harged surfa
tants. The for
e slope at negative ∆X was lower than in the
orresponding 
ase in the absen
e of surfa
tant, meaning the deformability of the bubblein
reased after adding 5×10−5 M of C16TAB, even though the interfa
ial tension at this
on
entration was just slightly smaller than that of water. The 
al
ulated bubble sti�nesswas 59 mN m−1, whi
h was attributed to the 
hange in the 
onta
t angle as des
ribed ineqn. 3.11.In 
omparison to the absen
e of surfa
tant, a redu
tion of for
e amplitude was observed.



92 Chapter 6 E�e
t of 
on�ning surfa
e deformability
-4

-3

-2

-1

0

1

F
/R

 (
m

N
/m

)

10008006004002000

∆X (nm)

D

a) 0.3

0.2

0.1

0.0

-0.1

-0.2

F
/R

 (
m

N
/m

)

3002001000

∆X (nm)

 5×10
-5

M C16TAB

 No surfactant

b)

Figure 6.8: (a) Intera
tion between a sili
a mi
rosphere and an air bubble at 4.9 vol%TMA suspensions with 5×10−5 M of C16TAB. The os
illatory for
e of nanoparti
les ap-pears during approa
h while a pronoun
ed adhesion for
e appears during retra
tion. `D'denotes the distan
e of jumping o� 
onta
t whi
h is used to 
al
ulate the advan
ing 
onta
tangle. (b) The os
illatory for
es in the presen
e and absen
e of C16TAB are 
ompared.The for
e pro�les have been o�set for ease of viewing. The solid lines are the 
orresponding
urves �tted to eqn. 2.14.The reasons were most likely the de
reased surfa
e sti�ness, and the redu
ed surfa
e
harge both on bubble surfa
e and nanoparti
le surfa
es.6.3 Dis
ussion6.3.1 The e�e
t of surfa
e tension on the deformability of the air-liquidinterfa
e.In 
ontrast to the deformation of elasti
 and vis
oelasti
 materials, whi
h is 
ontrolled bythe bulk materials properties, the deformation of bubbles (air-liquid interfa
e) is 
ontrolledby the surfa
e tension and the pressure a
ross the interfa
e. The deformation, or elasti
ity,of the air-liquid interfa
e is typi
ally measured by the os
illating bubble/droplet method.Here, AFM for
e measurement provides a dire
t way to determine the deformation of thebubble by assuming that it behaves as a Hookean spring under for
e applied by AFMprobe. Attard and Chan et al.80,156 
on
luded that a Hookean for
e law is valid for weakfor
es (F/2πR<<γ). The existen
e of the 
onstant 
omplian
e region with a linear slopein the for
e 
urves is the eviden
e of linear elasti
ity for the �uid interfa
e.The deformability 
an be expressed as the bubble sti�ness by eqn. 3.9, or dire
tly from theslope of for
e 
urves in the negative ∆X region with eqn. 3.10. The values of the bubblesti�ness, surfa
e tension, os
illatory wavelength, and the os
illatory amplitude at varyingLudox TMA and surfa
tant 
on
entrations are summarized in Table 6.1. The in
rease in
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ussion 93the Ludox 
on
entration did not 
ause signi�
ant 
hange in the surfa
e sti�ness of thebubble. This was due to the negligible 
hange in the air-liquid interfa
ial tension with anin
rease in the parti
le 
on
entration, although the Debye length of the aqueous solutiondid de
rease. Thus the e�e
t of the Debye length on the surfa
e sti�ness of the bubble isassumed to be relatively small.Table 6.1: Summary of the surfa
e tension γ from tensiometer measurements, the bubblesti�ness kb 
al
ulated from for
e 
urves, the os
illatory wavelength λ, and amplitude A offor
e 
urvesSurfa
tant 
on
. [M℄ φ [vol%℄ γ [mN m−1℄ kb [mN m−1℄ λ [nm℄ A [mN m−1℄0 71.8 76.7 - -1.8 71.5 75.9 67.8 0.01303.0 71.7 77.0 64.8 0.03730 4.0 71.9 76.4 54.2 0.04784.9 72.0 75.8 49.6 0.05646.1 72.9 72.7 48.2 0.10183.1 49.7 - 60.7 0.00954.6 49.2 48.1 54.9 0.02535×10−5 C12G2 4.9 50.2 44.2 50.0 0.05176.1 49.8 45.8 48.2 0.07089.0 50.1 47.3 41.4 0.11151×10−4 C12G2 4.9 40.1 34.7 50.9 0.04485×10−5 SDS 4.9 71.5 79.8 50.1 0.06605×10−5 C16TAB 4.9 70.6 59.3 50.9 0.0500At a given Ludox 
on
entration (4.9 vol%), the plot of the experimental bubble sti�nessversus surfa
e tension is shown in �g. 6.9(a). The square points were obtained from thesystem with β-C12G2. The in
rease of β-C12G2 
on
entration led to the linear de
reaseof the surfa
e tension. The 
ir
le point (SDS) lay along the linear �t be
ause the surfa
esti�ness was not signi�
antly in�uen
ed by the de
rease of Debye length after adding
harged surfa
tants into this solution. On the other hand, the data for C16TAB (trianglepoint) deviated from the linear �t be
ause of the in
rease of the 
onta
t angle after theadsorption of C16TAB on the probe surfa
e.Thus the linear dependen
y of the bubble sti�ness on the air-liquid interfa
ial tensionis valid if the following 
onditions remain 
onstant: probe radius, bubble radius, De-bye length, and the 
onta
t angle. This is 
onsistent with the theoreti
al expression ineqn. 3.11. Also from eqn. 3.11, one should expe
t that the surfa
e tension and the 
onta
tangle play a more important role than bubble size and Debye length, whi
h explains whythe de
rease in Debye length introdu
ed by the in
rease of nanoparti
le 
on
entration has
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Figure 6.9: The relationship of the bubble sti�ness with the surfa
e tension (a) and withthe 
orresponding os
illatory amplitude (b) and os
illatory wavelength (
) at 4.9 vol%TMA 
olloidal nanoparti
le suspensions.a negligible e�e
t on the surfa
e sti�ness. In addition, the 
onta
t angle is strongly asso-
iated with the air-liquid interfa
ial tension, whi
h further supports that the deformationof �uid interfa
es is surfa
e tension 
ontrolled.6.3.2 The e�e
t of surfa
e deformability on the stru
turing of nanoparti
les.At 
onstant nanoparti
le 
on
entration (4.9 vol%), the os
illatory for
e amplitude exhib-ited an in
rease with the bubble surfa
e sti�ness (�g. 6.9(b)). In the present study, the
hange of the surfa
e deformability was always asso
iated with the 
hange of the surfa
e
harge. Studying the system with non-ioni
 surfa
tant β-C12G2, both fa
tors in for
eamplitude were unable to be analyzed independently, be
ause surfa
e 
harge and surfa
esti�ness both de
reased with in
reasing surfa
tant 
on
entration. The redu
ed surfa
esti�ness and surfa
e 
harge mutually 
aused the redu
tion of for
e amplitude. Studying



