
Struturing of olloidal dispersions inslit-pore on�nement
D i s s e r t a t i o nvorgelegt vonM.S. Yan Zengaus Nanhang, China

von der Fakultät II -Mathematik und Naturwissenshaftenan der Tehnishen Universität BerlinzurErlangung des akademishen GradesDoktor der Naturwissenshaften(Dr. rer. nat.)
genehmigte Dissertation

Promotionsausshuss:Vorsitzender: Prof. Dr. Reinhard Shomäker1. Berihter: Prof. Dr. Regine von Klitzing2. Berihter: Prof. Dr. Mark RutlandTag der wissenshaftlihen Aussprahe: 07.11.2011Berlin 2011D 83





iAknowledgementsThe presented thesis is based on the experiments performed during my time as a PhDstudent at the Stranski Laboratory of Physial and Theoretial Chemistry at TU Berlin.I want to thank my advisor Prof. Regine von Klitzing for o�ering me the PhD positionand the interesting researh topi. She has always welomed disussion of all kinds ofexperimental related questions and onstantly brings me many helpful suggestions. Sheenouraged me through her own personal strength and give me a lot of opportunitiesto present my work at onferenes. Besides, she is also being warm and helpful on mypersonal life.I also thank my old boss Prof. Findenegg for reommending me to Prof. Regine vonKlitzing after I �nished my Masters study, and I thank his onstant interest in my researhand his are for my personal life.Prof. Sabine Klapp from TU Berlin is muh aknowledged for her disussion on thetheoretial simulations and her e�ort on helping me to understand better the basis of theresearh bakground. One part of the presented thesis arose from the fruitful ooperationwith her group. Her PhD student Stefan Grandner is also aknowledged for his helpfuldisussion and the friendly aquisition of aompanying papers.Prof. Otto Glatter from University of Graz, Prof. Jan S. Pederson from University ofAarhus, Prof. Osar Paris from Montanuniversitaet Leoben (worked formerly in MPI,Golm), and Dr. Andreas F. Thünemann from BAM Berlin are kindly aknowledged forthe implementation of X-ray sattering experiments and for their valuable support duringthe evaluation.I also aknowledge Prof. Mark Rutland from Royal Institute of Tehnology for being myseond supervisor. I want to thank Prof. Dr. Reinhard Shomäker from TU Berlin foragreeing to be the �Vorsitzenderin� in my defense.I would like to thank all employees of the Stranski-Laboratory for the harmonious workingenvironment and numerous large and small aids. I espeially want to aknowledge the�AFM� fore measurement members: Cagri Üzüm, Liset Lüderitz, and Sebastian Shönfor fruitful disussions and suggestions, and moreover, for their friendship. Dr. SylvainPrévost, Bhuvnesh Bharti, and Stefan Wellert for the advie and help on using of theSAS-�t software. The tehniians Gabi Hedike, Mihaela Dzionara, and Ingke Ketelsenfor their help in my laboratory work. Dr. Rene Straÿnik for solving the omputerand software problems. Nora Kristen and Natasha Shelero for reating nie laboratoryenviroment in the same measuring room. My o�e members Samuel Dodoo, Cagri Üzümand Johannes Hellwig for enouraging on the work and writing as well as bring a lot ofpleasures on daily life.In addtion, Dersy Lugo, Dilek Akakayiran, Mihael Muthig, Rastko Joksimovi, Hsin-yiLiu, Mengjun Xue and all those friends in the Stranski laboratory are aknowledged fortheir friendship and support.



iiMy parents and my brother for motivating me and being always there supporting me.Christopher Popeney, for his invaluable mental support, understanding and proo�ng.The �nanial support from the Deutshe Forshungsgemeinshaft under the frame of thepriority program Sfb 448 and SPP 1273 �Kolloidverfahrenstehnik� (KL1165/10-1) as wellas TU berlin through Frauen-Promotionsabshlussstipendium are kindly aknowledged.



Contents
1 Introdution 12 Sienti� bakground 32.1 Surfae fores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32.1.1 Van der Waals fore . . . . . . . . . . . . . . . . . . . . . . . . . . 32.1.2 Eletrostati fore . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52.1.3 Depletion fore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72.1.4 Strutural fore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82.1.5 Hydrophobi fore . . . . . . . . . . . . . . . . . . . . . . . . . . . 102.2 Theoretial Modelings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112.2.1 Charged partiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112.2.2 Nonioni surfatant mielles . . . . . . . . . . . . . . . . . . . . . . 163 Experimental Setion 193.1 Preparation of materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193.1.1 Colloidal nanopartile suspensions . . . . . . . . . . . . . . . . . . . 193.1.2 Surfatant solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . 203.1.3 Mielle solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203.1.4 Polyeletrolytes solutions . . . . . . . . . . . . . . . . . . . . . . . . 203.2 Preparation of di�erent surfaes . . . . . . . . . . . . . . . . . . . . . . . . 213.2.1 Silia surfae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213.2.2 Mia surfae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213.2.3 Hydrophobi substrate . . . . . . . . . . . . . . . . . . . . . . . . . 223.2.4 Polyeletrolyte layer-by-layer adsorption on surfaes . . . . . . . . . 223.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233.3.1 Atomi Fore Mirosopy . . . . . . . . . . . . . . . . . . . . . . . . 233.3.2 Small angle X-ray sattering . . . . . . . . . . . . . . . . . . . . . . 293.3.3 Other methods for solution haraterization . . . . . . . . . . . . . 303.3.4 Other methods for surfae haraterization . . . . . . . . . . . . . . 314 Struturing of nanopartile suspensions on�ned between two smoothsolid surfaes 334.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 334.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354.2.1 E�et of on�nement and partile onentration . . . . . . . . . . . 354.2.2 The in�uene of salt . . . . . . . . . . . . . . . . . . . . . . . . . . 384.2.3 Impat of partile size . . . . . . . . . . . . . . . . . . . . . . . . . 43



iv Contents4.3 Disussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 494.3.1 Saling law of the interpartile distane . . . . . . . . . . . . . . . . 494.3.2 Validity of λf=2(R + κ−1) . . . . . . . . . . . . . . . . . . . . . . . 514.3.3 Saling law of the orrelation length . . . . . . . . . . . . . . . . . . 544.3.4 Dependeny of the partile interation strength . . . . . . . . . . . 574.3.5 E�et of on�nement . . . . . . . . . . . . . . . . . . . . . . . . . . 584.4 Conlusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 595 Struturing of nanopartiles between modi�ed solid surfaes 635.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 635.2 Results and disussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 655.2.1 Potential of on�ning surfae . . . . . . . . . . . . . . . . . . . . . 655.2.2 Roughness of the on�ning surfae . . . . . . . . . . . . . . . . . . 695.3 Conlusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 806 Struturing of nanopartiles on�ned between a silia mirosphere and anair bubble 836.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 836.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 856.2.1 Fore pro�les in the absene of additives. . . . . . . . . . . . . . . . 856.2.2 Colloidal nanopartile suspensions in the absene of surfatants . . 866.2.3 In the presene of non-ioni surfatants. . . . . . . . . . . . . . . . 876.2.4 In the presene of anioni surfatants. . . . . . . . . . . . . . . . . . 886.2.5 In the presene of ationi surfatants. . . . . . . . . . . . . . . . . 896.3 Disussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 926.3.1 The e�et of surfae tension on the deformability of the air-liquidinterfae. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 926.3.2 The e�et of surfae deformability on the struturing of nanopartiles. 946.3.3 AFM vs TFPB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 966.4 Conlusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 977 Struturing of nonioni surfatant mielles 1017.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1027.2 Results and Disussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1027.2.1 Brij 35 - spherial mielles . . . . . . . . . . . . . . . . . . . . . . . 1027.2.2 Brij 35 - elongated mielles . . . . . . . . . . . . . . . . . . . . . . . 1087.2.3 Tween 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1097.2.4 Di�erenes between struturing of nonioni mielles and hargedpartiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1117.3 Conlusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1128 Conlusion and Outlook 1158.1 Conlusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1158.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119



Abbreviations and symbols∗
A amplitude of the osillatory strutural fore
c weight perentage of silia nanopartiles
cs molar onentration of surfatant

CMC ritial mielle onentration
d thikness of layers in a layer-by-layer oated polymeri �lm
d mielle diameter
F fore

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

Imax maximum sattering intensity in arbitrary units
Itot total ioni strength
Isalt ioni strength of added salt
kb sti�ness of deformable surfae
kc AFM antilever spring onstant
K ondutivity

κ−1 Debye length
κ−1
W Debye length inluding 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. sattering
q−1 dimensionless orrelation length of mielle
∆q full width at half maximum of the struture peak
R radius of the AFM olloidal probe
R radius of the silia nanopartile

2(R+ κ−1) e�etive partile diameter
RRMS root mean square roughness

t−1 deay length of eletrostati repulsive fore
u sanning veloity
w0 dimensionless interation strength of mielle

∆X hange in the nominal separation
Z valeny of harged partile
Z̃ e�etive valeny of harged partile
Zc AFM antilever de�etion
ζ zeta-potential

ψS surfae potential of on�ning wall
φ volume fration
δ deformation
θf phase shift in the osillatory fore (solvation fore) urve
θ ontat angle
η visosity
λ wavelength
λf wavelength in on�nement
λb wavelength in bulk

2π/ω dimensionless wavelength of mielleContinued on next page. . .
∗Non-essential and empirial parameters are not inluded



vi Abbreviations and symbols
ρ partile number density
ρc number density of ounterions
ρp mass density of silia partile
ρs mass density of solution
σ diameter of the silia nanopartile
γ surfae tension
τ relaxation time
ξ orrelation length
ξf orrelation length in on�nement
ξb orrelation length in bulkAFM atomi fore mirosope/mirosopyBrij 35 poly(oxyethylene lauryl ether)C16TAB hexadeyltrimethylammonium bromide

β-C12G2 β-dodeylmaltosideCP-AFM olloidal probe atomi fore mirosope/mirosopyDLVO Derjaguin-Landau-Verwey-OverbeekGCMC grand anonial Monte CarloHA hylaroni aidHNC hypernetted hainInvOLS de�etion inverse optial lever sensitivityMC Monte CarloPAA poly(aryli aid)PAH poly(allylamine hydrohloride)PEI poly(ethylenimin)PSS poly(sodium 4-styrenesulfonate)SAXS small angle x-ray satteringSDS sodium dodeyl sulfateTween 20 poly(oxyethylene sorbitan monolaurate)TFPB thin �lm pressure balaneTMA 34 silia partile suspensions with diameter of 26 nmHS 40 silia partile suspensions with diameter of 16 nmSM 30 silia partile suspensions with diameter of 11 nm



Chapter 1IntrodutionColloidal dispersions have large appliation in our daily life, for instane, as osmetis,advaned eramis,1,2 oating,3 paints, and inks.4,5 Also, thin �lms of olloidal disper-sions are on�ned to a solid substrate to manufature advaned self-assembled materialssuh as photoni rystals,6�10 and sensors.11,12 In addition, speial olloids have biologialappliations, e.g. as pharmaeutials, in drug delivery,13 and in food proessing.Many appliations of olloids involve interations on substrates, for example, the spreadingand adhesion phenomena on the substrates (e.g. paints and inks) or the transport ofolloids in miro �uidi devies or in porous media or at biologial surfaes (e.g. drugdelivery, staking of red blood ells). Besides, an enhaned interest in miniaturizationof the produing proess draws inreasing researh attention. Therefore the on�nemente�ets on the olloidal struturing formation and properties are needed to be onsidered.The on�nement indues olloids to order di�erently as ompared to the bulk. Colloidalrystal struture has been reported14,15 in on�nement at su�iently high onentration.At relatively low onentrations, layered ordering of olloids has been found.14,16�24,24�31Among previous studies, the osillatory wavelength of harged olloids was found to de-pend on the bulk olloid volume fration φ aording to λ ∝ φ−1/3.14,21,22,24,25,31Previous work has foused on revealing the dependeny of inter-olloid distane in on-�nement on the olloid onentration. However there are still numerous questions left tobe answered. How does the on�nement e�et behave on the two harateristi lengths:the inter-olloid distane and the orrelation length? What is the dependeny of hara-teristi lengths on the olloid size? Is the struturing of olloids in on�nement a�etedby the total ioni strength of the dispersions? What is the e�et of on�ning surfaeharge/potential on the orresponding struturing? Can osillatory fore still be observedon rough or deformable on�ning surfaes? How does the surfae harge and deformabilityof olloids in�uene the orresponding struturing?This thesis is aimed to answer the above questions. The struturing of olloids under on-�nement is studied via fore measurements with CP-AFM. In hapter 4, the struturingof silia nanopartiles on�ned between two smooth, solid surfaes is investigated, subdi-vided into three parts based on the e�et of partile onentration, ioni strength, andpartile size. The harateristi quantities, i.e. interpartile distane, orrelation length,and interation strength are extrated from the osillatory fore and their relation withthe system parameters is investigated. Additionally, SAXS measurements, Monte Carlo



2 Chapter 1 Introdutionsimulations and hypernetted hain (HNC) alulations (done by Sabine Klapp group, TUBerlin) are inluded in order to examine in detail the e�et of on�nement on the hara-teristi quantities. Chapter 5 disusses the in�uene of surfae potential and roughness ofthe on�ning surfaes on the struturing of nanopartiles. Monte Carlo simulation with amodi�ed partile-wall potential are ombined to reveal the mehanism behind the hangein fore amplitude. In hapter 6, the e�et of the surfae deformability on the struturingof silia nanopartiles is investigated by on�ning nanopartiles between a solid sphereand an air bubble. Various surfatants are used to tune the bubble deformability. Chap-ter 7 desribes the in�uene of the surfae harge and deformability of olloids on theirstruturing formation by probing non ioni surfatant mielles. Theoretial alulationsdone by Krassimir Danov (Uni So�a) based on the hard-sphere model is ombined toprovide a deeper understanding of the observed proesses.



Chapter 2Sienti� bakgroundA 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 ontat area between dispersedphase and the dispersing medium is large. As a result, surfae fores strongly in�uenedispersion behavior. By tailoring interations between dispersed-phase, one an designolloids needed for spei� appliations. The stability, rheology, and other desired prop-erties of olloids are ontrolled internally by the surfae harge of the dispersed-phase andexternally by the properties of the dispersing medium, suh as temperature, pH, and ionistrength.2.1 Surfae foresThe fores of harged olloids interating through a liquid medium an be desribed byDerjaguin-Landau-Verwey-Overbeek (DLVO) theory.32,33 It ombines the e�ets of thevan der Waals attration and the eletrostati repulsion due to the so-alled double layerof ounterions. Beause of the markedly di�erent distane dependeny of the van derWaals and eletrostati interations, the total fore an show several minima and maximawith varying interpartile distane. Additional fores, suh as strutural fore (solvationfore) and hydrophobi fore ommonly our in aqueous solutions. Considering thepresent experimental systems, the involved fores will be desribed: van der Waal fore,eletrostati fore, strutural fore and hydrophobi fore.2.1.1 Van der Waals foreVan der Waals fores are a family of short-range fores, inluding the dipole-dipole fore,dipole-indued dipole fore, and dispersion fores. The expression of the van der Waalsinteration between partiles an follow the method by Hamaker,34 in whih the netinteration energy is the integration of all pair ontributions between two bodies. Thus



4 Chapter 2 Sienti� bakgroundthe non-retarded van der Waals interation energy of two spheres of radius R1 and R2an 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 partile 1 and 2, respe-tively, and D is the surfae-to-surfae distane, that is, D = r − (R1 + R2) (r being thepartile enter-to-enter distane).The orresponding simpli�ed expression of the van der Waals interation energy of apartile approahing a surfae is

VvdW (D) = −
AHRnorm

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

R2).The van der Waals fore an be obtained by di�erentiating the energy with respet todistane
FvdW = −

dVvdW
dD

=
AHRnorm

6D2
(2.3)The van der Waals fore is always attrative between idential surfaes of the same ma-terials, and an be repulsive between surfaes of dissimilar materials. Hamaker's methodand the assoiated Hamaker onstant AH assumes that the interation is pairwise ad-ditive and ignores the in�uene of an intervening medium between the two partiles ofinteration.