6.3 Dis
ussion 95anioni
 surfa
tant SDS was expe
ted to hopefully shed some light on the two parameterssin
e the in
rease of surfa
tant 
on
entration led to an in
rease of the surfa
e 
harge.However, a slight in
rease of the surfa
e sti�ness was observed as well, whi
h had thesame e�e
t on the 
hange of the for
e amplitude as surfa
e 
harge did. Thus the separa-tion of these two 
auses was also di�
ult. In the 
ase of 
ationi
 surfa
tant C16TAB, anadditional 
ompli
ation was introdu
ed resulting from the intera
tion between the sur-fa
tant and the oppositely 
harged nanoparti
le surfa
e. Therefore, the for
e amplitude
ould be 
onsidered as the joint 
onsequen
e of the ele
trostati
 and rigidity e�e
ts.At 
onstant nanoparti
le 
on
entration (4.9 vol%), the os
illatory wavelength, represent-ing the layering distan
e of nanoparti
les, showed no dependen
y on the bubble sti�nessor surfa
e deformability (�g. 6.9(
)). With regard to the 
ase of 
ationi
 surfa
tant, theos
illatory wavelength did not show any di�eren
e even though the surfa
e 
harge ofnanoparti
les was redu
ed additionally. This result is similar to the previous �nding onusing three di�erent sized nanoparti
les, whi
h asso
iate with di�erent surfa
e 
harge (seeChapter 4). It indi
ates the ele
trostati
 repulsion 
an dominate the system over 
ertainsurfa
e 
harge range and thus the parti
le distan
e 
an not be signi�
antly in�uen
ed.The log-log dependen
e of AFM os
illatory wavelengths versus nanoparti
le 
on
entra-tions is summarized in �g. 6.10. Wavelengths obtained from measurements of AFM probeagainst deformable air-liquid interfa
e in the presen
e and absen
e of β-C12G2 surfa
tantswere 
ompared to that against a solid sili
on wafer. For all deformable 
ases, the os-
illatory wavelength s
aled with the nanoparti
le 
on
entration as an exponent of -0.33,whi
h agreed very well with the purely spa
e-�lling value of -1/3. This indi
ated thatnanoparti
les under su
h 
on�nement formed a layered stru
turing where the interparti
ledistan
es s
aled to -1/3 of the total volume of nanoparti
les. These results were in goodagreement with the previous experimental results whi
h were based on non-deformablesili
a surfa
es (Chapter 4). The experimental �ndings indi
ate that the deformability ofthe 
on�ning surfa
es does not 
hange the layered stru
turing of parti
les in between. Theparti
le distan
e remains the same and solely dependents on the parti
le 
on
entration,or parti
le number density, regardless of the 
on�nement type. The strength of ordering,however, de
reases with in
reasing surfa
e deformability asso
iated with 
hange of thesurfa
e 
harge, implying less for
e is needed to ex
lude parti
les out of the soft slit-pore.The di�eren
e in wavelengths between the system with the deformable bubble surfa
e and
orresponding system with a solid surfa
e was only approximately 1 %. This supports thereliability of using for
e versus ∆X 
urves in determining the parti
le layering distan
e,even though the deformation of bubble surfa
e 
ontributes at smaller distan
e.



96 Chapter 6 E�e
t of 
on�ning surfa
e deformability

5 10
35

40

45

50

55

60

65
70
75

 (n
m

)

 (%)

 solid surface
 no surfactant
 5*10-5M -C12G2

 10-4M C12G2

-0.33

Figure 6.10: The log-log plot of os
illatory wavelengths versus Ludox TMA 
on
entra-tions against the air-liquid interfa
e without surfa
tant, with 5×10−5 M of β-C12G2, with10−4 M of β-C12G2, and against a solid sili
on wafer.6.3.3 AFM vs TFPBA 
on
entration-independent interparti
le distan
e for 
harged nanoparti
les was observedin TFPB, whi
h 
ontradi
ted the ρ−1/3 s
aling law obtained from AFM measurementsagainst an air bubble. The symmetri
 air-liquid interfa
es in the TFPB have larger surfa
edeformability than the one involved in AFM measurements, due to the larger radius ofthe surfa
e 
urvature. From AFM measurements the surfa
e deformability shows nosigni�
ant in�uen
e on the 
hara
teristi
 length of the stru
turing. One thus 
an �gurethat for symmetri
 deformable surfa
es, the e�e
t of deformability is negligible as well.However, for larger surfa
e deformability the os
illatory for
es tilt to negative separationa

ording to the varying deformation extent along the separation distan
e. In addition,the interparti
le distan
e determined from TFPB is the step size of two adja
ent repulsivebran
hes. These two fa
tors 
ause the ina

ura
y in determination. This ina

ura
y isdependent on the real interparti
le distan
e, for example, for larger sized parti
les, theinterparti
le distan
e is large and the shift due to the deformation on ea
h peak is thereforesmaller in 
omparison to the parti
le size than for the smaller ones. This 
an explain why,for 26 nm sized parti
les, the interparti
le distan
es 
an be still somehow des
ribed by-1/3 s
aling law while, for even smaller sized parti
les, the interparti
le distan
es aretotally independent on the 
on
entration.
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ent repulsive bran
h as a fun
tion of sili
ananoparti
le volume fra
tion, adopted from the previous TFPB work of our laboratory.1456.4 Con
lusionsAFM provided a dire
t way to study the stru
turing of sili
a nanoparti
les 
on�ned be-tween a deformable air-water interfa
e and a rigid solid surfa
e. The air-water interfa
edeformability in
reased with de
reasing surfa
e tension and 
ould be observed dire
tlyfrom the 
hange of for
e slope at the 
onstant 
omplian
e region of for
e pro�les.Three surfa
tants, β-C12G2, SDS, and C16TAB, were used to tune the surfa
e tensionthus the surfa
e deformability of air bubble. In the absen
e and presen
e of all kindsof surfa
tants, os
illatory for
es of nanoparti
les were observed. The only one ex
eptionwas for 
ationi
 surfa
tant (C16TAB), a di�erent behavior was displayed on the retra
tionpart of the for
e 
urve, in whi
h a pronoun
ed adhesion appeared. This phenomenonmight be attributed to the hydrophobi
 e�e
t 
aused by the monolayer formation of
ationi
 surfa
tant on the sili
a sphere surfa
e. While with same surfa
tant, os
illatoryfor
e was still observed on the approa
h bran
h be
ause the repulsive stru
tural barriersoverwhelmed the hydrophobi
 attra
tion. Thus a stable thin �lm of 
olloidal nanoparti
leswas assumed to be formed between the sili
a mi
rosphere and the bubble when strongrepulsive intera
tion existed.The layering distan
e and the for
e strength between nanoparti
les 
ould be obtained fromthe wavelength and the amplitude of the os
illatory for
e, respe
tively. It was found thatthe os
illatory wavelength was not a�e
ted by the surfa
e deformability (asso
iated withsurfa
e 
harge) and was the same as between two solid surfa
es, while the for
e amplitudede
reased with in
reasing surfa
e deformability asso
iated with surfa
e 
harge.The fa
t that the surfa
e properties (surfa
e deformability, surfa
e 
harge) had no e�e
t
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on�ning surfa
e deformabilityon the os
illatory wavelength further proved that the layering distan
e depended solely onthe parti
le 
on
entration. In 
ontrast to this, ordering strength was found to depend onthe surfa
e properties as well, thus it was a�e
ted not only by nanoparti
le 
on
entration,but also by the surfa
e deformability and surfa
e 
harge after adding extra surfa
tants.
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Chapter 7Stru
turing of nonioni
 surfa
tant mi
elles∗
Abstra
tMi
ellar solutions of nonioni
 surfa
tants Brij 35 and Tween 20 are 
on�ned between twosolid smooth surfa
es by CP-AFM in order to know the e�e
t of surfa
e 
harge and thedeformability of the 
olloids on their 
orresponding stru
turing 
ompared the previouslystudied 
harged and rigid sili
a nanoparti
les. The experimentally-dete
ted os
illatoryfor
es due to the layer-by-layer expulsion of the mi
elles are in good agreement withthe theoreti
al predi
tions for hard-sphere �uids. While the experimentally measuredfor
e-vs-distan
e 
urve has non-equilibrium portions, whi
h represent �jumps� from oneto another bran
h of the respe
tive equilibrium os
illatory 
urve, the theoreti
al modelpermit re
onstru
tion of the full os
illatory 
urve. Thereby, the strength and range of theordering 
ould be determined. In the 
ase of Brij 35 at 
on
entrations less than 150 mM,spheri
al mi
elles are present. The os
illation wavelength is 
lose to the mi
elle diameterand the de
ay length in
reases with the rise of 
on
entration. The di�erent dependen
e ofthe 
hara
teristi
 lengths on the system parameters for un
harged mi
elles, in 
omparisonto the 
harged parti
les, is related to the di�erent intera
tion involved. For elongatedmi
elles (at 
on
entration 200 mM), no harmoni
 os
illations are observed; instead, theos
illation peak-to-peak distan
e in
reases with the de
rease of �lm thi
kness due to thereorientation of the elongated mi
elles. In the 
ase of Tween 20, the for
e os
illationsare almost suppressed, whi
h implies that the mi
elles of this surfa
tant are labile anddemolished by the hydrodynami
 shear stresses resulting from the 
olloidal-probe motion.The 
omparison of the results for these two surfa
tants demonstrates that in some 
asesthe soft mi
elles 
an be destroyed by the CP-AFM, while in other 
ases they 
an be stableand behave as rigid parti
les. This behavior 
orrelates with the 
hara
teristi
 times of theslow mi
ellar relaxation pro
ess for these surfa
tants. In general, an optimum s
anningspeed is ne
essary to be de�ned for the system to rearrange after the expulsion of formerlayers of the mi
elles and thus obtain the for
e pro�les.
∗Similar 
ontent has been published in: Os
illatory Stru
tural For
es Due to Nonioni
 Surfa
tant Mi-
elles: Data by Colloidal-Probe AFM vs Theory, Nikolay C. Christov, Krassimir D. Danov, Yan Zeng,Peter A. Kral
hevsky, and Regine von Klitzing, Langmuir, 2010, 26, 915-923CP-AFM measurements have been 
arried out together with N. Christov during his one month visitin Berlin for short term s
ienti�
 mission. Fittings and theoreti
al approa
hes have been done by K.Danov.