AH = π2 × C × ρ1 × ρ2 (2.4)where ρ1 and ρ2 are the number of atoms per unit volume in two interating bodies andC is the oe�ient in the partile-partile pair interation. The more advaned Lifshitztheory35 has a same expression of the van der Waals energy but with onsideration of thedieletri properties of the intervening medium, thus the Hamaker onstant has a di�erentvalue.



2.1 Surfae fores 52.1.2 Eletrostati foreThe eletrostati fore originates from the fat that most surfaes in ontat with anyliquid of high dieletri onstant aquire a surfae harge. The surfae an either beharged by ionization of surfae groups (e.g. silanol groups for glass or silia surfaes) or byadsorption of harged ions from the surrounding solution. This results in the developmentof a surfae potential whih attrats ounterions from the surrounding solution and repelso-ions. In equilibrium, the surfae harge is eletrially neutralized by oppositely hargedounterions in solution within some distane from the surfae. The region near the surfaeof enhaned ounterion onentration is alled the eletrial double layer (EDL).32 TheEDL an be approximately sub-divided into two regions. Ions in the region losest tothe harged wall surfae are strongly bound to the surfae. This immobile layer is alledthe Stern or Helmholtz layer. The region adjaent to the Stern layer is alled the di�uselayer and ontains loosely assoiated ions that are omparatively mobile. The wholeeletrial double layer, due to the distribution of the ounterion onentration, results inthe eletrostati sreening of the surfae harge.The deay length of the di�use eletri double layer is known as the Debye sreeninglength,36 κ−1, whih is purely a property of the eletrolyte solution. The Debye lengthfalls with inreasing 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 valeny of the ioni, e0 is the elementary harge, ǫ0 and ǫ are the permittivity of the vauum and the solventdieletri onstant, respetively, and kB is Boltzmann's onstant.The Debye length determines the range of the eletrostati double-layer interation be-tween two harged surfaes. The repulsive interation between two equally harged sur-faes is an entropi (osmoti) fore. Atually, the eletrostati ontribution to the netfore is attrative. What maintains the di�use double layer is the repulsive osmoti pres-sure between the ounterions whih fores them away from the surfaes and from eahother so as to inrease their on�gurational entropy. When bringing two equally hargedsurfaes together, one is therefore foring the ounterions bak onto the surfaes againsttheir osmoti repulsion, but favored by the eletrostati interation. The former dom-inates and the net fore is repulsive. Commonly speaking, when two harge surfaesapproah eah other, the eletri double layers overlap and results in the so-alled eletri



6 Chapter 2 Sienti� bakgroundor eletrostati double layer repulsion fore, even though the repulsion really arises fromentropi on�nement of the double layer ions.The eletrostati interation an be obtained by solving the Poisson-Boltzmann equation37for the potential distribution or ounterion distribution in the liquid, subjet to suitableboundary onditions.36,38 These onditions are usually either onstant surfae potentialif the onentration of ounterions is onstant as D is dereased (e.g. metal sols in asolution) or onstant surfae harge if the total number of ounterions in liquid does nothange (e.g. lay minerals). Using weak overlap approximation at onstant potential,36the free energy per unit area of interation between two spheres is
WEL = (64kBTρ∞γ1γ2/κ)e

−κD (2.6)where γ is the redued surfae potential γ = tanh
(

zeψ0

4kBT

), ψ0 is the potential on thesurfae.Using Derjaguin approximation F = 2πRnormW ,39 the expression of eletrostati fore Fbetween two spheres beomes
FEL = (128πkBTρ∞Rnormγ1γ2/κ)e

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

FEL ≈ 2πRǫǫ0ψ
2
0κe

−κD = 2πRq2
fe

−κD/κǫǫ0 (2.8)where the surfae potential ψ0 and surfae harge density qf are related by qf = κǫǫ0ψ0.For more general ase, the surfae harge density is alulated 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 aurate for surfae separation beyondone Debye length. At small separation one has to use numerial solutions of the Poisson-Boltzmann equation to obtain the exat interation potential, for whih there are nosimple and aurate expressions. The harge regulation due to the ounterion bindingneeds to be taken into aount, therefore the strength of the double layer interation is



2.1 Surfae fores 7always less than that obtained at onstant surfae harge ondition and higher than thatat onstant surfae potential.Combining the van der Waals fore and the eletrostati double layer fore, the DLVOfore between two partiles or two surfaes in a liquid an be expressed as:
F (D) = FvdW (D) + FEL(D) (2.10)In ontrast to the double layer fore, the van der Waals fore is mostly insensitive toeletrolyte strength and pH. Additionally, the van der Waals fore is greater than thedouble layer fore at small separation sine it is a power law interation, whereas thedouble layer fore remains �nite or inreases muh more slowly within the same separationrange. The interplay between these two fores has many important onsequenes, thusunderstanding the individual fores and their ontributions is a good way to ontrol thestability of the olloidal suspensions.2.1.3 Depletion foreThe depletion fore exists in the systems ontaining partiles with di�erent length salesor partiles and non-adsorbing polymer oils or mielles. In this dissertation, the depletionfore arises between a mirometer-sized silia partile and a �at silia plate immersed ina dispersion of silia nanopartiles or surfatant mielles. The nanopartiles/mielles anbe alled depletion agents. Depletion agents are exluded from a shell of thikness oftheir radius around the larger silia partile (or silia plate), alled the depletion zone.When two larger partiles or surfaes are brought together and the distane h between twolarger partile surfaes is less than diameter of depletion agents, h < 2R, their depletionzones will overlap and the depletion agents are expelled from the gap between the largerpartiles. The absene of depletion agents in the gap leads to a density gradient andan osmoti pressure ausing the attrative depletion fore between the larger partilesurfaes. The range of the attration is diretly related to the radius of depletion agent,whereas the strength is proportional to the onentration of the depletion agent. Asakuraand Oosawa40,41 �rst alulated the fore per unit area between two parallel plates asbeing equal to the osmoti pressure of the surrounding depletion agent with simplest hardsphere approah:

Fdep
A

= −ρkBTΘ(2R− h), h < 2R (2.11)where Θ is the Heaviside funtion. The depletion fore depends on the partile numberdensity ρ and absolute temperature T of the surrounding depletion agent. And Fdep

A
= 0,
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Figure 2.1: When the distane between two surfaes is larger than the diameter of thedepletion agents, h ≥ 2R, the depletion agents an move into the gap and there is nodepletion fore ating on them. When the distane is small enough, h < 2R, the depletionagents are expelled from the gap and the net fore ating on surfaes is equal to the pressureof the surrounding depletion agents.A detailed insight into depletion fores 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 Strutural foreBesides the depletion fore, there is another non-DLVO fore, alled strutural fore orosillatory fore. It arises when the marosopi surfaes are immersed in a relativelylarge onentration of the small olloidal partiles. The strutural fore was �rst foundby Israelahvili in the system of on�ned water moleules. The strutural fore is ageneri feature also for olloidal partiles, liquid rystals, and polyeletrolytes. Theseomplex �uids an be onsidered as depletion agents for larger partiles (surfaes). Atlarge separation, the density of depletion agents in any highly restrited spae is the sameas that in bulk.The density pro�le of depletion agents normal to a solid surfae osillates around thebulk density with a periodiity lose to the distane of the depletion agent, and thisosillation extends several e�etive diameters of the depletion agent into the liquid. Withinthis range, the depletion agents are indued to order into quasi-disrete layers. When a



2.1 Surfae fores 9neighboring surfae approahes, the density distributions normal to both surfaes overlapand the depletion agents are squeezed out of the restrited spae layer by layer so as tobe aommodated between two surfaes. The variation of overlapping density pro�le withseparation leads to an osillating osmoti pressure.The osmoti pressure as a funtion of separation is
P (h) = kBT [ρs(h) − ρs(∞)] (2.12)where ρs(h) is the density of depletion agent at two surfaes separated by a distane ofh and ρs(∞) is the orresponding density at isolated surfae. Thus an osmoti pressurearises one there is a hange in the depletion agent's density at the surfaes as the surfaesapproah eah other. ρs(h) is higher than ρs(∞) only when surfae separations are mul-tiples of the distane of the depletion agents and lower when at intermediate separations.At large separations, ρs(h) approahes 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 pressureapproahes a �nite value given by
P (h→ 0) = −kBTρs(∞) (2.13)whih means the fore at ontat is negative. Eqn. 2.13 has the same form as the depletionfore. Therefore, the depletion fore is onsidered as a speial ase of the osillatory forein the limit of very small separations.The attrative surfae-liquid interation and geometri onstraining both have in�ueneon the variation of the layering of depletion agents with separation, the latter beingessential beause layering is still observed even in the absene of the attrative surfae-liquid interation.For simple spherial depletion agents between two smooth surfaes the strutural fore isusually a deaying osillatory funtion of distane. For depletion agents with asymmetrishapes, the resulting strutural fore may also have a monotonially repulsive or attrativeomponent. Strutural fores depend not only on the properties of the depletion agentbut also on the hemial and physial properties of the on�ning surfaes, suh as thehydrophobiity, the morphology and the deformability of the surfaes.In general, the osillatory strutural fore onsists of a harmoni osillation oupled withan exponential deay funtion, thus it an be written as
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Figure 2.2: Shemati illustration of the layering of spherial partiles during the ap-proah of two smooth surfaes and the orresponding measurable strutural fore. Thedensity pro�le of partiles hanges with separation of two surfaes, resulting in di�erentstruturing of partiles. At ertain separation, partiles are squeezed out of the gap to re-lease the high inner pressure/fore. The distane between two adjaent layers of partilesrelates to the inter-partile distane (illustration adopted from Israelahvili'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�ningsurfaes. The three important parameters haraterizing the osillations are the amplitude
A, the wavelength λf , and the deay length ξf . The amplitude desribes the interationstrength of the partiles, wavelength indiates the interpartile distane of the layeredstruturing, and deay length tells the degree of the ordering. This funtion is similaras the bulk pair orrelation funtion whih is valid at large interation distane. Stritlyspeaking, this equation should apply at relatively large separation beause the additionalontribution of nonstrutural fores exists at small distane.2.1.5 Hydrophobi foreWhen using a hydrophobi surfae, for example, replaing the solid substrate with agas bubble or an other surfae omposed of hydroarbons, the hydrophobi fore playsa role in the system. The hydrophobi fore desribes the apparent repulsion betweenwater and hydrophobi substanes. Comparing to bond with hydrophili moleules whihhave polar or ioni groups and hydrogen-bonding sites, water moleules have muh lessa�nity to bond with the hydrophobi surfae. The orientation of water moleules inontat with hydrophobi moleule is entropially unfavorable, therefore two hydrophobi



2.2 Theoretial Modelings 11moleules tend to ome together and expel the water moleules into the bulk. This simpleattrative fore between hydrophobi moleules is favored beause of the redued total freeenergy of the system. Similarly, when water moleules are on�ned between hydrophobisurfaes, a net attrative fore arises between the on�ning surfaes to expel the watermoleules, whih inreases the translational and rotational entropy of water moleulesand dereases the total free energy. Therefore, the attrative fore, or hydrophobi forebetween hydrophobi surfaes is onsidered to be the onsequene of water moleulesmigrating from a restrited spae to the bulk water where there are unrestrited hydrogen-bonding opportunities and a lower free energy.The attrative hydrophobi fore is a long range fore and muh stronger than the van derWaals fore.42�45 It has a signi�ant in�uene on the stability of olloids. Thus the foreis needed to be taken into aount when the system involves hydrophobi surfaes.2.2 Theoretial ModelingsThe developed theories are based on modeling by means of the integral equations of sta-tistial mehanis,46 numerial simulations,47�49 and density-funtional modeling.50�52 Asa rule, these approahes are related to ompliated theoretial expressions or numerialproedures. The studies have shown that theoretial tools an desribe osillatory foresin a variety of model systems, suh as hard spheres,47,52,53 polar �uids,54 liquid rystals,55polyeletrolytes,56 and and olloidal partiles.48,51 In the ase of nonioni mielles thatan be modeled as hard spheres, Trokhymhuk et al.53 proposed a quantitative analyti-al expression for the osillatory fore, whih has been tested against both Monte-Carlosimulation data53,57 and data for stratifying free foam �lms.582.2.1 Charged partiles∗Based on Derjaguin-Landau-Verwey-Overbek (DLVO) theory, a suspension of hargednanopartiles is modeled on an e�etive level whih only inludes the negatively hargedsilia nanopartiles expliitly.59�62 Here, the eletrostati part of the DLVO potential isused32
u(r) = Z̃2e20

exp (−κr)

4πǫ0ǫr
(2.15)

∗Done by Sabine Klapp group at TU Berlin (Cooperation)



12 Chapter 2 Sienti� bakgroundwhere Z = 4π(σ/2)2qf is the total harge of a partile with diameter σ and surfae hargedensity, qf , whih alulated from the Grahame equation eqn. 2.9 with assuming themeasured zeta potential ζ lose to ψ0.In addition, Z̃ is the e�etive valeny whih is given by
Z̃ = Z exp(κσ/2)/(1 + κσ/2) (2.16)

κ is the inverse Debye sreening 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 andvaleny of the ounterions, respetively. The remaining sum refers to the additional saltions. Assuming univalent ounterions |zc|= 1, the ondition of harge neutrality betweenounterions and harged partiles 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 numerial reasons the soft sphere interation uSS(r) = 4ǫSS(σ/r)
12 is added to thenanopartiles interation whih is, however, essentially negligible ompared to the DLVOinteration energies at typial mean partile distanes in this study.Charateristi lengths as wavelength and deay length of bulk systems are extratedfrom bulk pair orrelation funtions gb(r). Within Monte Carlo (MC) simulations, gb(r)is determined using between 500 and 2000 partiles depending on the volume fration

φ = (π/6)ρσ3. Additionally, the integral equation for gb(r) ≡ hb(r) + 1 (with hb(r)being the total orrelation funtion) onsisting of the exat 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 struture, that is,the dominant wavelength and orrelation length of the funtion hb(r) = gb(r) − 1 in thelimit r → ∞ an be determined diretly. This is done by analyzing the omplex poles
q = ±q1 + iq0 of the struture fator Sb(q) = 1 + ρh̃b(q).50 The pole with the smallest
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Figure 2.3: Dominant wavelength λb haraterizing hb(r) = gb(r)-1 as a funtion of thevolume fration aording 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 irles,with error bars). The inset shows two MC results for the funtion ln(r |hb(r)|) (irles).The asymptoti �t funtions are plotted as dashed lines.imaginary part determines the slowest exponential deay and thus yields an analytialdesription of the asymptoti behavior of hb(r) whih reads
rhb(r) = Abexp(−q0r)cos(q1r − θb), r → ∞ (2.19)with q0 = ξ−1