102 Chapter 7 Stru
turing of nonioni
 surfa
tant mi
elles7.1 Introdu
tionOs
illatory for
es due to soft 
olloids, su
h as surfa
tant mi
elles and mi
roemulsiondroplets, have been measured by means of thin �lm pressure balan
e,26,27,167�170 by surfa
e-for
e apparatus,28,29 by light-s
attering method,171 and by ele
tron 
ryomi
ros
opy.18,172Under 
ertain 
onditions, not the full os
illation, but only the repulsive parts are de-te
table, whi
h leads to a step-wise thinning or �strati�
ation�. These for
es 
an stabilizethe liquid �lms and disperse systems, sin
e they hamper the �lm drainage.58,92,93,173,174Despite the fa
t that some of the �rst manifestations of os
illatory for
es have beendete
ted with mi
ellar surfa
tant solutions,14,31 there are only three appli
ations of CP-AFM to mi
ellar systems.23,24,30 Well-pronoun
ed os
illations in the measured for
e havebeen dete
ted in two of the studies,23,24 for mi
ellar solutions of sodium dode
yl sulfate(SDS). In the 
ase of ioni
 surfa
tants, su
h as SDS, the os
illatory for
es are essentiallya�e
ted by the ele
tri
 double layers around the mi
elles.14,31,47,61 The s
aling law of λ =
φ−1/3 has been found to be valid for 
harged surfa
tant mi
elles as well.The aim of this 
hapter is to 
larify the stru
turing of un
harged surfa
tant mi
elles andthe response of the 
orresponding 
hara
teristi
 quantities with mi
elle volume fra
tion,and to test the validity of the s
aling law of λ = ρ−1/3 and ξ = R + κ−1. Two typesof nonioni
 surfa
tants with di�erent mi
ellar relaxation time, Brij 35 and Tween 20,are 
hosen at volume fra
tion mu
h above CMC. E�e
t of the surfa
e 
harge of mi
ellesand deformability (related to the relaxation time) are dis
ussed in detail. The data areanalyzed by means of the hard-sphere theoreti
al model (see Se
tion 2.2.2).537.2 Results and Dis
ussion7.2.1 Brij 35 - spheri
al mi
ellesFig. 7.1 shows experimental data for 80 mM Brij 35 solution. The speed of approa
hand retra
tion was 100 nm s−1. The mi
ellar volume fra
tion φ = 0.257 was taken fromthe previous study.58 The theoreti
al F(h)/R 
urve in �g. 7.1 has been drawn withoutusing adjustable parameters by eqn. 2.29-2.42. The experimental approa
h and retra
tion
urves for F/R vs. h were translated parallel to the horizontal axis until they overlappedwith the theoreti
al 
urve in the region of greater distan
es. Su
h translation is admissiblebe
ause the experimental zero on the h-axis is determined with a relatively low a

ura
y.In 
olloidal probe AFM measurements, the point of 
onta
t (h = 0) is usually determined



7.2 Results and Dis
ussion 103as the point at whi
h the linear 
omplian
e line rea
hes zero for
e. The error is in theorder of nanometers and is due to the low spring 
onstant of the used 
antilevers. A
oupling to an (opti
al) interferometri
 method would over
ome this problem, but wasnot used in the present study.

Figure 7.1: Normalized for
e F/R vs distan
e h for a 80 mM Brij 35 aqueous solution.The points are CP-AFM data; the arrows show the dire
tion of measuring motion: ap-proa
h and retra
tion. The solid line is the theoreti
al 
urve. The mi
elle mean diameter,d, volume fra
tion, φ, and velo
ity, u, are given in the �gure.To determine the zero on the axis of distan
es, the pro
edure is performed in the followingway. The theoreti
al 
urves, like those in �g. 7.1 and �g. 7.2, are independently 
al
ulated(no adjustable parameters) at known mi
elle diameter, d, and volume fra
tion, φ. Next,the experimental data are translated left or right, until the best 
oin
iden
e with thetheoreti
al 
urve is a
hieved. Then, the zero of the theoreti
al 
urve is a

epted as
oordinate origin, h = 0, for the experimental data.If the sili
a surfa
es are 
overed by surfa
tant adsorption layers (or dense layers of ad-sorbed mi
elles), as observed in the experiments by Du
ker et al.,175 the above de�nitionof 
oordinate origin implies that the surfa
e-to-surfa
e distan
e, h, 
orresponds to the sep-aration between the outer ends of the surfa
tant adsorption layers, rather than betweenthe underlying sili
a surfa
es. Upon further pressing of the two surfa
es against ea
hother, it is possible to deform the surfa
tant layers adsorbed on the sili
a. The resultingshort-range intera
tion has been already investigated175 and it is not a subje
t of thepresent study, whi
h is fo
used on the os
illatory for
e.At both approa
h and retra
tion, jumps (denoted by arrows in the �gures) from oneme
hani
ally stable bran
h of the os
illatory 
urve to the next one were observed. Su
hjumps have been observed also in other experimental studies, in
luding foam �lm studies,where os
illatory for
es were dete
ted.23,24,26,58,102,176 Those jumps are due to the rela-tively low spring 
onstant in 
omparing to the strong attra
tive stru
tural for
e. For
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turing of nonioni
 surfa
tant mi
ellesthe approa
h 
urves, the barriers are the os
illatory maxima, whose right bran
hes 
or-respond to me
hani
ally stable states. In 
ontrast, for the retra
tion 
urves the barriersare the os
illatory minima, whose left bran
hes 
orrespond to stable states. For the datain �g. 7.1, the jumps happen 
lose to the tops of the respe
tive barriers. The theoreti
aland experimental 
urves are in good agreement ex
ept at short distan
es. At the shorterdistan
es (h<12 nm), one mi
ellar layer is trapped between the two solid surfa
es and itsdeformability 
an be a possible explanation for (i) the di�eren
e between the experimentalapproa
h and retra
tion 
urves (hysteresis) and (ii) some deviations of ea
h of them fromthe theoreti
al 
urve at the smaller h.To 
ompare the measured os
illatory for
e with the hydrodynami
 intera
tions, the Taylorformula177 was used for the for
e of hydrodynami
 intera
tion between a spheri
al parti
leof radius R moving with velo
ity u toward a planar solid surfa
e
FTa =

6πηu

h
R2 (7.1)as derived in the manner of eqn. 2.8.13 in the literature.37 As usual, h is the shortestsurfa
e-to-surfa
e distan
e from the parti
le to the planar solid surfa
e, and η is thevis
osity of the liquid phase. The substitution of η =10−3 Pa ·s, R=3.35×10−6 m, h=10nm, and u=100 nm s−1 in eqn. 7.1 yields FTa=2.05 ×10−3 nN. The value of FTa/R isequal to one-sixth of the smallest s
ale division on the ordinate axis in �g. 7.1. Hen
e,under the 
onditions of the present experiments, the hydrodynami
 for
e is negligible in
omparison with the magnitude of the os
illatory for
e.

Figure 7.2: Illustration of the reprodu
ibility of the experimental 
urves of 100 mM Brij35 solutions for two di�erent runs (the same 
antilever, the same substrate but at twodi�erent lateral positions). The points are CP-AFM data for F/R vs h; the arrows showthe dire
tion of motion; u=50 nm s−1 is the approa
h/retra
tion velo
ity. The solid linesare the theoreti
al 
urves.



7.2 Results and Dis
ussion 105In �g. 7.2, the Brij 35 
on
entration is higher, 100 mM, and the amplitude of the os
il-lations is larger. The mi
ellar volume fra
tion, φ=0.315, was taken from the reportedwork.58 Fig. 7.2(a)(b) illustrate the reprodu
ibility of the experimental data, whi
h isgood ex
ept for some di�eren
es in the regions of the jumps that have sto
hasti
 
hara
-ter. It is interesting to note that in these �gures the jumps upon approa
h happen nearthe top of the barrier, whereas the jumps upon retra
tion o

ur well before the top of thebarrier.In �g. 7.3, the Brij 35 
on
entration is 133 mM, the mi
ellar volume fra
tion was deter-mined from the data �t, whi
h yielded φ = 0.401. The 
omparison between experimentaland theoreti
al data implies that jumps o

ur well below the theoreti
al maxima andabove the minima, respe
tively. The bran
hes have a steeper slope than at lower 
on
en-trations (�g. 7.1 and 7.2), whi
h indi
ates that the mi
elle layers are less 
ompressible.At a distan
e of about 9-10 nm, a strong repulsion was measured, but no further material
ould be pressed out. Upon retra
tion, the parti
le jumps from this �rst minimum, overthe se
ond one, up to the third minimum's stable bran
h. This behavior 
an be explainedby the fa
t that a strong attra
tion between the surfa
es leads to a sudden jump-o� fromthe 
onta
t; the energy, a

umulated during the 
limbing of the energy barrier, is suddenlyreleased and the system jumps ba
k to a large distan
e.

Figure 7.3: F/R vs h for a 133 mM Brij 35 solution. The points are CP-AFM data;the arrows show the dire
tion of motion; u=50 nm s−1 is the approa
h/retra
tion velo
ity.The solid line is the theoreti
al �t.Fig. 7.4 illustrates the e�e
t of the experimental velo
ity, u, on the measured for
e-vs-distan
e dependen
e for 150 mM Brij 35 and determined volume fra
tion φ =0.445. Thelatter value is below the Alder phase transition for hard spheres at φ = 0.494,178,179 thusthe mi
elles are still 
onsidered as spheres.In �g. 7.4(a)(b), the experimental velo
ities are in the range of optimum velo
ities forapproa
h and retra
tion of the 
olloidal probe against the planar sili
a surfa
e. Below
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turing of nonioni
 surfa
tant mi
ellesthis range of speeds, the hydrodynami
 drift and the noise (that modulates the obtained
urves) is too high. Above the optimum speed, the system 
annot rearrange fast enoughafter the expulsion of one layer of mi
elles. The latter 
ase is illustrated in �g. 7.4(
),where at a greater speed (u = 200 nm s−1) the registered os
illatory amplitude is smaller,whi
h indi
ates a probably lower degree of stru
turing of the mi
elles within the �lm. In�g. 7.4(a), the �rst transition upon retra
tion happens below the theoreti
al minimum,whi
h indi
ates adhesion in this spe
ial 
ase.

Figure 7.4: E�e
t of the rate of measuring motion: for
e versus distan
e for 150 mMBrij 35 solutions. The points are CP-AFM data; the arrows show the dire
tion of motion.The solid lines are theoreti
al �ts. The velo
ity of the 
olloidal probe is (a) u=20 nm s−1;(b) u=40 nm s−1; (
) u=200 nm s−1.As mentioned above, the 
omparison of �g. 7.4(
) with �g. 7.4(a)(b) shows that the transi-tions from one stable-equilibrium bran
h of the os
illatory 
urve to the next one happenseasier (at smaller magnitude of the applied for
e) when the velo
ity u of the 
olloidalprobe is greater. As we known, the os
illatory maxima represent barriers against �lmthinning upon approa
h of the 
olloidal probe, whereas the os
illatory minima representbarriers against �lm thi
kening upon retra
tion. In other words, the system opposes theapplied external for
e tending to minimize the 
hanges produ
ed by it, in agreement withLe Chatelier's prin
iple. In the ideal 
ase of quasi-stati
 probe motion (in�nitesimallysmall u and perfe
t parti
le stru
turing), the transitions should happen at the tops of
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ussion 107the respe
tive barriers. However, in the real experiment the 
olloidal probe moves witha �nite velo
ity u, and the resulting hydrodynami
 �ow perturbs the mi
elle stru
turing.The perturbed stru
ture yields easier, and the transition from one stable bran
h to thenext one o

urs at a smaller value of the applied external for
e, i.e., below the top of therespe
tive quasi-stati
 barrier. This e�e
t is greater at higher speeds of parti
le motionin agreement with the experimental observations (�g. 7.4).Comparing �g. 7.2, 7.3, and 7.4(b) shows results at more or less the same speed but at dif-ferent surfa
tant 
on
entrations, an in
rease in the slope of the for
e bran
hes is revealedas mi
elle 
on
entration in
reases. This is related to larger amplitude, w0 = A/(kT/d2),of the for
e os
illation at greater mi
elle volume fra
tion φ (see Table 7.1). As knownfrom previous theoreti
al studies,57 the wavelength of os
illations, 
hara
terized by thedimensionless wavelength λ/d = 2π/ω, de
reases, whereas the de
ay length (
orrelationlength), ξ/d = q−1, in
reases with the rise of φ. To illustrate these e�e
ts for the investi-gated system, in Table 7.1 the values of w0, λ/d, and ξ/d 
al
ulated from eqn. 2.34-2.36for the respe
tive φ values are listed. One sees that λ/d is 
lose to 1 but still varies inthe framework of 16 %. In 
ontrast, the variation of the de
ay length is mu
h stronger:
ξ/d in
reases with a fa
tor of 
a. 3. In other words, the mi
elle stru
turing penetrates todistan
e three times farther from the �lm surfa
e.Table 7.1: Mi
elle diameter d, volume fra
tion φ, the dimensionless os
illatory amplitude
w0, wavelength λ/d, and de
ay length ξ/d, vs the Brij 35 
on
entration cs