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

2π/λb determining the wavelength of the osillation. q0 and q1 an be also determinedfrom the MC data by plotting the funtion ln(r |hb(r)|). Wavelength and orrelationlength then follow from the osillations and the slope of the straight line onneting themaxima at large r.The HNC and MC results for wavelength in bulk λb as a funtion of the partile volumefration φ are given in the main part of �g. 2.3, showing that the two approahes arein good agreement. This is onsistent with the observations previously reported65 andjusti�es the use of HNC in the bulk system.DFT50,51 predits that, for su�iently large h allowing a bulk-like region in the middle ofthe pore, the mirosopi density pro�le should deay as ρ(z)−ρb → Aρexp(−q0z)cos(q1z−

θρ), where q0 and q1 are exatly the same as in the bulk system at equal hemial potential
µ (with bulk partile number density ρb), whereas the amplitude Aρ and θρ depend onthe nature of �uid-wall (partile-on�ning surfae) interations. The same asymptotibehavior is expeted 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, unharged sur-faes separated by a distane h along the z-diretion,59,61 �uid-wall (partile-on�ning



14 Chapter 2 Sienti� bakgroundsurfae) interation 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 anonial (GC) ensemble an be employed to investigatethe on�ned systems, that is, at onstant temperature, wall separation, box area parallelto the walls, and onstant hemial potential µ.59 66 Furthermore, the inverse Debye lengthshould be �xed at the value orresponding to the bulk volume fration. The solvationpressure f(h) = Pzz(h) − Pb with Pb being the bulk pressure and Pzz(h) the normalomponent of the pressure tensor66 exhibits osillations with varying surfae separation.This quantity is related to the osillatory fores of the AFM experiment via Derjaguin'sapproximation.52 The funtions f(h) are �tted aording to the expression
f̃(h) = Af exp

(

−
h

ξf

)

cos

(

2πh

λf

− θf

) (2.21)with λf and ξf being the wavelength and deay length, respetively.In the whole partile onentration range onsidered, the osillatory asymptoti deay off(h) (determined by a wavelength λf) is indeed well desribed by the leading bulk wave-length (and orrelation length), implying λf = λb. This is partiularly well-demonstratedby the logarithmi representation in the inset of �g. 2.4. Thus, the GCMC simulationresults for the harged silia partiles on�rm the DFT preditions. As eqn. 2.19 derivedfrom Ornstein-Zernike theory eqn. 2.21 is only valid for h→ ∞. However the asymptotiexpression is found to provide a good approximation of the osillations already at remark-ably small wall separations. The full urve is well desribed by the asymptoti formulaalready after the �rst minimum at h = hmin. For smaller separations h ≤ hmin, a ubipolynomial �t is used:
f̃(h) = a0 + a1h+ a2h

2 + a3h
3 (2.22)The oe�ients are adjusted suh that both the pressure and its derivative are ontinuousat hmin. Then, an aurate �t formula for f(h) an be found by immediately integratingf(h) 52 to obtain the solvation fore F(h)/2πR, results for whih are inluded in �g. 2.4.In order to obtain the impat of surfae potential on the other quantities of the solvationfores, i.e. amplitude and phase shift, whih is predited by the DFT, the on�ned systemis modeled by two in�nite plane parallel, smooth, harged surfaes separated by a distane

h along the z-diretion.62 Their surfae potential mimis the experimental onditions. A
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uI(z) = WS exp

(

−κ

(

h

2
− z

))

+WS exp

(

−κ

(

h

2
+ z

)) (2.23)The deay of potential is determined by the bulk Debye sreening length κ and the wallharge only ome into play through a prefator WS = 64πǫ0ǫγfγsR (kBT/e0)
2, where

γF/S = tanh
(

e0ψF/S/4kBT
), ψF/S is the surfae potential of the �uid partiles (F) andthe solid walls (S), and R is the radius of the �uid partile, R= σ/2. This model has theonsequene that the osillations of the normal pressure beome weakened with inreasing

|ψS|, whih is in ontradition to the experiment.Thus a modi�ed �uid-wall potential is developed. It takes additional wall ounterions intoaount whih hange the sreening between harged walls and olloidal partiles. Theexpression of a silia 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 sreening parameter depends on ψS and is spae-dependent,
κW(z) =

√

e20
ǫ0ǫkBT

(

Zρ+ 2IsaltNA +
|qS|

e0z

) (2.25)and the on�ning surfae harge density qS is related to the surfae potential via theGrahame equation.



16 Chapter 2 Sienti� bakgroundThe total �uid-wall interation 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, respetively. This indues anon-monotoni behavior of the �uid-wall interation potential as a funtion of the wallharge.2.2.2 Nonioni surfatant mielles∗Using the Derjaguin's approximation, one an express the surfae fore, F, between aspherial partile and a planar plate in the form:

F (h) = 2πRW (h) (2.27)where R is the partile radius; h is the surfae-to-surfae distane between the partileand the plate; W(h) is the interation energy per unit area of a plane-parallel liquid �lmof thikness h. In the onsidered ase of nonioni surfatant mielles,W an be expressedas a sum of ontributions from the van der Waals fores, WvdW , and osillatory struturalfores due to the surfatant mielles, Wosc
36,58

W (h) = Wosc +WvdW = Wosc −
AH

12πh2
(2.28)The surfae harge of the on�ning surfaes an be negleted, sine on�ning surfaeharge would not hange the osillation wavelength and deay length, but inrease 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 mielle diameter; h/d is the dimensionless surfae-to-surfae distane.Furthermore, the expression for Wosc due to Trokhymhuk 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 saled-partile-theory68 expression for the exess surfae 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 (mielle)volume fration, 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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ϕ2 = −0.39687 − 0.3948φ+ 2.3027φ2 (2.42)The parameters w0, ω, and q de�ned by eqn. 2.34-2.36 haraterize, respetively, theamplitude, wavelength and deay length of the osillations (see eqn. 2.31). The last termin eqn. 2.31 ensures the orret height of the �rst (the highest) maximum.53 Note thatfor a hard sphere �uid, the amplitude, wavelength and deay length of the osillationsdepend on the partile volume fration, φ, in aordane with eqn. 2.34-2.36.Eqn. 2.29, along with eqn. 2.30-2.42, determines the theoretial dependene F(h, φ) atgiven olloidal probe radius, R, and mielle diameter, d. In partiular, for a given miellevolume fration, φ, phs, σhs, w0, ω , q, µhs, π0 an be �rst alulated, and ϕ2 from eqn. 2.32-2.36 and eqn. 2.40-2.42; after that, w1, ϕ1, π1 and δ an be alulated 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 proedure is as follows. The experimental fore, Fexp is given as a funtion ofthe experimental distane, hexp = h + ∆h, where h is the theoretial distane and ∆h isthe di�erene between the positions of the experimental and theoretial oordinate originson the h-axis. The �tting by means of the least-squares method onsists of numerialminimization of the following merit funtion:

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 proedure, the points from the non-equilibrium portions of the experimental urveshave to be exluded, beause the theoretial urve gives the equilibrium fore-vs.-distanedependene.When φ is known, the variation of ∆h is equivalent to a simple horizontal translation ofthe experimental urve with respet to the theoretial one, the latter being uniquely deter-mined. The minimization of Φ with respet to ∆h orresponds to the best oinidene ofthe two urves. When φ is not known, both ∆h and φ should be varied to minimize numer-ially Φ in eqn. 2.43, and to �nd the best �t. When alulating the theoretial urves, ineqn. 2.29 the value AH = 7×10−21 J of the Hamaker onstant for silia/water/silia �lmsis used.36 The e�et of van der Waals fores is essential only at the lowest investigatedmiellar onentrations, where the osillatory amplitude w0 is relatively small.



Chapter 3Experimental SetionAbstratThis setion desribes the preparation and haraterization of investigated systems. Thepreparation part involves solely olloidal suspensions, mixture of nanopartiles and sur-fatants, mielle solutions, polyeletrolytes solutions, and the substrate leaning proessand modi�ation. Zeta potential, ontat angle, surfae tension, surfae topography andsurfae thikness are haraterized via relevant tehniques. The struturing of olloidalsuspensions in on�nement and in bulk are determined by olloidal-probe atomi foremirosopy and small angle X-ray sattering, respetively. The detailed experimentalproedures and data-analyzing methods are presented as well.3.1 Preparation of materials3.1.1 Colloidal nanopartile suspensionsLudox grade olloidal silia nanopartile suspensions, named TMA 34 (deionized), HS 40(stabilized with Na+), and SM 30 (stabilized with Na+) were purhased from Aldrih(Taufkirhen, Germany) and used in AFM fore measurements. The original stok ofolloidal suspensions was dialyzed with Milli-Q water (Millipore, Billeria, MA, USA)for two weeks. The dialysis tubes (Aldrih, Germany) with pore size of 1000 MWCOwere used to remove any remaining ions and ioni ontaminants. After dialysis, partilesuspensions of varying onentrations were prepared with Milli-Q water as solvent. Theweight perentage, , 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 frationwas onverted from the weight perentage as φ = c×ρs

ρp
. The mass density of silia partile

ρp was set as manufatural value of 2.2 g mL−1. The mass density of suspension had adependeny on the partile onentration as in �g. 3.1. The silia nanopartile suspensionshave a pH of about 6.5. Whenever needed, sodium hloride NaCl (suprapur 99,99 %,Merk) was used to tune the ioni strength of the suspensions. Ludox silia suspensionshave been stored in plasti tubes.
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Figure 3.1: The dependeny of mass density of the partile suspensions on the partileonentration, whih is needed to onvert weight perentage to volume fration.3.1.2 Surfatant solutionsIn terms of the measurements on deformable bubble surfaes, surfatants were used to tunethe surfae tension. β-dodeylmaltoside (β-C12G2) (Glyon Biohemials, Lukenwalde),sodium dodeyl sulfate (SDS) (Sigma-Aldrih, purity >99.9 %) and hexadeyltrimethy-lammonium bromide (C16TAB) (Sigma-Aldrih, purity >99 %) were used as reeived. Theritial mielle onentrations (CMC) are 0.17 mM, 8 mM, and 1 mM for β-C12G2, SDS,and C16TAB, respetively. All surfatant solutions were prepared with Milli-Q water.The surfatant onentrations were always well below the CMC.3.1.3 Mielle solutionsThe nonioni surfatants, poly(oxyethylene lauryl ether) (Brij 35), and poly(oxyethylenesorbitan monolaurate) (Tween 20), produts of Sigma, were used without further pu-ri�ation. The moleular weight of Brij 35 is 1198 g mol−1; its ritial miellizationonentration (CMC) is 9×10−5 M, and the mielle diameter is d = 8.8 nm. The miellesare spherial up to 150 mM Brij 35 onentration, but they undergo a transition to elon-gated mielles at higher onentrations. The moleular mass of Tween 20 is 1225 g mol−1;its CMC is 4.9×10−5 M, and the mielle diameter is d = 7.2 nm.3.1.4 Polyeletrolytes solutionsPoly(ethylenimin) (PEI), 750 kDa, 50 wt% solution in water, poly(allylamine hydrohlo-ride) (PAH), 65 kDa, poly(sodium 4-styrenesulfonate) (PSS), 70 kDa, and poly(aryli



3.2 Preparation of di�erent surfaes 21aid) (PAA), 450 kDa were purhased from Sigma Aldrih (Germany). Hyaluroni aid(HA) in the sodium hyaluronate form, 150 kDa, was obtained from Amersham Bio-siene (Munih, Germany). The polyeletrolytes solutions were prepared by dissolvingthe amount of polymer orresponding to a onentration of 10−2 monoM in Milli-Q wa-ter. Certain amount of sodium hloride (suprapur 99,99 %, Merk) was added afterwardswhen neessary. In order to overome solubility problems, a solution of 1 mg mL−1 of HAwas used.3.2 Preparation of di�erent surfaes3.2.1 Silia surfaeSilia, as olloids or a plate, is an amorphous material whih is often used as model systemfor studying the surfae hemistry and interation of many systems. The surfae of siliais well known to be negatively harged due to the ionization of silanol groups in ontatwith water: SiOH + H2O ⇋ SiO− + H3O+. The surfae harge of silia varies with pH,eletrolyte onentration, and leaning proess. It has been proposed in the literaturethat a gel-like surfae layer forms when silia is in ontat with water. This gel-like layeris about 2-6 nm thik and omposed of silanol and silii aid groups. This hypothesismay explain the high surfae harge and low potentials of the silia surfae, and also theadditional non-DLVO repulsion at small separation due to the steri repulsion betweentwo overlapped layers.Silion wafers (Waker 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 ethed silion wafers were stored under Milli-Q water in a glassontainer. The above proedure yielded a fully hydrophili surfae. Just before theexperiment, the substrate was taken out of water and dried in a nitrogen �ux.3.2.2 Mia surfaeMia is easily leaved into atomially smooth layers and hene is widely used as an im-portant substrate in many fundamental studies. The highly perfet leavage is explainedby the hexagonal sheet-like arrangement of its atoms. Mia is a layered diotahedralaluminosiliate represented as KAl2(AlSi3)O10(OH)2. Eah mia sheet onsists two sili-ate layers joined together by aluminum atoms. The substitution of aluminum for silion



22 Chapter 3 Experimental Setionin the siliate layers results in a net negatively harged lattie, whih is neutralized bypotassium ions present between aluminosiliate sheets. Therefore mia an be leavedalong the plane of potassium ions. In air the mia surfae is neutralized while in water itaquires a high negative surfae harge by dissoiation and ion exhange. The apparentsurfae potential of mia in pure water is found to be −160 mV, whih is dereased slightlyas the ioni strength of the solution inreases. The fresh mia surfae was prepared byleaving the mia sheets with tweezer, and then deposited on top of a silion wafer.
3.2.3 Hydrophobi substrateIn order to avoid the strong apillary fore between the AFM silia probe and hydrophilisubstrate in air during spring onstant determination, a modi�ed silion wafer withontat angle > 100 ◦C is needed. 50 µL of heptadea�uoro-1,1,2,2-tetra-hydrodeylsimethylhlorosilane (ABCR, Karlsruhe) was pipette in a small glass vial, whih ouldbe losed very tightly. A lean silion wafer (1-3 m2) was plaed inside of the glass vialwithout that the wafer was in ontat with the silane. After losing the vial, the silionwafer was leaving inside for 24h at room temperature. The modi�ed silion wafer was thentaken out and heated in an oven to 70 ◦C for 10-20 min in order to remove non-boundedsilane. The ontat angle of the hydrophobi silion wafer was measured > 100 ◦C.3.2.4 Polyeletrolyte layer-by-layer adsorption on surfaesOn silion wafer: After leaning in a 1:1 mixture of H2O2/H2SO4 solution for 30 min andthen extensively rinsing in Milli-Q water, the silion 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 polyeletrolytes onsists of sequential dipping of silia substrateinto polyanion and polyation solutions.69 The adsorption time for eah layer was 20 min,after whih the substrate was rinsed by dipping the wafers three times into fresh Milli-Qwater for 1 min to remove any loosely bound polyeletrolytes. This proess was repeateda de�ned n times to obtain a multilayer onsisting of (polyanion/polyation)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 silia sphere: The polyeletrolyte multilayers were aomplished by adsorption frompolyeletrolyte solutions aording to the previous desription.70 500 mL of a 10−2 monoMPEI solution was added to 2.5 mL of 6.7 µm sized silia suspension. The samples were



3.3 Methods 23soniated 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 soniated and left tostand for 20 min. A total of three washing yles were performed, after the adsorptionof eah polyeletrolyte 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. Suessful deposition was veri�ed by ζ-potential measurements aftereah deposit step.3.3 Methods3.3.1 Atomi Fore MirosopyThe atomi fore mirosopy (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 Duker et al.72�74 for use in measuring interations between di�erentobjets. The main priniple of AFM is to re�et a laser beam on the free end of aantilever. The re�eted laser beam is measured by a detetor. Any positional hangesof the antilever like bending or twisting are reorded by the detetor. A sanner whihmade of piezoeletri materials is used to move the antilever with high resolution in alldiretions. 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 ofantilever. Normally for imaging the probe is mounted as a sharp tip, while for interationmeasurements it is a glued mirometer-sized silia sphere. The AFM setup is depited in�g. 3.2.ImagingTwo major imaging modes are normally used in the experiments: ontat mode andtapping mode. In ontat mode the probe and the sample are in ontat during imaging.Optimally applied fore between the probe and sample needs to be seleted via a setpoint for the vertial detetor response. During sanning the set point is kept onstant.If a peak/valley is reahed on the sample when the probe passes by, the antilever willpush upwards/downwards as a reation but the feedbak will raise/lower the antileverto maintain the detetor signal onstant. By reording the antilever height for eahsample position, one obtains a three-dimensional image of the sample surfae topography.
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Figure 3.2: Shemati AFM setup. Four main parts are inluded: laser beam, photo-diode detetor, antilever with a probe and piezoeletri sanners to move the antileverin three diretions. For AFM imaging, a antilever with sharp tip is used and feedbakeletronis are required to maintain either the fore or amplitude during sanning.Tapping mode, or AC mode, is a ommon mode for imaging samples, espeially in liquid.The antilever osillates lose to its resonant frequeny during sanning. The systemattempts to keep the amplitude of the osillation onstant by using a feedbak on theheight to raise or lower the probe if there are any irregularities on the sample. Atomifore mirosope MFP-3D provides a parallel imaging method via iDriveTM (AsylumResearh, CA, USA), whih uses Lorentz fore to magnetially atuate a antilever withan osillating urrent that �ows through a v-shaped antilever instead of aousti piezo-driven plaed lose to the antilever in the ommerial AFM. IDrive an eliminate themultitude of resonane peaks due to the mehanial 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 polyeletrolytes-oated silion wafer was performed in tapping modewith iDrive antilever BL-TR400PB (Asylum Researh, Santa Barbara, CA) in Milli-Qwater via a MFP-3D setup produed by Asylum Researh, In. and distributed by AtomiFore (Mannheim, Germany). The root mean square (RMS) roughness of polyeletrolytelayers was alulated from height images with bound software in eah 1×1 µm2 box of theimage so as to be omparable to standard neutron re�etivity measurements with 1 µmneutron orrelation length. The �nal value is an average of those alulated at di�erentpositions on eah image.
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3.3 Methods 25Fore measurementThe fore between the probe and sample an be reorded as the AFM probe approahesand retrats from the sample surfaes. What is diretly measured is a pro�le of de�etion(volts) versus ZSensor displaement (µm). During approah the probe will at some pointbe in ontat with the sample. If further approah is attempted, the de�etion of theantilever linearly inreases with the ZSensor displaement. This linearly inreasing partis alled the onstant ompliane region, and the slope of de�etion versus displaementin this region is referred to as the de�etion sensitivity. Note the de�etion sensitivitymust be determined on a rigid surfae, where the drive displaement equal to the bendingamount. The algorithm used to onvert the de�etion versus displaement data into foreversus apparent separation is illustrated in �g. 3.3 as in the protool of Duker et al.73

Figure 3.3: The algorithm to onvert primary data into fore versus separation. For solidsurfaes the slope of the fore urve beome in�nity at zero separation (i.e. in ontat).The de�etion inverse optial lever sensitivity (InvOLS) α in the onstant omplianeregion is de�ned as
α =

∆X

∆Y
(3.2)where X and Y are the piezo displaement in meters and de�etion signal in volts,respetively. The voltage signal of the de�etion thus an be related to the bending inmeters, Zc, by

Zc = (Y − Y0)α (3.3)where Y0 is the de�etion at in�nite displaement. This subtration is needed based onthe assumption that there is no interation between AFM probe and surfae at large



26 Chapter 3 Experimental Setionseparation. The separation between the probe and surfaes is alulated as
h = (X − C) − Zc (3.4)where onstant C is the displaement value at �ontat point�. The �ontat point� istaken to be the point at whih the linear ompliane line reahes zero fore. The fore Fthen an be alulated through the Hooke's law

F = kcZc (3.5)where kc is the spring onstant of the antilever, whih was determined with a thermalnoise power spetra before or after the experiment75 with a hydrophobi substrate andyielded values in the range 0.01-0.08 N m−1 (see Setion 3.2.3).A silia 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 retangular antilever (CSC12, Mikro-Mash, Estonia) using a three-dimensional mirotranslation stage aording to the previ-ous proedure72. Immediately before eah experiment the silia sphere with antilever wasleaned 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 surfae.The antilever was plaed into a antilever holder and the partile 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. Fore-separation urves were olleted with a MFP-3D. No adsorption of silia nanopartiles onthe AFM probe or substrates is expeted beause silia and mia surfaes are negativelyharged in the experimental onditions (pH ≈ 6-7), while the non-ioni surfatant ispartially adsorbed at the surfae.The optimal sanning veloity was in the range of 150-400 nm s−1 for silia nanoparti-le suspensions and 5-100 nm s−1 for non-ioni surfatant solution, respetively, over asan size of 300-400 nm. Chan and Engel showed that hydrodynami drainage foreswere negligible at these approah speeds.76,77 For eah sample solution, altogether 30-40fore-distane urves were reorded at the same lateral position (usually at the entre) ofair-water interfaes. To quantitatively study the struturing of nanopartiles, the osil-latory fores are �tted with eqn. 2.14. As the silia mirosphere is 6.7 µm in diameter,by Derjaguin approximation the silia probe surfae an be onsidered as a �at surfaebeause of the omparatively small fore distane (<300 nm). Thus fore per probe ra-dius, F (h)
R

, is the measure of interation energy per area. All experimental fore urves



3.3 Methods 27were �tted with eqn. 2.14. Beside the three mentioned parameters a phase shift (θf) anda fore o�set (o�set) also had to be �tted.Surfae elastiity measurementsFirst, it is neessary to alibrate the de�etion inverse optial lever sensitivity (InvOLS).The previous ases have involved solid substrates that are muh sti�er than the antilevers.The de�etion InvOLS an thus be simply alibrated by �nding the slope of de�etion vs.ZSensor one the surfaes are in ontat. In the present ase the antilever and bubblean have similar sti�nesses so that the alibration must be done separately, before orafter the fore measurements, by pressing the partile against a rigid surfae. The AFMphotodiode voltage was onverted to antilever de�etion using the detetor sensitivitydetermined before the experiment and then onverted into fore via eqn. 3.5.The onversion from ZSensor position to atual partile-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 surfaes the nominal separation oinides with the atual sep-aration. Then for deformable surfaes, the atual separation is the nominal separationminus the deformation
∆h = ∆X − ∆δ (3.6)An attrative fore between AFM probe and substrate auses an extension and a positivedeformation while a repulsive fore auses a negative deformation. During the measure-ments, an absolute measure of the shape hange of the bubble surfae is not known, onlythe hanges in ∆X are measured. This problem annot be resolved without measurementof atual partile-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 �ontat point� (zero ∆X ) was taken to be the point at whih the linear omplianeline reahed zero fore, followed by the previous protools on deformable surfaes.78,79Before ontat, ∆X represents the separation plus the relatively small deformation ofthe bubble whih depends on the surfae fore between the probe and the bubble. Afterontat, ∆X represents only the deformation of the bubble beause the separation betweenthe probe and the bubble surfae is onsidered to be zero. In the onstant ompliane



28 Chapter 3 Experimental Setionregion, 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 optial lever sensitivity (InvOLS) against a hardsurfae and αbubble is the antilever inverse optial lever sensitivity (InvOLS) against thebubble.The bubble sti�ness an be also alulated by
kb =

Fb
δ

=
F

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

kb =
−4πγ

cos θ
2+cos θ

+ ln
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2κR2

b

× (1+cos θ)2

sin2 θ

] (3.11)whih showed the bubble sti�ness to be linearly dependent on the surfae tension γ, andlogarithmially depended on the deay length of the interation κ−1, the radius of thebubble Rb, the radius of the probe R, and the ontat angle θ.80,81A Te�on slide was leaned in onentrated nitri aid 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 Ludoxnanopartile suspensions. The bubble diameter was typially 800 µm as determined by topview light mirosopy onneted to AFM. Gas bubbles are thermodynamially unstableand tend to dissolve in water due to the Laplae pressure.82 However air bubbles aremuh more stable when existing in olloidal nanopartile suspensions, probably beausethe partiles prevent oalesene of bubbles.83 The rest parts of the measurement followedthe ases of on the solid substrates.To quantitatively study the struturing of nanopartiles, the osillatory fores are �ttedwith eqn. 2.14 as well. Based on Derjaguin approximation, the bubble whih is 800 µm
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Figure 3.4: Left: shemati representation of the AFM setup for the fore measurements.Right top: Sanning eletron mirosope image showing the silia mirosphere glued tothe end of the AFM antilever. Right bottom: View from the top showing plaement ofantilever probe right on the top entre of the air bubble surfae. The middle antilever atwhih the laser beam aligned is in the fous. The brightest part of the ring underneath isthe top entre of the bubble.in diameter an be onsidered as �at surfae.3.3.2 Small angle X-ray satteringSmall angle X-ray sattering (SAXS) is an aurate and non-destrutive analytial methodto determine the partile's struture in terms of partile size and shape. The partile sizesan be resolved in a range from 1 to 50 nm between the typial 0.1◦ and 10◦ of satteringangles. An eletron density di�erene between partiles and solvent is required to establishontrast in SAXS. Besides the interation between the inoming radiation and partiles,a detetor is also needed to reord and reonstrut sattering patterns of partiles. In thereording proess the phases of the deteted waves are lost. Beause the whole illuminatedsample volume is investigated, the average values of the struture parameters are obtainedwith SAXS. The signal amplitude sales with the square of volume of the partile Vp, thepartile number density ρ and the square of the ontrast ∆SLD2. The loser the lens is tothe objet (the larger the sattering angle), the smaller is the detail that an be resolved.Under Bragg relation is valid, the length sale probed in the experiment is related tomeasurable parameter q as
d =

2π

q
(3.12)where q = 4π

λ
sin θ, 2θ being the sattering 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



30 Chapter 3 Experimental Setion(Cu Kα, 0.1542 nm) and a line ollimation system. Sample-detetor distane was 309 mm.A �uid �ow ell with a 1 mm quartz apillary was used. For eah 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 bakground was subtrated and then thedesmearing proess was performed with used beam length and width pro�les. At the end,the struture fator was extrated out by dividing the form fator from the total intensity.The struture peak has a Lorentzian line shape, produed from a Fourier transformationon a omplex exponential funtion of g(r)∝ e−r/( 2

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

S(q) =
S0(

∆q
2

)2

(q − qmax)2 + (∆q
2

)2
+ y0 (3.13)where S0 denotes the struture 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 haraterizationSurfae tension measurementsSurfae tension is the ohesive energy present at an interfae, desribing the property of aliquid to resist external fore. The interations of a liquid moleule in the bulk are balanedby an equal attrative fore with surrounding moleules in all diretions. Moleules on thesurfae of a liquid experiene an imbalane of fores, whih is energetially unfavorable.In order to bring a moleule from bulk to the surfae, extra work is needed. This work

dW whih is proportional to the number of moleules brought to the surfae from thebulk and thus to the surfae area dA an be presented as
dW = γdA (3.14)The onstant γ is the surfae tension and has the dimension of energy per unit area (Jm−2) or fore per unit length (N m−1).The surfae tension of both the pure silia nanopartile suspensions as well as mixtures ofnanopartile suspensions and various surfatants 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 surfae tension is obtained from



3.3 Methods 31the fore needed to balane the liquid menisus before the ring is detahed from the liquidsurfae87
γ =

F

4πRring

(3.15)The experiments were performed at 25°C in a Te�on vessel (diameter of 5 m). Beforeeah measurements the vessel was equilibrated for at least 15 min.Zeta-potential measurementsZeta potential is the eletri potential di�erene between the stationary layer of �uid atthe slipping plane in the di�use double layer and the dispersion medium. Sine the zetapotential indiates the degree of repulsion between adjaent likely harged partiles, 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 eletri �eld isapplied aross the suspension. Partiles in the suspensions move toward the eletrode ofopposite harge. The frequeny shift or phase shift of an inident laser beam aused bythe moving partiles is measured as the partile mobility, and this mobility is onvertedto the zeta potential using the dispersant visosity η and dieletri permittivity ǫ in theSmoluhowski equation
UE =

ǫζ

η
(3.16)Condutivity measurementsA ondutometer �WTW series inolab pH/ond� with a ell �TrtraCon 325� was used.The ell onstant is 0.475 m−1, thus the ondutivity measurable ranges go from 0.5 µSm−1 to 2000 µS m−1. The ondutivity of samples was measured at room temperatureand onverted to the ioni strength with individual prefator for eah sized nanopartilesuspensions.3.3.4 Other methods for surfae haraterizationContat angle measurementsThe ontat angle is the angle between a liquid/vapor interfae and a solid surfae, whihis a measure of the interation aross three phases. Based on the spreading behavior of a



32 Chapter 3 Experimental Setionmedium on a solid surfae, the ontat angle an be varied from 0◦ to 180◦ aording tothe hydrophobiity of the solid surfaes. The ontat angle an be alulated by Young'sequation88 in the thermodynami equilibrium status
γLGcosθ = γSG − γSL (3.17)where θ is the ontat angle, γLG, γSG and γSL is the surfae tension of liquid-vapor,solid-vapor and solid-liquid interfae, respetively.The ontat angle of silia nanopartile and surfatant mixture solution on silion waferwas determined with dynami sessile drop method by an OCA 20 devie from Dataphysis(Germany) under ambient onditions. The liquid droplet pro�le was aptured with optialsubsystem and ontat angle was assessed diretly by measuring the angle formed betweenthe baseline of the solid surfae 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 thikness of mono- or multilayeroated on a substrate. Ellipsometry setup normally inludes �ve parts, the light soure,inident beam polarizer, the sample stage, analyzer for re�eted beam o� sample, and thedetetor. Ellipsometry measures the hange of polarization upon re�etion. This hangeis related to the sample thikness and dieletri properties. Measurements were performedwith a Multisope from Optrel GbRm (Wettstetten, Germany) in Null-Ellipsometrymode.A He-Ne laser with wavelength of 632.8 nm was used, the angle of inidene and re�etionwere set to be the same at 70°. Alignment was needed before eah measurement to makesure the re�eted beam was loated in the enter of the detetor. The omplex re�etaneratio between p-polarized (rp) and s-polarized re�eted 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, whih measures Ψ and ∆. Thedata analysis for the determination of thikness d and refrative 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 4Struturing of nanopartile suspensions on�nedbetween two smooth solid surfaesAbstratCombining olloidal-probe atomi fore mirosopy and small angle X-ray sattering, theharateristi lengths determining the struturing of nanopartile suspensions on�nedbetween two smooth solid surfaes are analyzed. Monte Carlo simulations and integralequation theory are inluded to understand the interpartile and partile-on�ning sur-fae interations. The osillation, whih indiates the layered formation of partiles, isdetermined by the dominant wavelength and orrelation length of the bulk pair orrela-tion funtion. As a onsequene, on�ned and bulk quantities display the same power-lawdependene. This indiates that, in a system treatable both by experiments and by sim-ulation, the strutural wavelength and orrelation length both in bulk and on�nementoinide. Moreover, theoretially and experimentally-derived wavelengths are in exellentquantitative agreement, while orrelation lengths are in qualitative agreement. In�uentialfators on wavelength and orrelation length are studied. The wavelength is found to be asimple onsequene of volume-e�et, saling as ρ−1/3, irrespetive of the partile size andthe ioni strength. The orrelation length, on the other hand, is found to be a funtion ofthese two parameters, ξ = R+κ−1. Both experimental and theoretial results show a pro-nouned interation amplitude and range as a result of inreasing partile onentration,partile size, and dereasing ioni strength of suspensions.4.1 IntrodutionCon�ning partiles between two solid surfaes leads to damped osillatory fores.89,90 Thiswell-known e�et is diretly related to the osillating partile density pro�le perpendiularto the surfae.15,91 The osillatory fore ours when the osillating onentration pro�leof the partiles in front of the opposing on�ning surfaes overlap. With dereasingseparation between the two on�ning surfaes, the layers of partiles are pressed outone after another, whih leads to measurable alternating repulsion and attration. Theosillatory fore thus indiates the periodi layering of on�ned partiles. The fore anstabilize the olloidal systems, sine it hampers drainage of the �lm.92,93 The osillatorywavelength represents the distane between two adjaent layers of partiles formed parallelto the on�ning surfaes. The deay length is a measure of how far partiles orrelate