cs [mM℄ d [nm℄ φ [vol%℄ w0 λ/d = 2π/ω ξ/d = q−180 8.8 0.257 1.365 1.070 0.594100 8.8 0.315 1.700 1.026 0.742133 8.8 0.401 2.305 0.967 1.059150 8.8 0.445 2.664 0.938 1.337200 12 0.483 3.001 0.913 1.759With in
reasing 
on
entration, the �rst minimum at a short distan
e during retra
tionbe
omes deeper, whi
h indi
ates a stronger adhesive depletion for
e. As a 
onsequen
e,the systems jumps ba
k to larger distan
es, as already dis
ussed in relation to �g. 7.3.This e�e
t be
omes stronger at lower speed (
ompare �g. 7.4(a)(
)). At a speed of 20nm s−1, the system jumps from the �rst minimum dire
tly to the fourth minimum, bypassing the se
ond and third (�g. 7.4(a)).A general feature of the experimental 
urves in �g. 7.1-7.4 is that they 
onsist of alternat-ing equilibrium and non-equilibrium portions. In 
ontrast, the theoreti
al 
urve represents
omplete equilibration and it 
ould 
oin
ide with the respe
tive experimental 
urve only
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 surfa
tant mi
ellesat its equilibrium portions. One of the bene�ts from the 
omparison of theory with ex-periment is that it enables one to identify the equilibrium and non-equilibrium portionsof the experimental 
urves. It is 
learly seen that the non-equilibrium portions representjumps from a given bran
h of the equilibrium theoreti
al 
urve to the next one. Be
ausethese jumps happen relatively qui
kly, the experimental 
urve 
ontains a lower number ofpoints in its non-equilibrium parts, whi
h look thinner in the graphs. This is another wayto distinguish between the equilibrium (thi
ker) and non-equilibrium (thinner) portionsof a given experimental 
urve.The experimental 
urves show a strong repulsion at short distan
es at about 8-10 nm(�g. 7.2-7.4). This distan
e is 
lose to the mi
elle diameter. The simplest explanation isthat a last layer of mi
elles remains between the two surfa
es and 
annot be pressed out.At 80 mM Brij 35 (�g. 7.1), the repulsion is less steep and the distan
es 
an be redu
eddown to 5 nm. This 
ould mean that the mi
elles in the last layer 
an be deformed dueto the high load and 
ould explain why the hysteresis between approa
h and retra
tionis so large. At low 
on
entrations the mi
elles 
an be more easily deformed due to moresurrounding spa
e, while it is more di�
ult to deform them in a laterally dense layer ofmi
elles.7.2.2 Brij 35 - elongated mi
ellesThe experimental results by Tomsi
 et al.180 indi
ate that at a Brij 35 
on
entrationof 200 mM the mi
elles are elongated rather than spheri
al. The dynami
 light s
at-tering (DLS)180 gives a hydrodynami
 mi
elle diameter of d=12 nm. The latter value
orresponds to hypotheti
al spheri
al mi
elles that have the same di�usivity as the meandi�usivity of the elongated mi
elles. The AFM data for 
on
entration of 200 mM Brij 35are presented in �g. 7.5. As it 
ould be expe
ted, the experimental 
urves have os
illatorybehavior. The theoreti
al �t with hard sphere model is possible only at greater distan
esof the the equilibrium portions of the 
urve, h > 50 nm. The obtained value of volumefra
tion is φ=0.483 for the best �t.At shorter distan
es (h < 50 nm), it is impossible to �t the data with eqn. 2.29-2.42. Thewavelength of the theoreti
al 
urve for hard spheres is independent of the �lm thi
kness. In�g. 7.5, the theoreti
al 
urve, obtained by �tting the data for h > 50 nm, is extrapolatedat shorter distan
es and 
ompared with the experimental 
urves at h < 50 nm. This
omparison indi
ates that the measured 
urves have a varying wavelength, whi
h in
reaseswith the de
rease of h. In other words, at shorter distan
es the os
illations are non-harmoni
. In parti
ular, the slope of the stable bran
hes of the experimental 
urves is
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onsiderably smaller than that of the theoreti
al 
urve for hard spheres. Su
h behavior 
anbe explained with the additional rotational degree of freedom of the elongated mi
elles.The spatial 
on�nement for
es the mi
elles to orient their long axes parallel to the �lmsurfa
es. In su
h a 
ase, the �lm thi
kness 
an de
rease not only by expulsion of mi
ellarlayers from the �lm but also by a gradual reorientation of the elongated mi
elles. Thelatter 
ir
umstan
e 
ould explain the observed �softening� of the os
illatory intera
tionbetween the two solid surfa
es at shorter distan
es.

Figure 7.5: For
e vs distan
e for a 200 mM Brij 35 solution that 
ontains elongated mi-
elles of e�e
tive hydrodynami
 diameter of d=12 nm. The points are CP-AFM data; theupper and lower experimental 
urves are obtained, respe
tively, at approa
h and retra
tion.The solid line is the theoreti
al �t.7.2.3 Tween 20The stepwise thinning (strati�
ation) of free foam �lms from mi
ellar Tween 20 solutionshas been investigated.58 At 200 mM 
on
entration of Tween 20, four steps were registeredby the Mysels-Jones porous-plate method,168 and eight steps by the S
heludko-Exerowa
apillary 
ell.181 Here, the CP-AFM was applied to Tween 20 mi
ellar solutions to dire
tlydete
t the os
illatory for
e that engenders the aforementioned stepwise transitions. ForTween 20, the CP-AFM did not dete
t su
h well-pronoun
ed os
illatory behavior as withBrij 35 (�g. 7.1-7.5). The data in �g. 7.6 have been obtained at two relatively low for
emeasuring velo
ities: u = 5 and 10 nm s−1. As seen in the �gure, only one well-pronoun
edjump has been registered. Among 120 runs, only a few experimental 
urves were dete
tedthat exhibit signs of os
illatory behavior. Below a speed of 5 nm s−1, the noise was toolarge to dete
t os
illations and above 10 nm s−1 also no os
illations were dete
ted. In�g. 7.6, the experimental 
urves at approa
h and retra
tion (150 mM Tween 20) were
ompared to the theoreti
al 
urve. The values d = 7.2 nm and φ = 0.250, determinedpreviously,58 have been used.
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Figure 7.6: For
e vs distan
e for 150 mM Tween 20 solutions. The points are CP-AFMdata for two runs: (a) and (b); the arrows show the dire
tion of measuring motion. Thesolid line is the theoreti
al 
urve.Qualitatively similar experimental 
urves have been obtained for adsorbed mi
elles.175The data in �g. 7.6 indi
ate that the experimental for
e is 
lose to that predi
ted by thetheory for mobile (non-adsorbed) mi
elles, but the possible presen
e of adsorbed mi
elles
annot be ruled out.The di�eren
e between the AFM experimental 
urves obtained for Brij 35 and Tween20 mi
ellar solutions indi
ates that the mi
elles of Tween 20 are more labile and aredemolished by the shear stresses engendered by the hydrodynami
 �ows in the liquid�lm. Indeed, the la
k of os
illatory behavior indi
ates absen
e of stru
tural units (i.e.,mi
elles) in the �lm. The s
anning frequen
ies used in the experiments varied from 0.05to 0.4 Hz; i.e., the �lm thinning/thi
kening 
ontinues from 2.5 to 20 s. In 
ontrast, thespontaneous thinning of free �lms in the 
apillary 
ell takes more than 4000 s.58 In thisrespe
t, the 
apillary-
ell method181 and the thin �lm pressure balan
e method96,168 aremu
h milder (as 
ompared to the CP-AFM), be
ause the slow hydrodynami
 �ows in thespontaneously thinning �lms are a