34 Chapter 4 on�ned between two smooth solid surfaesto obtain periodi osillations. There exists presently several tehniques suh as thesurfae fore apparatus,91 total internal re�etion mirosopy,89 optial tweezers,94 thin�lm pressure balane,95,96 and olloidal probe atomi fore mirosopy72 to measure theosillatory fores.The �rst study of the ordering of olloidal partiles an be traed bak to the 1980's.Nikolov et al. found that thinning �lms of aqueous dispersions of polystyrene latexnanopartiles hanged thikness with regular step-wise abrupt transitions by using re-�eted light mirointerferometry.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 struturing of olloidal partiles formed inside the �lm. There are several otherpapers that have also shown that partiles tend to form periodi ordering during theapproah of on�ning surfaes by methods of thin �lm pressure balane16�18 and totalre�etometry.19,20Reently, the struturing formation has been studied by the measurement of the osillatoryfore of olloidal partiles by Pieh and Drelih et al.21�25 with olloidal probe atomi foremirosopy (CP-AFM), whih was advantageous in measuring the omplete osillatoryfore urves for various systems.21�25,30,97�101Among those mentioned studies, the osillatory wavelength of olloidal partiles was foundto depend on the bulk partile volume fration φ aording to λ ∝ φ−1/3 at relatively lowvolume fration.21,22,24,25 At su�iently high volume fration, the wavelength was foundto be lose to the e�etive partile diameter, 2(R + κ−1).23However, a preise understanding of the harateristi lengths, that is the wavelength anddeay length (orrelation length) of the osillations in relation to the orresponding bulkproperties and their dependene on the internal and external sample properties, is stillmissing.23,24In this hapter, AFM, small angle X-ray sattering (SAXS), and theoretial modelings areombined to investigate the interation in suspensions of harged silia nanopartiles andtest the validity of the DFT preditions in a real olloidal �uid. The interpartile distaneand orrelation length in bulk as obtained from SAXS are ompared to those found underon�nement as obtained from AFM. Both experimental results are ompared to the the-oretial results in the framework of Derjaguin-Laudau-Verwey-Overbeek (DLVO) theory,where the interation between two nanopartiles is desribed via a sreened Coulomb po-tential. Three di�erent-sized silia nanopartiles, with mean partile diameters of 11 nm,



4.2 Results 3516 nm and 26 nm are used. The geometri on�nement e�et on the ordering of nanopar-tiles is studied by omparing the hange of harateristi lengths. The dependene ofeah harateristi length on variation of partile size, partile onentration, and ionistrength, and their power-law are investigated. The interation strength, fore amplitudeand maximum sattering intensity, in relation to the partile onentration and partilesize, is disussed as well.4.2 Results4.2.1 E�et of on�nement and partile onentration∗In order to know the e�et of on�nement, the struturing of silia nanopartiles in bulkwas �rst determined by small angle X-ray sattering (SAXS). Fig. 4.1(a) shows the SAXSdiagram of Ludox silia nanopartile suspensions with partile diameter of 26 nm at vary-ing partile onentration. With inreasing sample onentration, the struture peakposition qmax shifts to the high q region. The grey lines in the �gure are the orrespond-ing form fator F(q) alulated using the polydisperse sphere model. It is apparent thatthe form fator does not hange with onentration, thus the struture fator an beextrated by dividing the form fator F(q) from the total intensity. Fig. 4.1(b) shows
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Figure 4.1: (a) SAXS diagrams of Ludox nanopartile suspensions with partile diameterof 26 nm at di�erent onentrations. Grey lines represent the best form fator F(q) �ttedwith polydisperse sphere model. (b) The struture fator extrated from SAXS intensity.Peaks �tted with the Lorentzian form of eqn. 3.13.
∗Similar ontent has been published in: Surviving Struture in Colloidal Suspensions Squeezed from 3Dto 2D, Sabine H. L. Klapp, Yan Zeng, Dan Qu, and Regine von Klitzing, Physial Review Letters,2008, 100, 118303



36 Chapter 4 on�ned between two smooth solid surfaesthe orresponding struture fator with �tting urve by Lorentzian equation (eqn. 3.13),from whih the quantitative values of qmax and ∆q an be obtained. As partile onen-tration inreases, the position of maximum qmax shifts to higher q values and its width
∆q inreases. Under the assumption that the Bragg relation is valid, the mean partiledistane is the reiproal of the peak position, 2π/qmax, whih dereases with inreas-ing partile onentration. In addition, 2/∆q orresponds to the deay length of pairorrelation funtion g(r), thus it an be also alled the orrelation length of the partileinteration. In this setion the investigation of the wavelength is foused, while in thenext the orrelation length is further disussed.To whih extent the bulk wavelength λb persists in the presene of on�nement is nowinvestigated. Experimental results for the osillatory fore F(h) were reorded with CP-AFM, in whih nanopartiles were on�ned between a silia miro-sphere glued on theAFM antilever and a silion wafer. Fig. 4.2 shows some examples of AFM fore versusdistane urves at varying partile onentration. For all but the highest onentrationonsidered, the data are well �tted after the �rst minimum (h > hmin) by an exponentiallydamped osillation 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 dereases andthe osillations beome more pronouned with inreasing partile onentration. At thehighest onentration (10.9 vol%) one observes a deviation from the �t funtion for the �rstmaximum (of about 1σ-2σ), indiating a di�erent spatial distribution in ultrathin �lmsof the last few layers. This di�erent distribution may be partially due to rystallizatione�ets lose to the surfaes.
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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 dedued from the struturefator. Clearly, there is good agreement between the experimental data for λf and λs.
λs is onsidered as a wavelength averaged over all partile separations, as the struturefator S(q) is the Fourier transform of the full funtion hb(r) involving all poles, whihdoes not need to oinide with theoretial bulk wavelength λb. The latter determinesthe asymptoti behavior via the leading pole (eqn. 2.19). Still, one expets these twowavelengths to be very lose to eah other. This is on�rmed by the MC results for
λb, whih oinide well with the experimental data for λs (see �g. 4.3(a)). Thus, theexperimental data for λs is onsidered as an aurate approximation of the true wavelength
λb haraterizing gb(r) in the real bulk system. Therefore, the experimental AFM andSAXS results are ompletely onsistent with the DFT predition λf = λb.50,51 Moreover,one see from �g. 4.3 that there is exellent agreement between experimental and theoretialdata for λf .
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38 Chapter 4 on�ned between two smooth solid surfaesThe very similar behavior of the wavelengths λf and λb is also re�eted by the lose valuesof the exponents b governing their power-law density dependene (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 theoretial results for the exponentsare lose to the experimental ones as well.Table 4.1: Experimental and theoretial results for the exponents b of the wavelengthsresulting from a �t aording 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�uene of salt∗The main goal in the following setion is to identify the e�et of the salt onentration, or
Isalt, on the osillatory fore and the related struturing. As a starting point, the results ofSAXS experiments in bulk system are onsidered. The strutural fators of partiles at 5.1vol% and varying salt onentrations are shown in �g. 4.4, where the peak broadening andintensity derease is observed, indiating the orrelation length ξb=2/∆q dereases withinreasing salt onentration. The mean partile distane λb=2π/qmax remains the same
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Figure 4.4: The struture fator of 26 nm sized partile suspension with varying salt on-entration at a �xed partile onentration. Solid lines are the �ts aording to Lorentzianequation 3.13.up until the point that partiles start to form aggregates at onentrations higher than
∗Similar ontent has been published in: Asymptoti struture of harged olloids between two and threedimensions: the in�uene of salt, Sabine H. L. Klapp, Stefan Grandner, Yan Zeng, and Regine vonKlitzing, Journal of Physis: Condensed Matter, 2008, 20, 494232



4.2 Results 3910−3 M (see Table 4.2). These are onsistent with the results for theoretial modelings,60where a derease of the orrelation length ξb and onstant wavelength λb with inreasingsalt onentration have been observed.Table 4.2: SAXS results for the mean partile distane λb=2π/qmax and the orrelationlength ξb=2/∆q at di�erent onentration of added NaCl and a �xed partile onentrationof 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 fration of φ= 7 vol% and �ve di�erent salt onentrations 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 fore amplitude dereasessigni�antly with inreasing salt onentration. Moreover, at a NaCl onentration of 10−2M the osillations of the fore have essentially disappeared. This is onsistent with GCMCsimulations,60 where a primary e�et of adding salt onsists of a pronouned derease inthe amplitude of the osillations and the osillations essentially vanish at Isalt ≥ 10−3 M.Similar results were obtained for on�ned polyeletrolytes solutions where the osillationswere drastially redued after adding salt well below the ioni strength indued by thepolyeletrolytes.102
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40 Chapter 4 on�ned between two smooth solid surfaeseqn. 2.14 desribes only the asymptoti behavior of the osillatory fore. That means,the breakdown of eqn. 2.14 at small h is rather expeted. In addition, the deviation fromthe �t at shorter lengths ould also be due to the relatively low spring onstant of theantilever used in the measurement ompared to the strong attrative fore aused by theexlusion of the layers of partiles, whih leads to mehanial instability in those regionsof the fore urves. Interestingly, the deviation from the asymptoti behavior at smallh beomes less pronouned with inreasing salt onentration. This behavior indiatesthat the inreased eletrostati sreening within the system lowers the surfae fores andresults in redued mehanially instability. At higher partile onentration (e.g. 10.9vol% in �g. 4.2), the inreasing of the eletrostati sreening an lower the tendeny forordering and/or rystallization next to the surfae as well. In the ase of absene ofrystallization, the optimal �tting needs to over the �rst peak of osillation instead ofthe valley for the aforementioned reason.
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Figure 4.6: Asymptoti wavelength as a funtion of the volume fration at di�erent saltonentrations 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�uene of the salt onentration 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 funtion are inluded in �g. 4.6(a). The datafrom MC approah have the same values as in �g. 4.6(b) and they are rarely in�uenedby salt onentration, therefore only one representative plot at Isalt = 10−5 M is shown.Experimental CP-AFM results for λf as a funtion of the partile volume fration and foursalt onentrations are plotted in �g. 4.6(b). Also shown are (GC)MC data for λf whih,as explained above, is equal to the leading bulk wavelength λb haraterizing the MC bulkorrelation funtions. This is onsistent with the DFT preditions51 and also with the



4.2 Results 41previous �ndings of partiles at zero Isalt in Setion 4.2.1. Eah of the approahes (CP-AFM, MC, HNC) onsistently predits that variation of the salt onentration has only avery small e�et on the atual value of λ, the di�erenes between Isalt from 10−5 to 10−3M are essentially negligible. Moreover, �g. 4.6 shows that there is exellent agreementbetween SAXS and HNC/MC data for λb and AFM and (GC)MC simulation data for
λf .In addition, all approahes yield lose results indiate λf = λb and predit a power-lawbehavior of the wavelength aording to λ = aφ−b with b ≈ 1/3, orresponding to anisotropi struturing. Thus, although the system is on�ned and haraterized by layerformation (i.e. translational symmetry is broken), the average interpartile distane alongthe diretion normal to the surfae remains the same as that in the isotropi bulk phase.Followed, the asymptoti orrelation (deay) lengths, ξ, both in on�nement and in bulkare addressed. ξ is a measure of the range over whih partiles in one region are orrelatedwith those in another region. A smaller ξ indiates a smaller interation distane, whihorresponds to a less ordered struture. Fig. 4.7 shows the omparison of ξf , of AFMfore urves have been �tted with eqn. 2.14, and ξb = 2/∆q of SAXS struture fatorshave been �tted with Lorentzian equation (eqn. 3.13). An exellent agreement betweenexperimental ξf and ξb is shown. The fat that the osillation deay length is equal tothe range of positional orrelations extrated from the SAXS peak width, suggests thatthe fore deay is indeed mainly aused by the loss of positional orrelations.
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42 Chapter 4 on�ned between two smooth solid surfaesin mind, the HNC and GCMC results for ξb and ξf , respetively, as a funtion of thevolume fration at di�erent Isalt, in addition to experimental ξb and ξf are inluded 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 approahes predit a signi�antin�uene of the salt onentration on the orrelation length as long as the volume frationis not too large, that is, φ ≤ 10 vol%. For smaller volume frations, adding salt at a�xed silia onentration yields a pronouned derease of ξ. This an be explained bysimple sreening arguments. For I ≥ 10−4 M, ξ inreases monotonially with φ in therange of volume frations onsidered. These strongly sreened systems behave more likesystems with hard repulsive potentials (i.e. hard spheres) where the range of osillatoryorrelations (and thus, ξ) just inreases with φ. On the other hand, for Isalt ≤ 10−4 M, aderease of ξ is observed. This behavior may be interpreted as follows: for small valuesof Isalt and φ, inreasing the silia onentration has a similar e�et to adding salt sineboth yield an inrease of the inverse Debye length κ and thus the sreening. This leads,in turn, to a damping of osillations and the related surfae properties. It is worth tomention that at larger φ does the system with low salt behave again like a �hard-sphere�,in that ξ inreases with φ. These trends of the orrelation length are predited both byHNC theory and the MC data at φ > 10 vol%.60
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4.2 Results 43parison to the simulated ones.60 Aording to DFT, the di�erent �uid-wall potential inexperiments and theory should not have any e�et 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 theoretialresults.Although HNC diretly alulated the orrelation funtions from integral equations itontained several approximations whih might ause the di�erenes to the experimentalresults. Partiularly in the theoretial GCMC data, there is learly some unertaintyregarding the separation h where the asymptoti behavior atually sets in, the determi-nation of the deay length ξf in eqn. 2.21 su�ered from big unertainties, whereas thewavelength λf yielded good agreement with the experimental results (see �g. 4.6). The�tting proedure of the orrelation funtion using eqn. 2.21 is only valid for the asymp-toti range, i.e. for large distanes. Choosing a �t range starting after several osillationsshould yield better agreement between simulation and theoretial alulation. However,due to statistial errors of the simulations, the �tting proedure yielded erroneous resultsat large h sine the amplitudes of f̃(h) beame very small at the bulk onentrationsonsidered. Hene, the limited distane range to �t f̃(h) yielded unertainties in ξ. Thesame unertainty was be found using eqn. 2.19 for the MC orrelation length ξb. However,sine HNC results yield better agreement with the experimental ones, MC data for bulkorrelation length ξb is not inluded in �g. 4.8(a).Nevertheless, the qualitative behavior of ξ, depending on the salt ioni strength Isalt andthe partile onentration, was not a�eted by the �tting range. Further investigations ofthe orrelation length and its other dependene will be disussed in the next setion.4.2.3 Impat of partile size∗†The main goal in this setion is to identify the e�et of partile size (and the resultingtotal partile surfae harge Z ∝ σ2) on the strutural fores in slit-pore on�nement.Three types of olloidal suspensions, named TMA 34, HS 40, and SM 30, omposed ofharged silia nanopartiles with di�erent diameters σ were used. The partile sizes were
∗Similar ontent has been published in: E�et of partile size and Debye length on order parameters ofolloidal silia 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 silia suspensions as model materials for liquids inon�ned geometries, Sabine H. L. Klapp, Stefan Grandner, Yan Zeng, and Regine von Klitzing, Softmatter, 2010, 6, 2330-2336