ompanied by weak shear stresses that do not 
ausede
omposition of the Tween 20 mi
elles in view of the well-pronoun
ed stepwise shape ofthe experimental 
urves obtained by these methods.58The 
on
lusion that the mi
elles of Tween 20 are more labile as 
ompared to those of Brij35 is supported by the measured relaxation time of the slow mi
ellar pro
ess, τ2, whi
h
hara
terizes the relaxation of the 
on
entration of mi
elles in the 
ourse of their de
om-position to monomers upon a sudden dilution.182,183 The stopped-�ow dilution te
hniqueyields τ2 = 6 s for Tween 20, and τ2 = 80 s for Brij 35; see Table 1 in the previous workby Patist et al..184 In other words, if the surfa
tant 
on
entration is suddenly de
reased,the perturbations in the 
on
entrations of Tween 20 and Brij 35 mi
elles exponentiallyde
ay with 
hara
teristi
 times of 6 and 80 s, respe
tively. Hen
e, the mi
elles of Tween
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ussion 11120 are destroyed mu
h faster, whi
h is in agreement with the 
on
lusion that they aremore labile.7.2.4 Di�eren
es between stru
turing of nonioni
 mi
elles and 
harged parti
lesBoth types of systems lead to os
illatory for
e 
urves. In the 
ase of nonioni
 mi
ellar so-lutions, whi
h behave as hard-sphere �uids, the os
illatory wavelength depends relativelyweakly on the volume fra
tion φ and is approximately equal to the mi
elle diameter (seethe values of λ/d in Table 7.1). In 
ontrast, for 
harged parti
les the wavelength dependsmu
h more strongly on parti
le 
on
entration. In the 
ase of 
harged sili
a parti
les ofdiameter 11-26 nm, the os
illation wavelength λ shows a strong dependen
e of the par-ti
le volume fra
tion and s
ales as φ−1/3. The se
ond di�eren
e is the behavior of thede
ay length. For nonioni
 mi
ellar solutions, the de
ay length in
reases with the mi
elle
on
entration. In 
ontrast, for 
harged parti
les it de
reases with parti
le 
on
entrationand the relation ξ = R+ κ−1 has been found, indi
ating the de
ay length is both parti
lesize and ioni
 strength 
ontrolled. The wavelength and de
ay length of 
harged sili
a par-ti
les 
orrespond to the mean parti
le distan
e and 
orrelation length in bulk solutions,respe
tively, obtained from the stru
ture peak of s
attering spe
tra. The experimentalresults are in good agreement with Monte Carlo simulations using a grand 
anoni
al po-tential and lead to the 
on
lusion that the intera
tions between the nanoparti
les 
an bedes
ribed with the simple potential of s
reened Coulomb intera
tion (see Chapter 4).In literature, an e�e
tive diameter of a 
harged parti
le in
luding the Debye thi
kness,
κ−1, of the 
ounterion atmosphere is de�ned as the interparti
le distan
e, whi
h means
λ = 2(R+ κ−1), where R is the parti
le hydrodynami
 radius. The in
rease of φ leads toan in
rease of the ioni
 strength due to 
ounterions disso
iated from the 
harged parti
lesfollowed by a de
rease in κ−1 and 2(R + κ−1). Note, however, that the above simpleexpression for λ does not provide quantitative des
ription of the data from experimentsand numeri
al simulations with stratifying �lms of 
harged parti
les. In the salt-free
ase, the interparti
le distan
e has been found to be smaller than the e�e
tive parti
lediameter, λ < 2(R + κ−1), and does not 
hange signi�
antly with adding extra salts upto 10−3 M (see Chapter 4). It indi
ates that a long-ranged ele
trostati
 repulsion arisenbetween 
harged parti
les due to the overlap of 
ounterion atmosphere at distan
es evensmaller than one Debye length. Even although this repulsion is s
reened with addingsalts, it hampers the approa
h of two parti
les as long as it is su�
ient. Therefore,di�erent intera
tion involved in two di�erent systems manipulates the aforementionedopposite behaviors. For non-ioni
 surfa
tant mi
elles, the intera
tion between mi
elles is
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hara
terized by the hard 
ore potential, mi
elles behave indeed like hard spheres and
λ equals to 2R. Be
ause of un
harged surfa
tant mi
elles used in the measurements,the expression of 2(R + κ−1) approa
hes 2R assuming κ−1 equals zero. For 
hargednanoparti
les, the intera
tion is dominated by long-ranged ele
trostati
 repulsion dueto the overlap of 
ounterion atmosphere, thus λ < 2(R + κ−1) has been found in the
onsidered parti
le 
on
entration range in the salt-free 
ase.When 
harged nanoparti
le 
on
entration in
reases to the threshold that ele
trostati
repulsion is totally s
reened by the 
ounterions, the hard-sphere behavior is supposedto be observed. This has been proven by the theoreti
al 
al
ulations and simulations,59thus λ = 2R is a
hieved. At the same time, when nanoparti
les behave as hard spheres,de
ay length does not de
rease with parti
le 
on
entration, stri
tly speaking, ξ = R+κ−1is no longer valid as proposed for low parti
le 
on
entration regime in the Chapter 4,but rather in
rease with parti
le volume fra
tion.60 This 
oin
ides with the in
rease ofde
ay lengths of non-ioni
 surfa
tant mi
elles in this Chapter, whi
h behave as hard-sphere�uids. Thus for 
harged parti
les the range of the de
ay length is determined by the rangeof the ele
trostati
 repulsion in the normal dire
tion, whi
h is 
ontrolled by the hard-
orerepulsion with radius R and the DLVO repulsion with range κ−1. For un
harged ones(totally s
reened parti
les or un
harged mi
elles), an in
rease in the sample 
on
entrationdoes not 
hange the range of the hard-
ore repulsion but rather the in-plane ordering ofthe layers. The larger the 
on
entration, the higher the in-plane ordering, thus the largerthe de
ay length is.Another di�eren
e between mi
elles and solid parti
les is in the s
an rate during themeasurements. While one uses a higher s
an rate (several 100s of nm s−1) to observeos
illations with solid parti
les,60 the optimum s
an rate in the 
ase of nonioni
 mi
ellesis quite low (100 nm s−1 and lower). This is related to the deformability of the mi
elles.Mi
elles de
ompose under larger shear stress engendered by the hydrodynami
 �ow dur-ing fast s
an. A

ording to the mi
elle relaxation time, an optimum s
an rate 
an bede�ned.7.3 Con
lusionsIn the present study, the os
illatory for
es in mi
ellar solutions of the nonioni
 surfa
tantsBrij 35 and Tween 20 were measured using the CP-AFM. These for
es 
ause stepwisethinning (strati�
ation) of foam and emulsion �lms, and they 
an stabilize liquid �lmsand disperse systems under 
ertain 
onditions.58,92,173 Experimental for
e 
urves were
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lusions 113obtained at both approa
h and retra
tion of the 
olloidal probe. They were 
omparedwith the respe
tive theoreti
al 
urves that 
orrespond to a hard-sphere model.53Spheri
al mi
elles were present at low 
on
entration of Brij 35 and harmoni
 os
illationswere observed. The os
illation wavelength is 
lose to the mi
elle diameter, slightly de-
reasing with the rise of 
on
entration, while both the amplitude and de
ay length ofthe for
e os
illation in
reases, indi
ating an in
reased in-plane ordering of the mi
elles(Table 7.1). In addition, the attra
tion between the surfa
es at short distan
es (the depthof the �rst minimum) in
reases with in
reasing surfa
tant 
on
entration, whi
h leads toa strong hysteresis between the regimes of approa
h and retra
tion. The attra
tion 
anbe strong enough that several os
illations dete
ted during approa
h 
an be jumped overwhen the 
antilever deta
hes from 
onta
t.The 
omparison of theory and experiment gives the 
omplete pi
ture of the investigatedphenomena and provides new information and understanding of the observed pro
esses.The experiment gives only parts of the stable bran
hes of the os
illatory for
e-vs-distan
edependen
e, whereas the theoreti
al model allows us to re
onstru
t the full 
urve, whi
hallows a detailed analysis of the mi
ellar ordering. In parti
ular, by superimposing a givenexperimental 
urve on the theoreti
al one, the point of probe/substrate 
onta
t (i.e., thezero on the distan
e axis) 
ould be a

urately determined. At h ≈ d, a strong repulsionis dete
ted whi
h leads to the 
on
lusion that the system 
annot over
ome the �rst (thehighest) maximum, explained by the fa
t that one layer of mi
elles remains betweenthe surfa
es and 
annot be pressed out. At low 
on
entration of Brij 35 (80 mM), thesurfa
es 
an be approa
hed down to at least 5 nm and the hysteresis is even greaterthan for higher 
on
entrations (�g. 7.1). This 
ould mean that at low 
on
entrations themi
elles are deformed under the heavy load at short distan
es.In the 
ase of elongated mi
elles, whi
h are present in the Brij 35 solutions at higher
on
entrations,180 the experimental data do not show a harmoni
 os
illation anymore(�g. 7.5). This 
an be attributed to the 
ir
umstan
e that the �lm thi
kness 
an de
reasenot only by expulsion of mi
ellar layers from the �lm but also by a gradual reorientationof the elongated mi
elles parallel to the �lm surfa
es.With Tween 20, the experimental 
urves do not have su
h well pronoun
ed os
illatorybehavior as with Brij 35. This fa
t indi
ates that the mi
elles of Tween 20 are mu
h morelabile than those of Brij 35 and are demolished by the shear stresses engendered by thehydrodynami
 �ows during the thinning or thi
kening of the liquid �lm. In 
ontrast, inthe 
ase of Brij 35, the mi
elles are su�
iently stable, and the experimentally-obtainedos
illatory 
urves are in good agreement with the theoreti
al predi
tions for a hard-sphere
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 surfa
tant mi
elles�uid. This behavior 
orrelates with the 
hara
teristi
 times of the slow mi
ellar relaxationpro
ess for the two surfa
tants. In general, an optimum s
anning speed is ne
essary tobe de�ned for the system to rearrange after the expulsion of former layers of the mi
ellesand thus obtain the for
e pro�les.