44 Chapter 4 on�ned between two smooth solid surfaes

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 sanning eletron mirosopy (SEM) and by small angle X-ray sattering(SAXS). The ζ-potential was determined by eletrokineti measurements at the sameonditions employed in the AFM experiments. The orresponding partile diameters, zetapotentials, and total surfae harge Z (see Setion 2.2.1) are summarized in Table 4.3.Table 4.3: Experimental results for the partile diameters σ, ζ-potentials, and totalsurfae harge Z of the Ludox partiles 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 sanning eletron mirosopy images are shown in �g. 4.9. The images show that allthree types of partiles are highly spherial and haraterized by a relatively small sizedistribution. A highly mono-dispersed system is neessary in order to determine the e�etof partile size preisely, beause the wavelength of a polydisperse system results from allontributions of partiles with various sizes.21SAXS diagrams are shown in �g. 4.10. Through �tting the form fator, partile size anbe obtained, shown in Table 4.3. Furthermore one an observe, with inreasing sampleonentration, the struture peak position shifts to the high q region. The struture fatorwas extrated by dividing the form fator F(q) from the total intensity. The orrespondingstruture fator for all three series of Ludox samples is shown in �g. 4.11, with �tting urveby Lorentzian equation (eqn. 3.13), from whih the quantitative values of qmax and ∆qan be obtained. As partile onentration inreases, or partile size dereases at a givenpartile onentration, the position of maximum qmax shifts to higher q values and itswidth ∆q inreases. The orrelation length 2/∆q is reminisent of the deay length ofthe osillatory fore measured by AFM under slit-pore on�nement. The mean partile
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Figure 4.10: SAXS diagrams of Ludox nanopartile suspensions of three di�erent partilesizes, (a) 26 nm (b) 16 nm and () 11 nm, at varying partile volume frations. Greylines represent the best form fator F(q) �tted with polydisperse sphere model.
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Figure 4.11: The extrated struture fators of (a) 26 nm (b) 16 nm and () 11 nm sizedpartile suspensions. Peaks are �tted to the Lorentzian form of eqn. 3.13 to obtain thequantitative values of qmax and ∆q.distane is the reiproal of the peak position, 2π/qmax, and an be ompared to thewavelength of the osillation from AFM measurements.Fig. 4.12 shows some examples of AFM fore versus distane urves for Ludox siliananopartile suspensions with partile diameters of 11 nm, 16 nm and 26 nm, respetively,at varying partile onentration. All urves in �g. 4.12 exhibit osillations indiatinglayer formation of the partiles. In general, as desribed in previous setions, for thesamples at a given partile size at higher onentrations, the fore amplitude was morepronouned and the fore range was larger, indiating a stronger interation and morelayers of partiles. The wavelength of osillation dereased with partile onentration inthe meantime, whih indiated that the layer-to-layer distane beame smaller. The mostprominent e�et of varying partile size onsists of a derease in the wavelength λf ofthe osillations upon dereasing σ. This hange in λf on�rms the idea that the partilediameter is an important length sale in the problem. A derease in the amplitude of the



4.2 Results 47osillations, whih beame partiularly apparent for the smaller partiles, is also observed.To quantify these e�ets and obtain quantitative values of λf , ξf and A, the urves (seesolid lines in �g. 4.12) are �tted aording to eqn. 2.14.
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Figure 4.12: AFM fore urves of three series of Ludox nanopartile suspensions, (a) 26nm (b) 16 nm and () 11 nm, under slit-pore on�nement. For better viewing, the urvesare o�set vertially. Solid lines are the orresponding urves �tted by eqn. 2.14.The experimental results for λf at di�erent volume frations are summarized in �g. 4.13,where inludes the GCMC simulated results of theoretial λf for omparison. In GCMCsimulations, negatively harged partiles with σ = 26 nm and 16 nm are onsidered. Z =

35 is set for the larger partiles and the total harge of the smaller partiles with σ = 16nm is set to Z = 13. The smallest partiles with σ = 11 nm (orresponding to Z ≈ 6) arenot taken into aount in the simulations, sine the resulting DLVO repulsion is too smallto generate detetable fore osillations at the volume frations of interest. All GCMCsimulations have been arried out with two di�erent salt onentrations (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 impat of the partile sizeon the wavelength of the osillations, in agreement with the experimental results. Thisquantitative onsisteny underlines the validity of the DLVO-based model not only forTMA-34 partiles (σ=26 nm, Z = 35), whih were studied earlier, but also for otherpartiles sizes.
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Figure 4.13: Asymptoti wavelengths for two partile sizes as a funtion of the volumefration from GCMC simulation (on�nement) at two salt onentrations and from AFMexperiments.Table 4.4: GCMC results for the exponents b of the wavelengths resulting from a �taording 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 extrated 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 preise determination of λfat this small partile size is rather di�ult, sine the osillations in f(h) deay extremelyfast.103 Thus, it is hard to identify the �asymptoti� range relevant for whih eqn. 2.21should hold. Nevertheless, even with these slight deviations, one an onlude that theGCMC data on�rms the idea of a bulk-like saling (b ≈ 1/3) of the wavelength withinthe range of volume frations onsidered.Even without a more detailed analysis one observes from the struture fators an inreaseof the peak width in �g. 4.11 and from the fore urves in �g. 4.12 an inrease of thedamping of osillations towards its limiting value of zero, that is, in another word aderease of the orrelation length ξ with inreasing partile size. As expeted from therelation between σ and Z, the larger (and thus, more strongly oupled) partiles areharaterized by more pronouned interpartile orrelations. Sine a quantitative measureof the range of orrelations is the orrelation length, the larger partiles are haraterizedby larger orrelation lengths. This is onsistent with the theoretial results for ξ,103 where



4.3 Disussion 49MC results for the pair orrelation funtions g(r) of two bulk silia suspensions omposedof partiles with σ = 26 nm and 16 nm are inluded. For MC data, the orrelationlengths �rst derease with partile volume fration till ertain point and then inreaseagain (hard repulsive potentials as aforementioned). In addition, similar orrelation e�etsare observed in the mirosopi struture of the on�ned systems: an inrease of the size(and resulting harge) leads to both a stronger struturing in the z -diretion, and morepronouned lateral orrelations.4.3 Disussion∗4.3.1 Saling law of the interpartile distaneFig. 4.14(a) shows the omparison of λf and λb=2π/qmax in a double logarithmi sale.For all three series of Ludox samples, λf and 2π/qmax derease with partile onentrationand both values are in remarkable agreement. More preisely, as suggested by the loationof the data points in �g. 4.14(a), the funtions λ(φ) an be �tted aording 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 (geometrial) bulk saling ruleaording to whih the wavelength should behave as the mean partile distane in an ideal(random �uid-like) system, i.e., λid = φ−1/3. One an also note that, the data sets forthe three partile sizes in �g. 4.14(a) are separated in the sense that the orrespondinglines are shifted along the y-axis, i.e., the prefators a in the power law λ = aφ−b are size-dependent. This re�ets the fat (already apparent from �g. 4.12) that, at �xed volumefration φ, the absolute value of λ dereases with σ. This is due to the di�erent partilenumber densities at a given volume fration for partiles with unequal size, i.e. usingsmaller partiles lead to a larger number density at the same volume fration.Given the rather simple behavior of the funtions λ(φ), one may ask whether there is anynon-trivial impat of the partile size on the wavelength. In other words, ould one just�map� the data points for di�erent diameters σ onto eah other? To explore this question,the wavelength λ as a funtion of the partile 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 expet that
λid = aρ−1/3 with a = 1 (onsistent with the saling rule λid = φ−1/3 mentioned above).
∗Similar ontent has been published in: E�et of partile size and Debye length on order parameters ofolloidal silia 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 partiles at varying onentrations. Solid lines are the orresponding �tted urveswith saling fator of approximately -0.33. (b) The master urve of �g. 4.14(a). The solidline is the alulated ideal value of average partile distane in bulk with λid= ρ−1/3.Given that this ideal saling holds for the silia 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 interept of a = 1. From the experimental data plottedin �g. 4.14(b) one observe that the ideal saling (indiated by the solid line) is ful�lledby all series of partiles with an interept of unity. The agreement of both wavelengths
λ to the partile-size-independent ideal value indiates that the interpartile distane issolely number density dependent, not in�uened by the partile size, whether in bulk oron�nement.Table 4.5: Experimental results for the exponents b of the wavelengths resulting from a�t aording 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 stoks of suspensions,that when one uses the partile size determined from SEM, only the system TMA 34omposed of the largest partiles has an interept 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 unertainty 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 Disussion 51(see �gure aption). The �tted values for the interept 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,respetively). Thus, a nearly ideal behavior is regained by adjusting partile sizes to 26nm for TMA 34, 15 nm for HS 40, and 11 nm for SM 30, whih approah the valuesdetermined from SAXS measurements. 1 nm smaller than 16 nm determined from SAXSfor HS 40 is most likely due to the di�erent stok of suspensions were used in the twomeasurements. Thus the size determined from SAXS is more aurate to be used as themean partile sizes.

10-5 10-4
10

20

30

40

50
60
70
80

 

TMA  25nm
 HS   16nm
 SM     9nm
 ideal

 

f (n
m

)

 (nm-3)

a)

10-5 10-4

20

30

40

50
60
70
80

b)

TMA  25nm
 HS   16nm
 SM     9nm
 ideal

 (nm-3)

f (n
m

)

 

 

Figure 4.15: (a) Wavelength as a funtion of the partile number density from CP-AFMexperiments, assuming the average partile diameters from SEM given in Table 4.3. Theerror bars stem from the unertainty in the partile diameters. The dash line orrespondsto the ideal saling 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 balane) oinided with the e�etive partile diameter 2(R+κ−1), inludingthe Debye length, for olloidal samples at high onentration (above 10 vol%).14,23,104 TheAFM wavelength λf with the alulated e�etive partile diameter, 2(R+ κ−1), is hereinompared. The ontribution of the harge dissoiation from the silia nanopartile surfaesis needed to be taken into aount on the total ioni strength Itot and thus the Debye length
κ−1. There are two methods to determine or alulate the Debye length, alulate the κ−1from eqn. 2.18 with known value of the silia surfae potential (ζ-potential, see Table 4.3)or onvert from ondutivity of the suspension. Previous literature studies24 used a simpleRussell prefator, 1.6 × 10−5, whih is valid for simple eletrolytes, for onversion and



52 Chapter 4 on�ned between two smooth solid surfaesyielded smaller values of the Debye length. Here, the prefator for the present system isdetermined individually, based on the assumption of monovalent ounterions and hargeneutrality between ounterions and olloidal partiles. A relation between the measuredondutivity and ioni strength of the samples is found to be Itot = |Z|
2NAβ

×K, where β isthe slope of the plot of ondutivity versus partile number density as shown in �g. 4.16.This equation yields a prefator 1.27×10−6 to onvert ondutivity K in the unit of µSm−1 to ioni strength Itot in the unit of M for 26 nm sized partiles. The values of Debyelength κ−1
1 obtained from ondutivity measurement are listed in Table 4.6, where thealulated values κ−1

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

1 have similarvalues, whih are in the range approximately of 0.7-1.5σ for the partile onentration ofinterest.
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Figure 4.16: Condutivity K versus partile number density ρ for 26 nm sized partiles.The slope β is 2.282×10−20.It is obvious that the AFM wavelength λf is signi�antly smaller than the orrespondinge�etive partile diameter in the absene of interations between partiles, as shown in�g. 4.17. This indiates that the partiles' ounterion double layers overlapped signi�-antly in the present studied onentration range, leading to the strong eletrostati re-pulsion. In the meanwhile, the AFM results showed the ρ−1/3 saling law was valid at leastuntil 13 vol% (the maximum experimentally studied onentration) and GCMC resultsextended the validity until 30 vol%.61 Upon �tting the literature results whih laimedto be lose to the e�etive partile size, the saling law of -1/3 was still obtained.14,104Therefore, one an laim that interpartile distane is not ioni strength ontrolled and-1/3 saling law is a general desription for the distane of harged partiles in the di-retion normal to the on�ning walls, as long as the repulsive interation is su�ientlylong-ranged. It is worth to mention that this saling law is no longer valid when the



4.3 Disussion 53Table 4.6: Experimental results of ondutivity K at varying partile onentration, theorresponding ioni strength and Debye length κ−1
1 , and the previous alulated 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 1.002interation is haraterized by the hard ore of the partile, where the wavelength is thediameter of partile and not a�eted by the bulk onentration (disuss in detail in Chap-ter 7). The previous desription of 2(R + κ−1) only in some systems (depends on ionistrength of the samples) approahes the value of wavelength at high onentrations.
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54 Chapter 4 on�ned between two smooth solid surfaes4.3.3 Saling 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, exept for the initial points of 16 nmand 11 nm samples whih show deviations from the �t, mainly due to the low resolutionof small size partiles in the SAXS experiment.
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ξ = R + κ−1. These two values oinided with eah other for all sized partiles.The radius-subtrated 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 partiles, the saling law of radius-subtrated or-relation length with ioni strength is remarkably lose to -1/2. This -1/2 saling law withrespet to the ioni strength an be suggested to apply to various systems by exluding thegeometries of investigated samples. For spei� systems, the ioni strength of the solutionis attributed solely by the investigated samples, (e.g. harged olloids and polyeletrolytes
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Figure 4.19: Comparison between AFM deay 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 absene of added salts) Itot is then proportional to the sample onentration, thus-1/2 saling law of ξ-R with sample onentration  an be applied.101The onsistene of measured ξ with R+κ−1 indiates the orrelation length of the presentsystem is both partile size and ioni strength ontrolled, in ontrast to the negligible in-�uene of the partile size and ioni strength on the interpartile distane. The dereaseof the orrelation length with inrease of partile onentration an be understood as asimple sreening e�et due to inreased ioni strength assoiated with partile onentra-tion. The partile onentration a�ets the orrelation length through the ioni strengthof the total suspensions instead of through the volume sale for interpartile distane.
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56 Chapter 4 on�ned between two smooth solid surfaesTo illustrate the dependeny of theoretial orrelation length on the partile size andioni strength, �g. 4.8 is onverted into the plot of radius-subtrated deay length versustotal ioni strength shown in �g. 4.21, where a saling law of -1/2 is found for HNC andGCMC, onsisting with that of experimental ones. MC simulation (not shown in �g. 4.21)for deay length in bulk, however, yields a deviation in the saling 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 preditions may be taken as a hint for an inauray ofthe hoie of model parameters. Indeed, small deviations of model parameters may a�eta highly sensitive quantity suh as a orrelation length muh more than the rather robustwavelength values. The same observations that an be sured between experiments andmodeling are the dereasing tendeny of deay length with inreasing partile onentra-tion and partile size, and a signi�ant in�uene of the ioni strength on the deay length.Regardless of the relative smaller values obtained from the model preditions, the similarexponent, -1/2, of the saling law behavior indiates that the orrelation length is a highlysensitive quantity ontrolled by partile size and ioni strength of the system. This anbe motivated by the fat that on one hand in the low partile onentration regime therange of the orrelations is determined by the range of the interation 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 saling law is validup to partile onentrations of 10 vol%. Above this onentration, the systems behavelike those with hard repulsive potentials due to the strong sreening.
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4.3 Disussion 57Up to now, the relation of the two harateristi lengths with Debye-Huekel length anbe shematially represented in �g. 4.22. In the low partile onentration regime, theinterpartile distane is always smaller than the e�etive partile 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 partile radius and the Debye length, ξ = R + κ−1.