Chapter 8Con
lusion and Outlook8.1 Con
lusionThe intera
tion between 
olloids is the key to 
ontrolling their stability and stru
turing.The appli
ation of atomi
 for
e mi
ros
opy on the for
e measurement gives us the oppor-tunity to investigate the intera
tion of 
olloids under one dimensional 
on�nement. Theprevious AFM work of 
olloids were mainly fo
used on studying their stru
turing betweentwo smooth solid 
on�ning surfa
es and only on one quantity 
hara
tering the stru
tur-ing: the wavelength of the os
illation. In this thesis three 
hara
teristi
 quantities of thestru
turing of sili
a nanoparti
les between two smooth solid surfa
es were 
onsidered and
ompared with the bulk 
ounterparts, by 
ombining AFM and SAXS two experimentalte
hniques. In the meanwhile, experimental results are 
ompared to those of Monte Carlosimulations.60,61,103 AFM measurements on rough surfa
e(s) and deformable surfa
e werefurther applied to investigate the e�e
t of 
on�ning surfa
e properties on the 
orrespond-ing stru
turing. In addition, un
harged 
olloids: non-ioni
 surfa
tant mi
elles were usedin AFM to study the e�e
t of surfa
e 
harge and deformability of the 
olloids.Three quantities were extra
ted from os
illatory for
e pro�le of sili
a nanoparti
les be-tween two smooth solid surfa
es. These were the wavelength λ, the de
ay length ξ, andthe amplitude A. The �rst two 
hara
teristi
 lengths were found to 
orrelate well withthe mean parti
le distan
e 2π/qmax and 
orrelation length 2/∆q, respe
tively, as obtainedfrom SAXS stru
tural peak. This observation suggests there is no 
on�nement e�e
t on
hara
teristi
 lengths themselves that represent the stru
turing, even though the 
on�ne-ment indeed indu
es a layered stru
ture of the parti
les. These apparently 
ontrastingresults 
an be understood by 
onsidering the in-plane stru
ture and the asymptoti
 rangeused for �tting the for
e 
urves. At parti
le 
on
entrations below 10 vol%, no in-planestru
ture was observed by AFM or Monte Carlo simulations and the �tting based onasymptoti
 behavior worked well until the �rst minimum. The �tting did not work forthe �rst maximum, represented as the 
onta
t layer, at 
on
entration above 10 vol%. Thissuggests a possibly higher ordering formed in the 
onta
t layer. Nevertheless, the �ttingwas only performed in the asymptoti
 range, where the parti
les within the layers were�uid-like, thus the stru
turing in 
on�nement re�e
ted that of the bulk.A more quantitative study revealed that the os
illatory wavelength of sili
a nanoparti
lesfollowed the bulk behavior, the relation of λ = ρ−1/3 was observed irrespe
tive of theparti
le size (and asso
iated surfa
e 
harge) and the ioni
 strength of the solution. The
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lusion and Outlookprevious des
ription of e�e
tive diameter of a 
harged parti
le 2(R+ κ−1) as the parti
ledistan
e under 
on�nement was found not quantitatively valid in the present 
hargedsystem. Instead, the interparti
le distan
e was found to be smaller than the e�e
tiveparti
le diameter, λ < 2(R + κ−1). A repulsive intera
tion is therefore suggested to existamong the sili
a nanoparti
les, and λ = ρ−1/3 s
aling law is a general des
ription for thedistan
e of 
harged parti
les in the dire
tion normal to the 
on�ning walls, as long as therepulsive intera
tion is su�
iently long-ranged.In 
ontrast to the wavelength, whi
h only showed pure volume e�e
t, the de
ay lengthwas found to be 
ontrolled both by the parti
le size and ioni
 strength of the solution.A relation of ξ = R + κ−1 was found at sili
a parti
le 
on
entrations below 10 vol%.This relation is supported by the fa
t that, on one hand, in the low parti
le 
on
entrationregime the range of the 
orrelations is determined by the range of the intera
tion potential.On the other hand, the range of this potential is determined by the hard-
ore repulsionwith radius R and the DLVO repulsion with range κ−1.Considering the determination of the Debye length (ioni
 strength) of the solution, anew method was established to 
onvert the 
ondu
tivity of the solution into the ioni
strength. Instead of using 
ommon Russell prefa
tor, whi
h is valid for simple ele
trolytes,the individual prefa
tor for ea
h investigated system 
an be determined in the linearlydependent regime of 
ondu
tivity versus ion 
on
entration. The Debye lengths obtainedby this new method shows a good agreement with those 
al
ulated with eqn.2.18.The amplitude A whi
h is a 
onsequen
e of the strength of interparti
le and parti
le-wallintera
tion was found to in
rease linearly with parti
le 
on
entration. This is attributedto the in
reased interparti
le intera
tion with narrowing interparti
le distan
e. The am-plitude also showed a dependen
y on the ioni
 strength of the solution and the parti
lesurfa
e 
harge. An inverse dependen
y of amplitude on the ioni
 strength and a linear de-penden
y on the square of the parti
le surfa
e 
harge 
an be understood by the de�nitionof the ele
trostati
 repulsion: the prefa
tor Z̃2 and the intera
tion range κ−1.Be
ause there is no dire
t relation between the strength of intera
tion obtained from AFMand SAXS, the e�e
t of 
on�nement on the intera
tion strength was studied between 
on-�ning surfa
es with varied surfa
e potential. An enhan
ed for
e amplitude was observedbetween 
on�ning surfa
es with higher potential, with wavelength and de
ay length re-maining the same at a given parti
le 
on
entration. This is explained by the fa
t that anin
rease in wall 
harge strongly 
hanges the s
reening of the 
oulomb repulsion betweenthe sili
a parti
les and the like-
harged 
on�ning surfa
e. Monte Carlo simulations,62
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lusion 117based on a modi�ed parti
le-wall potential with 
onsidering the additional wall 
ounteri-ons whi
h a

umulate in a thin layer at the wall surfa
e into the parti
le-wall intera
tion,yielded a qualitative agreement with the AFM results. For small surfa
e potentials (0 mV
≤ |ψS| ≤ 40 mV) the 
on�ning surfa
e potential dominated the parti
le-wall repulsion andled to an ex
lusion of parti
les from the slit-pore. The opposite behavior o

urred when
|ψS| ≥ 40 mV be
ause the de
reased s
reening length led to an a

umulation of parti
lesin the slit-pore. The higher the mean parti
le density (more parti
les move from the
onne
ted bulk reservoir into the slit), the higher the amplitude is. A de
rease in phaseshift was a

ompanied with the in
rease in amplitude, resulting from the 
orrespondingde
rease in the range of parti
le-wall intera
tions due to the strongly in
reased s
reeningof the 
oulomb repulsion.A signi�
ant redu
tion in the for
e amplitude was observed on polyele
trolyte-
oated
on�ning surfa
es with in
reasing number of layers and ioni
 strength of the solutions.Due to a rare 
hange in the 
orresponding surfa
e potential, this redu
tion in amplitudewas 
orrelated with the 
hange in surfa
e roughness. The surfa
e roughness was foundto in
rease with in
reasing number of layers as well as the ioni
 strength, and de
reasingthe 
harge density of polyele
trolyte. A phase shift towards a larger separation wasa