Figure 4.22: Shemati representation of the relation between λ, ξ and κ−1 at onen-trations onsidered in this study.4.3.4 Dependeny of the partile interation strengthBoth SAXS maximum intensity and AFM fore amplitude measure the strength of theinterations between partiles. As shown in �g. 4.23(a) and �g. 4.23(b), the maximumintensity and fore amplitude inreases linearly with partile onentration at �xed size.Analogous behavior was also found for on�ned polyeletrolytes solutions where the am-plitude inreased with inreasing onentration and polymer harge density due to higheroverall harge.101 For larger-sized partiles, the inrease in the interation strength wasmore pronouned. The ratio of the slopes of the maximum sattering intensity versuspartile number density in �g. 4.23(a) equals to the ratio of the partile size with powerlaw of six, σ6, indiating that sattering intensity is proportional to the produt of partilenumber density and square of the partile volume due to sattering mehanism (Imax ∝ ρ

×V 3
p ). The ratio of the slopes of the fore amplitude urves in �g. 4.23(b) is equivalent tothe ratio of the square of the total harge of the partile Z2 (Z = 35, 13, and 6 for 26 nm,16 nm and 11 nm sized partile, respetively), indiating that the interation betweenpartiles is eletrostati repulsion dominated and partile surfae harge in�uened (seeeqn. 2.15). Previously, one observed that the inrease in partile onentration led to aninrease in amplitude while the assoiated inrease in ounterion onentration led to a



58 Chapter 4 on�ned between two smooth solid surfaesderease in amplitude (�g. 4.2 and �g. 4.5). The SAXS measurements also showed that,at a given partile onentration, inreasing salt onentration aused a redued inten-sity (�g. 4.4). However, the linearly inreasing amplitude with no observed maximum in�g. 4.23(b) indiates that the e�et of partile harge dominates the ounterion e�et inthis study.

0.0 5.0x10-5 1.0x10-4 1.5x10-4
0

1000

2000

3000

4000

5000

6000

7000
a)

slope ~ 2

slope ~ 14

 

 

 

 
I m

ax
 (a

.u
.)

 (nm-3)

 26nm 
 16nm
 11nm

slope ~ 276

0 5 10 15
0.00

0.05

0.10

0.15

0.20

0.25

0.30 b)

 26nm 
 16nm
 11nm

slope ~ 6

slope ~ 26

slope ~ 210

 

 

A
 (m

N
/m

)

 (%)Figure 4.23: (a) SAXS maximal intensity versus partile number density. Slope ratio276: 14: 2 is similar to the square of partile's volume 266: 166: 116. (b) AFM foreamplitude versus partile onentration. Slope ratio 210: 26: 6 is similar to the ratio ofsquare of eah surfae harge 352: 132: 62.There is no diret way to ompare the maximum intensity from SAXS with the foreamplitude from AFM in order to know how the interation strength hanges in a on�nedsystem. The in�uene of on�ning surfae potential on the struturing of partiles is goingto be disussed in the next hapter.4.3.5 E�et of on�nementSo far, the agreement between ξ - 2/∆q and λ - 2π/qmax indiates average interpartiledistane and orrelation length in the diretion perpendiular to the on�ning surfaesorrelated well with the bulk ones. No on�nement e�et in terms of the average in-terpartile distane and orrelation length was observed at the partile onentrationonsidered. The question then is whether there is an e�et of on�nement on anothersale. The ourrene of an osillatory fore itself is a on�nement e�et, whih is ausedby the osillatory density pro�les of partiles in on�nement and represented as layers ofpartiles with varying partile densities formed parallel to the on�ning surfaes. Thison�nement indues layering of nanopartiles, in the viinity of the on�ning surfaes,



4.4 Conlusion 59indiating that the translational symmetry of the bulk system is broken.15,90 At partileonentration below 10 vol%, the partiles within the layers are �uid-like as in bulk andthe asymptoti range is valid until to the �rst minimum. This �uid-like in-plane strutur-ing was also addressed by previous experimental and theoretial studies at low partileonentrations.106�108 Those previous studies also showed that a higher ordering startedto form within the ontat layer as partile onentration further inreased and the fullosillation deviated from the exp()×os() asymptoti behavior. This is on�rmed by thepresent results on 26 nm sized partiles at onentration of 10.9 vol% (shown in �g. 4.2).4.4 ConlusionThe dominating wavelengths of the osillations in harateristi bulk orrelation funtionsand on�ned harged silia solutions are found to be in exellent agreement with eahother, λf=λb, both from experimental (AFM, SAXS) and theoretial (MC/GCMC, HNC)point of view. The experimental wavelengths are reprodued very well by theoretialalulations based on the DLVO interation potential. Stritly speaking, the latter is ane�etive potential derived for bulk systems with spherial ounterion distribution. Clearly,this will hange in a nanosopi system where many partiles are lose to an interfae(where image harge e�ets may also play a role).109�111 From that point of view, thegood performane of the bulk alulations in the on�nement and the agreement betweentwo experimental results indiates that the on�nement-indued hanges of the wavelengthare irrelevant for the quantities onsidered.At a �xed partile number density the wavelength of the osillations turns out to beindependent of the partile size, the surfae harge of the partiles, and ioni strength ofthe suspensions. Regarding the partile number density dependene of the wavelength,the experimental results reveal an �ideal� saling behavior desribed by λ = ρ−1/3 withinthe error of the wavelength determined from �ts and the error aused by the determinationof the partile diameter. This ideal saling indiates that the wavelength of the on�ned,layered systems behaves like the average partile distane in an isotropi bulk system.Theory modeling yields very similar results as the experimental ones.Of ourse, the osillatory fore is a onsequene of the on�nement, meaning the transla-tional symmetry is broken. The wavelength λf onsidered in this study is assoiated withthe density distribution perpendiular to the walls, and one has seen that this wavelengthstrongly and solely depends on the partile number density ρ. Clearly, one would also



60 Chapter 4 on�ned between two smooth solid surfaesexpet an inrease of lateral order with ρ, inluding the possibility of wall-indued rystal-lization. Hints for suh behavior were already observed in X-ray experiments112 and alsoin the present study via a deviation of the measured fore F(h) from simple osillatorybehavior in ultrathin �lms at high partile volume fration.In ontrast to the wavelength, the dominating orrelation length of the osillations hasbeen found to be not only dependent on the partile number density but also on thepartile size and the ioni strength of the suspensions. The inrease of the partile on-entration, orresponding inrease in the ioni strength, and the derease of partile sizelead to the derease of the orrelation length. The relation between the orrelation lengthand Debye sreening length an be proposed as ξ = R + κ−1, meaning the orrelationlength is both partile size and ioni strength ontrolled. Theoretial models provide aqualitative agreement with experiments on the orrelation length: the dependeny of or-relation length on the partile size and Debye length has been proven, while the di�erenein the absolute value between theoretial and experimental results exists in all modelingdue to some unertainties regarding the hoie of model parameters. That ξf and ξb areequal has also been found by AFM and SAXS and is onsistent with the predition fromDFT.51Both experiment and simulations indiate that inrease of partile size/harge leads toboth a pronouned inrease of the amplitude and the range of the interation. The AFMfore amplitude is proportional to the produt of partile volume fration and square ofthe partile surfae harge, indiating that the partile harge exerts a strong e�et on theamplitude beause the partile-partile interation is dominated by eletrostati repulsion.The SAXS maximum intensity is proportional to the produt of partile number densityand the square of partile volume, due to the sattering mehanism.
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Chapter 5Struturing of nanopartiles between modi�ed solidsurfaes
AbstratIn order to investigate the e�et of on�ning surfaes on the struturing of nanopartilesin between, on�ning surfae is modi�ed by either attahing a mia sheet on the siliasubstrate or physially adsorbing polyeletrolytes on silia surfaes with layer-by-layertehnique. In the �rst ase, only the surfae potential (or surfae harge) is tuned. AFMfore measurements show an enhaned amplitude in osillatory fores while the wavelengthand orrelation length remain onstant with inreasing on�ning surfae potential. Thisis an outome of redued partile-wall interation range, due to the fat that the hargedwalls release additional ounterions aumulated in a thin layer at the wall surfaes andontributed to the Debye length of partile-wall interation. As a onsequene, morepartiles an be aumulated inside the slit. In the seond ase, the e�et of layer-by-layer modi�ation on the surfae potential and the surfae roughness are also studied.Experimental �ndings reveal that for PAH/PSS multilayer the surfae potential does nothange with inreasing number of layers nor with inreasing ioni strength of the solution,thus the orresponding redution in the osillatory amplitude orrelates with the inreasein the surfae roughness. The in�uene of the surfae roughness is additive, whih isshown by the additional redution in fore amplitude between two assembled surfaesin omparison to only one surfaes assembled with polyeletrolytes. Inreasing surfaeroughness further indues a vanishing of the osillations.5.1 IntrodutionTypially, strutural fore of on�ned nanopartiles has a damped osillatory harater asa funtion of the surfae separation,91,95 re�eting the osillatory density pro�le, signifyingthe formation of layers of nanopartiles parallel to the surfaes. In the previous hapter,the asymptoti behavior of the strutural fores has been demonstrated, partiularly thewavelength and deay length of the osillations at large surfae separations are governed bythe pair struture in the orresponding bulk �uid. This observation is fully onsistent withpreditions from density funtional theory (DFT),50,51 aording to whih the propertiesof the surfaes should beome irrelevant in the asymptoti limit. On the other hand, DFT



64 Chapter 5 E�et of on�ning surfae potential and roughnessalso predits that the surfae properties (or, more spei�ally, the interation between aharged partile and a surfae) do in�uene the amplitude and phase of the osillations.The properties of the surfae are studied in two aspets in this hapter: the surfaepotential and the surfae roughness. The surfae potential is modi�ed by depositing anegatively-harged mia sheet on top of a silion wafer. To understand the mehanisms ofthe hange in struturing after modifying the surfae potential, a grand-anonial MonteCarlo simulation (GCMC) involving on�ned silia partiles, whih interat via the DLVOpotential, is inluded.62 The GCMC results only involving silia ions turn out to be highlysensitive with respet to the atual model for the interation between a silia partileand the surfae(s). In partiular, the simulated observations are not reprodued evenqualitatively and predits an opposite behavior as the experimentally observed one whenthe simplest version of linearized Poisson-Boltzmann (PB) theory64,113 is employed, wherethe exponential deay of the potential is determined by the bulk Debye sreening lengthand the wall potential only omes into play through a prefator.To solve this ontradition, a modi�ed �uid-wall (partile-on�ning surfae) potential isintrodued, starting from a PB-like theory for a olloidal suspension next to one hargedsurfae.114 The modi�ation onsists of supplementing the bulk Debye sreening lengthappearing in the simplest approah 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 sreening 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 intoaount, whih yields a partile-wall sreening length whih depends both on the wallounterions (or equivalently, the wall harge) and on the distane between partile andwall. The full �uid-wall potential from the two harged surfaes is then onstruted bylinear superposition (LSA). The resulting potential is still purely repulsive, but displaysa non-monotoni behavior as a funtion of the wall potential with respet to the degreeand range of repulsion. In partiular, within the experimentally relevant range of surfaepotentials, the GCMC results with the new �uid-wall potential model is in qualitativeagreement with the experiments.The surfae roughness is tuned by physisorption of polyeletrolytes onto the silia sub-strate. The onseutive adsorption of oppositely harged polyeletrolytes has been in-trodued by Deher et al..69 This so-alled layer-by-layer oating is possible beause, formany polyeletrolytes, physisorption onto a harged surfae is irreversible and results insurfae harge reversal.118 Thus, after the �rst adsorption step the surfae an again serveas a substrate for the adsorption of an oppositely harged polyeletrolyte and so on until



5.2 Results and disussion 65the desired number of layers is adsorbed. The main features are that the thikness ofadsorbed polyeletrolyte layers an be easily ontrolled in the nanometer range by thenumbers of layers or by the ioni strength119�121 and the marosopi properties an beontrolled by the type of the polyeletrolytes. The layer-by-layer tehnique is not onlyapplied to �at substrates but also to olloidal probes in this study.Aording to the previous studies on liquid moleules by surfae fore apparatus (SFA),the roughness of the on�ning surfaes is just as important as the nature of the partilesfor determining the osillatory fores.36 For surfaes that are randomly rough, the osil-latory fore pro�le beomes smoothed out and disappears altogether, to be replaed by apurely monotoni fore pro�le.122 This ours even if the liquid moleules themselves areperfetly apable of ordering into layers. Despite ertain appliations of CP-AFM wereused in studying the interation between surfaes oated with polyeletrolyte multilayersin aqueous medium,123,124 the investigation of osillatory fores due to olloidal partileordering between two polyeletrolyte oated surfaes is sare. Thus, the orrelation be-tween the amplitude of the osillatory fore pro�le of partiles and the roughness of theon�ning surfaes is investigated in this hapter.5.2 Results and disussion5.2.1 Potential of on�ning surfaeIn the fore experiments two types of substrates are onsidered: (i) a silion wafer witha native silia (SiO2) top layer, and (ii) a freshly leaved mia sheet deposited on topof a silion wafer. The orresponding surfae potentials are ψS ≈ −80 mV for silia and
ψS ≈ −160 mV for mia, respetively. The CP-AFM results for the fore-distane urvesof 26 nm sized silia partile suspensions, F (h), involving two di�erent (silia and mia)surfaes are presented in �g. 5.1. One immediately sees that the larger (absolute) surfaepotential related to the mia surfae leads to a pronouned enhanement of the osilla-tions as ompared to the silia surfae. To quantify the e�et fore urves have been�tted aording 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) mia surfae is nearly twie as large as that for silia. On the
∗Similar ontent has been published in: Impat of surfae harges on the solvation fores in on�nedolloidal solutions, Stefan Grandner, Yan Zeng, Regine von Klitzing, and Sabine H. L. Klapp, TheJournal of Chemial Physis, 2009, 131, 154702
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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 osillations remain essen-tially una�eted. Similar results were previously observed for on�ned polyeletrolytes.125From a oneptual perspetive, the onstant behavior of λ and ξ suggests that the har-ateristi lengths are determined rather by the pair struture among the partiles thanby their interation with the wall. Indeed, the experimental observation that the surfaepotential in�uenes the amplitude but not the harateristi lengths are fully onsistentwith rigorous preditions from DFT.51Clearly, suh an enhanement in osillation amplitude an arise due to various meha-nisms, inluding the possibility that more partiles move from the onneted bulk reservoirinto the slit. Indeed, suh a situation has reently been observed in an investigation ofharged olloids in a harged wedge,117 where the olloids turn out to aumulate in theusp due to a loalized, attrative region in the interation potential between a olloid andthe walls. Another possible explanation for the present observation is that the inrease of