ompanied the for
e redu
tion. The roughness-indu
ed redu
tion in amplitude and
hange in phase shift 
an be understood by the superposition approximation by assumingthat the os
illatory for
e at a given position in the rough pore is similar to the for
eobtained in the smooth pore whose width is equal to the rough pore width h at thatlo
ation. At the roughness threshold, su�
ient separation di�eren
e among the points onsurfa
es smears out the os
illations and the surfa
e for
e shows a pure monotoni
 behavior.Vanish of the os
illatory for
e does not refer to vanish of ordering of nanoparti
les in therough pore. At surfa
e(s) roughness where the for
e os
illations were nearly zero, grand
anoni
al Monte Carlo simulation143 showed the density os
illations due to the orderingwere still present. In order to show an os
illatory for
e, the parti
les must be able to be
orrelated over a reasonably long range. This requires that both the parti
les and thesurfa
es have a high degree of order or symmetry. If one of them is missing, so is theos
illation. A roughness of a few nanometers is su�
ient to eliminate the os
illatory for
ein this study.Motivated by the la
k of dependen
e of interparti
le distan
e on parti
le 
on
entrationobtained by TFPB, the e�e
t of 
on�ning surfa
e deformability on the stru
turing ofsili
a nanoparti
les was studied. An asymmetri
 
on�nement was made between a solidsili
a probe and an air bubble surfa
e and surfa
e deformability was e�e
tively tunedby adding surfa
tants. The air-water interfa
e deformability in
reased with de
reasing
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lusion and Outlooksurfa
e tension and 
ould be observed dire
tly from the 
hange of for
e slope at the 
on-stant 
omplian
e region of for
e pro�les. Normally, a de
reased 
on�ning surfa
e 
hargewas asso
iated with the in
rease in surfa
e deformability. The os
illatory wavelength wasfound not to be a�e
ted by the surfa
e deformability (asso
iated surfa
e 
harge) and wasthe same as between two solid surfa
es, while the for
e amplitude de
reased with in
reas-ing surfa
e deformability, indi
ating the for
e required to ex
lude the layers of parti
leswas less for deformable surfa
es. For 
ationi
 surfa
tant (C16TAB), a di�erent behaviorwas displayed on the retra
tion part of the for
e 
urve, in whi
h a pronoun
ed adhesionappeared. This phenomenon might be attributed to the hydrophobi
 e�e
t 
aused by themonolayer formation of 
ationi
 surfa
tant on the sili
a sphere surfa
e. Thus a stable thin�lm of 
olloidal nanoparti
les was assumed to be formed between the sili
a mi
rosphereand the bubble when strong repulsive intera
tion existed. The fa
t that the surfa
e prop-erties (surfa
e deformability, surfa
e 
harge) had no e�e
t on the os
illatory wavelengthfurther proved that the layering distan
e depended solely on the parti
le 
on
entration.In 
ontrast to this, ordering strength was found to depend on the surfa
e properties aswell, thus it was a�e
ted not only by nanoparti
le 
on
entration, but also by the surfa
edeformability and surfa
e 
harge after adding extra surfa
tants.The un
hanged wavelength and de
ay length between 
on�ning surfa
es of various 
on-ditions at a given parti
le 
on
entration 
on�rm that the 
hara
teristi
 lengths whi
hrepresent the parti
le stru
turing are parti
le-parti
le intera
tion dependent. In 
ontrastto this, surfa
e property-dependent ordering strength are both interparti
le and parti
le-wall intera
tion 
ontrolled.The s
aling law of λ = ρ−1/3 for os
illatory wavelength and the relation of ξ = R+κ−1 for
orrelation length break down in the 
ase of non-ioni
 surfa
tant mi
elles. In the 
ase ofspheri
al mi
elles, with in
reasing surfa
tant 
on
entration, both the amplitude and de
aylength in
reased whi
h indi
ated in
reasing in-plane ordering of the mi
elles, while thewavelength of mi
elles remained the same as the value of mi
elle diameter. This is be
ausethe intera
tion is 
hara
terized by the hard 
ore of the mi
elles. Thus the wavelength isthe diameter of mi
elles and not a�e
ted by the bulk 
on
entration and the ordering isenhan
ed by pressing more mi
elles into the layers with remaining the number of layers
onstant at a given wall separation. Other di�eren
e from the os
illatory for
e 
urves of
harged sili
a nanoparti
les was that a strong hysteresis between the regimes of approa
hand retra
tion was observed due to the attra
tion between the surfa
es at short distan
es.By superimposing a given experimental 
urve on the theoreti
al one based on the hardsphere potential,185 the point of probe/substrate 
onta
t 
ould be a

urately determined.At a separation 
lose to the mi
elle diameter, a strong repulsion was dete
ted whi
h led
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on
lusion that the system 
ould not over
ome the �rst maximum and one layerof mi
elles remained between the surfa
es and 
ould not be pressed out. In the 
ase ofelongated mi
elles, the experimental data did not show a harmoni
 os
illation anymore.This 
an be attributed to the 
ir
umstan
e that the �lm thi
kness 
an de
rease not onlyby expulsion of mi
ellar layers from the �lm but also by a gradual reorientation of theelongated mi
elles parallel to the �lm surfa
es. In addition, the relaxation time of mi
ellesplays an important role in displaying the os
illatory for
es as well. Mi
elles with shortrelaxation time do not have well pronoun
ed os
illatory behavior. This 
an be understoodas they are mu
h more labile and are demolished by the shear stresses engendered by thehydrodynami
 �ows during the approa
h and retra
tion. Therefore, an optimum s
anningspeed is ne
essary to be de�ned for the system to rearrange after the expulsion of formerlayers of the mi
elles and thus obtain the for
e pro�les.8.2 OutlookDuring the preparation of this thesis, some new questions have arisen that 
ould be fur-ther investigated. Due to low 
on
entrations of 
harged parti
les examined in this workand large separation range for �tting the for
e 
urves, the 
hara
teristi
 lengths of theos
illation 
orrelate with those in bulk, whi
h is isotropi
 and �uid-like, although parti-
les form layers in the vi
inity of the 
on�ning surfa
es. Deviation from the asymptoti
behavior was observed at sili
a parti
le 
on
entration higher than 10 vol%. This suggestsa higher in-plane ordering. A possible dire
tion for further resear
h is to indu
e furtherin-plane stru
turing. This 
an be done by in
reasing the 
on
entration of dye-doped sili
aparti
les and pressing them to higher densities to obtain de�ned in-plane stru
ture, i.e.hexagonal or 
ubi
 stru
ture. In the meantime, �uores
en
e mi
ros
opy 
an be used to fol-low the parti
les' dynami
s and determine the 
orresponding stru
ture. The phenomenonof nanoparti
le stru
ture formation under 
on�nement is of 
onsiderable interest in boths
ien
e and te
hnology. The nature of the os
illatory stru
tural for
es should be furtherexplored to learn how to optimize the intera
tion patterns of nanoparti
les in order toengineer nanomaterials and devi
es su
h as quantum dots and quantum wires.Another open question is the di�eren
e between results from TFPB and AFM air bubblemeasurements. A 
on
entration-independent interparti
le distan
e for 
harged nanopar-ti
les was observed in TFPB, whi
h 
ontradi
ted the ρ−1/3 s
aling law obtained fromAFM. Although the un
ertainties in determining the step sizes due to the 
ontributionof surfa
e deformability 
an be 
onsidered as one reason, one 
ould also relate this issuewith the di�erent pa
king of parti
les at the air-liquid interfa
e. During the air bubble



120 Chapter 8 Con
lusion and Outlookmeasurement, no pa
king of sili
a nanoparti
les at the interfa
e was found due to the highhydrophility of the parti
le surfa
e. Thus a possible resear
h dire
tion is that one 
antune the surfa
e hydrophobi
ity to indu
e the pa
king. The symmetry of the 
on�nementmight be also play an important role in the pa
king, thus the atta
hment of a bubble onthe 
antilever is ne
essary. The use of additional surfa
tants for stabilizing the pa
kingneeds to be 
onsidered as well. A understanding of interfa
e self-assembly and the in-tera
tion between parti
les and surfa
tants 
an be explored for a variety of appli
ationsin
luding drug delivery.
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