5.2 Results and disussion 67wall potential strongly enhanes the Coulomb repulsion between the silia partiles andthe like-harged wall, leading to a stronger layering of partiles inside of the slit.To understand the underlying mehanisms, a grand-anonial Monte Carlo simulation ofa oarse-grained model involving on�ned silia partiles, whih interat via the DLVOpotential, is inluded as well.62 Firstly, the GCMC simulation results based on the sim-plest model for the �uid-wall interation whih neglets the e�et of wall ounterions onthe sreening are brie�y onsidered (eqn. 2.23). Corresponding numerial data for thenormalized normal pressure f(Lz) = Pzz − Pb as a funtion of the wall separation Lz(same as h used in the AFM fore urves) and the (negative) surfae potential ψS arepresented in �g. 5.2.
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68 Chapter 5 E�et of on�ning surfae potential and roughnessHaving in mind these (obviously wrong) preditions, the orresponding GCMC resultsbased on a new �uid-wall potential, uFS(z) (eqn. 2.26) is onsidered in �g. 5.3, wherethe sreening parameter depends on ψS and is spae-dependent. This is motivated bythe release of additional (wall) ounterions whih aumulate at the walls (eqn. 2.25).Clearly, the dependene of the funtions f(Lz) and ρ̄(Lz) on ψS is non-monotoni. Theextrated parameters, Pmax (height of the �rst maximum), θf (phase), λf (wavelength),and ξf (deay length) as a funtions of ψS were listed in the orresponding paper62 upon�tting the urves with eqn. 2.21.
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Pmax inrease. 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 inrease of the maximum of the orresponding fore-distane 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 reprodue, on a qualitative level, theharge-indued enhanement of the osillations observed in the CP-AFM experiments.The potential e�ets on the solvation pressure are mirrored by orresponding e�ets on



5.2 Results and disussion 69the mean density ρ̄(Lz) of the silia partiles, whih is plotted in �g. 5.3(b). In partiular,within the experimentally relevant range of 80 mV ≤ |ψS| ≤ 160 mV, the density at a �xedseparation Lz inreases with |ψS|, whih is onsistent with the enhanement of pressureosillations. This enhanement of the mean partile density reveal that more partilesmove into the slit with inreasing the surfae potential. This is due to the orrespondingderease in the range of partile-wall interation, resulting from the additional ontribu-tion of the wall-ounterions into the Debye length. At a given wall separation, the shorterthe partile-wall interation range the more layers of partiles an �t into the slit.The hanges in Pmax and Fmax with ψS are aompanied 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, whih is the separation between the ontat layer ofpartiles and the wall. The derease of θf for |ψS| ≥ 40 mV is interpreted as a onsequeneof the orresponding derease in the range of uFS(z). The less the partile-wall interationrange 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 aurate values for this quantity (i.e., the large error bars).Nevertheless ξf is judged to remain essentially una�eted as well. This is indeed what onewould expet based on theoretial arguments: aording to DFT, the preise nature of�uid-wall interations does in�uene the amplitude and phase of the (asymptoti) pressureosillations, but not their wavelength and deay length.515.2.2 Roughness of the on�ning surfaeMultilayer haraterizationTo investigate the e�et of roughness of on�ning surfaes on the ordering of partiles,the silia substrates and silia probes were modi�ed by physisorption of two oppositelyharged polyeletrolytes one by one, e.g., PAH and PSS. A layer of PEI was pre-adsorbedonto the silia surfae for stabilizing the later adsorption.124 Polyeletrolyte onentrationwas kept at 10−2 monoM.In order to make sure that eah polyeletrolyte had been adsorbed suessfully on thesurfae, ellipsometry measurements were made to haraterize the �lm thikness grownon the substrates. The Zeta-potential measurements were used for determining the sur-fae potential of AFM silia probes. Fig. 5.4 shows a regular growth of the thikness of
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Figure 5.6: The approahing part of a normalized fore urve between two non-adsorbedsilia surfaes in Milli-Q water. The best �t at onstant surfae potential (solid line) andonstant surfae harge (dotted line) are shown.Generally, �tting with onstant surfae harge or surfae potential is in good agreementwith experimental fore at larger separations and deviates only at relatively small dis-tanes. The presented experimental fore urves lie between these two �tting urves atsmall distanes and are better approximated by the onstant surfae harge model. It isobvious that the surfae potential, or the surfae harge, hanges hardly with inreasingnumber of PAH/PSS multilayer on silia substrates. The average value of surfae 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 surfae harges was around 2.0mC m−2. No signi�ant di�erene has been found between the values obtained from purerepulsion urves and weak adhesion urves. The alulated surfae potential agrees with



72 Chapter 5 E�et of on�ning surfae potential and roughnessthe zeta-potential study on silia miro-spheres. The omparison of the surfae potentialsextrated 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 presene of 0.1 M NaCl during assemblyand on one layer of PAA and HA assembled substrates. The surfae potential of PAH/PSSwith 0.1 M NaCl shows no signi�ant di�erene in omparison to the salt-free ase. Theaverage value is -44 mV and stays onstant with inreasing number of layers.123 The al-ulated surfae potentials of PAA and HA are -40 mV131 and -42 mV,132,133 respetively,similar to the surfae potential of PSS. The surfae potentials determined from the DLVOanalysis on varies polyeletrolyte oated surfaes are summarize in Table 5.2.
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5.2 Results and disussion 73at eah spot and 100 urves in total on a single surfae. Three main types of surfaefore pro�les were observed between on�ning surfaes, based on the number of layers ab-sorbed on the surfaes. Fig. 5.8(a) demonstrates the pure repulsion type, in whih bothapproah and retration branhes show only repulsion between the probe and substratesurfae. In �g. 5.8(b), a weak adhesion appears in the retration branh, while the ap-proah part remains repulsive. In the third type, a weak attration or no repulsion in theapproah branh an also be observed in addition to an adhesion in the retration branh(�g. 5.8()). The reversible transition between pure repulsion type to weak adhesion typean our 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 fore 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 oasionally and it is irreversible to transfer to other two types. It is onlypossible for the samples whih show strong attration to restore the repulsive behaviorupon re-dipping the substrates and/or probe into the last adsorbed polyion solution.The seond type of fore urves present the same repulsive behavior in the approahas the pure repulsive ones and these two types of fore urves an oexist in the sameexperiment. This indiates that the orresponding polyeletrolytes do not detah from thesurfae. If some polyeletrolyte hains transferred from one surfae to the other, a partialharge reversal would be expeted, resulting in a onsequent redution or annihilation ofthe repulsive fore. The surfae potential determination shows that there is no signi�antdi�erene between the values obtained from pure repulsion urves and weak adhesionurves, whih proves that the surfae harge remains onstant and no detahment ours.The observed weak adhesion upon retration therefore does not have an eletrostatiorigin. Instead, weak adhesion seems to arise when adsorbed polyeletrolyte hains fromthe opposing surfaes get entangled. The adhesion takes plae in the retration branh,due to the detahment of the probe from the substrate and to the bridging and extensionof the aompanied polyeletrolyte hains.In the third type, weak attration or no repulsion on the approah branh and the nospontaneous transition to a repulsive type has been observed. This indiates that a partialharge reversal indeed ours on the surfaes. This type of fore urve is mostly due tothe detahment of polyeletrolyte from one surfae to other or the inomplete overage ofthe surfaes, whih results in a strong interation of the polyation on one surfae withthe polyion on the opposing one, at a partial region. This detahment or inompleteoverage mehanism is on�rmed by the fat that this type of fore only appears for �rstfew layer adsorbed surfaes and disappears upon inreasing the number of layers. For



74 Chapter 5 E�et of on�ning surfae potential and roughnesssurfae potential determination, the approahing branh of the pure repulsive and weakadhesive type of fore urves should be used, in order to avoid the partial surfae hargereversal due to the polyeletrolyte's detahment.(a) First type: pure repulsion
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Figure 5.9: The normalized fore urves of 4.0 vol% of 26 nm nanopartile suspensionson�ned between a non-oated AFM silia probe and a polyeletrolyte layer-by-layer ad-sorbed silia substrate. N represents the number of polyeletrolyte layers inluding the �rstPEI layer.Adding salt to polyeletrolyte solution during the multilayer assembling an result in astrong sreening of the segment harge on the polyeletrolyte hain and thus ause a oilonformation of the omplexes.119�121,134 Fig. 5.10 shows the omparison of fore urvesof 4.0 vol% of 26 nm silia partile suspensions, both in the presene and absene ofsalt during preparation. The osillation 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 osillation 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 osillation on the substrate adsorbedwith same number of layers in absene of salt during the preparation.
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76 Chapter 5 E�et of on�ning surfae potential and roughnesssurfae, the silia probe, with PAH/PSS multilayer. The additional in�uene of oatingother on�ning surfae on the fore pro�les of 4.0 vol% of 26 nm silia partile suspensionsis shown in �g. 5.11, where the osillatory fores between a non-oated silia probe andpolyeletrolyte adsorbed substrates are ompared with the fores between both polyele-trolyte adsorbed surfaes. It is obvious that the extra adsorption on the other surfaeleads to a further redution in the osillation amplitude. The osillation vanishes fasterthan the ase in whih just one surfae has been modi�ed.
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80

60

40

20

0

-20

F
/R

 (
µ

N
/m

)

4003002001000

h (nm)

 PAA
 HA
 Si
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5.2 Results and disussion 77Fore amplitude orrelation to surfae roughnessUp to now, amplitude-redued osillations ourred in four ases: inreasing the numberof PAH/PSS multilayer, inreasing ioni strength during assembly, by replaing the baresilia 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 fators thatmight ause the redued amplitude in the above ases: the hange of surfae potentialand surfae roughness.Based on the results of unhanged surfae potential in those above ases, one an ex-lude the surfae potential as dominant fator in these studies. Another reason of thefore damping and phase shift in the PAH/PSS system might be the surfae roughness.Therefore, the hange of surfae roughness is further analyzed from tapping-mode AFMimages in aqueous medium at eah step with PSS forming the outermost layer. The heightmode of AFM images of PAH/PSS-adsorbed substrates immersed in Milli-Q water withsan size 2.5 µm× 2.5 µm and a vertial sale of 10 nm are shown in �g. 5.13. Withinreasing number of adsorbed layers, one an observe that the ontrast on the surfaesbeomes more signi�ant, indiating that the surfae roughness inreases. The rough-ness was alulated as a root mean square value of eah 1.0 µm× 1.0 µm box in images.The dependeny of surfae 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 andinreases to 22 Å for 10 layers of polyeletrolyte adsorbed substrates. A similar trend ofinreasing roughness with the number of multilayers up to 10 bilayers has been reportedpreviously135�137 (after 10 bilayers, the surfae smoothed out or was healed by polyele-trolytes, sine the steady-state surfae topography depends on the intrinsi morphologyof the polyeletrolytes and not on the topography of the substrate69). The derease in theamplitude of the osillation thus an be orrelated with the inrease in surfae roughness(�g. 5.9). Above 22 Å of roughness the osillation vanished.The roughness inreases visibly with inreasing ioni strength in the polyeletrolyte sys-tem, espeially after four layers. The roughness of six layers of polyeletrolyte 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 inrease in roughness with salt onentration o-inides with the previous reports.138,139 The inreased roughness on�rms the signi�antdamping in the osillation 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-spetively. Although PAA has a similar bakbone 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�et of on�ning surfae potential and roughnesspartially ionized and onsequently the harge density is lower than that of PAH, whihhas a pKa of 8.8 and fully ionized at pH of 6.5,141 and of PSS whih 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 moleular weight ompared to PSSoutermost layer.142 HA has the lowest harge density among these polyeletrolytes. Thenominal harge distane is 10 Å ompared to 2.5 Å for PAH and PSS when they are fullyionized. Aording to the previous studies,120,121,126 harge density of the polyeletrolytesplays a very important role in the thikness and roughness of the multilayer. In general,reduing the harge density promotes a oiled polymer hain onformation. The inreasedthikness and roughness with inreasing ioni strength of the polyeletrolyte solution isalso due to the redued harge density on the polyeletrolytes hains, resulting from theharge sreening by the ounterions.119,134 The shemati presentation of the in�ueneof salt, pH, and onsequent polyeletrolyte harge density on the multilayer struture issummarized in �g. 5.15.It's interesting to note, although the polymer harge density varies from eah at the pH of6.5, the measured zeta potential and/or DLVO-analysis determined surfae potential donot show a signi�ant di�erene. This might beause that the shear plane in zeta potentialmeasurements and/or the onstant potential range used in alulation are beyond thelength sale, whih is important for observing di�erene in the surfae potentials. Even ifthere were loal di�erene in the surfae harges of the outermost layers, they would beompensated by ounterions within length sales shorter than the distane of the shearplane and/or onstant surfae potential range.The layer-by-layer tehnique an therefore e�etively tune the surfae roughness withrespet to the e�etive polymer harge. The osillation of the fore pro�le of nanopartilesvanished around the roughness threshold of 22 Å introdued by one oated on�ningsurfae. The e�et of surfae roughness is additive and ontributed by both on�ningsurfaes. This was on�rmed by the signi�ant redution in the osillation when theseond oated surfae was introdued.The vanish of the osillatory fore does not refer to the vanish of ordering of nanoparti-les in the rough pore. At surfae(s) roughness where the fore osillations were nearlyzero, grand anonial Monte Carlo simulation143 showed the density osillations due tothe ordering were still present. The hange in osillatory amplitude and phase shift withsurfae(s) roughness an be understood with the superposition approximation by assum-ing that the osillatory fore at a given position in the rough pore is similar to the foreobtained in the smooth pore whose width is equal to the rough pore width h at that loa-tion. For example, at the pore average width h orresponds to the maximum osillation
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(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 san sizes are 2.5 × 2.5 µm with a�xed vertial sale of 10 nm.
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80 Chapter 5 E�et of on�ning surfae potential and roughnessamplitude (peak), the atual osillation amplitude for rough pore is the superposition ofthe amplitude at separation ranged from hmax to hmin. This leads to a onsequent smallerosillation amplitude at this pore width and a phase shift of the osillation. The phaseshift towards a larger separation or smaller one depends on the surfae roughness as wellas the wavelength of the osillation. In this study, the osillation shifts to inrease thepore width as the roughness inreases, indiating an inreased depletion zone. At theroughness threshold, su�ient separation di�erene among the points on surfaes smearsout the osillations and the surfae fore shows a pure monotoni behavior. The broad-ening of the peaks that aompanied the fore redution might be a onsequene of theresistane to squeezing out partiles from the smallest distane between two opposingrough surfaes.143 In order to show an osillatory fore, the partiles must be able to beorrelated over a reasonably long range. This requires that both the partiles and thesurfaes have a high degree of order or symmetry, otherwise the osillation does not our.A roughness of a few nanometers was su�ient to eliminate the osillatory fore in thisstudy.

Figure 5.15: Shemati representation of the in�uene of salt, pH, and onsequent poly-eletrolyte harge density on the multilayer struture. a-b) represents the struture hangesof polyeletrolytes aused by the hange in ioni strength. a-) pH of the weak polyanionsin solution. For weak polyations, harge dereases with inreasing pH.5.3 ConlusionThe on�ning surfaes were modi�ed by attahing a mia sheet onto a silia substrateor by physially adsorbing polyeletrolytes onto silia surfaes with the layer-by-layertehnique. The enhaned surfae potential, or surfae harge in the �rst ase results inan inrease in the osillatory fore amplitude. The underlying mehanism is the fat thatmore partiles move from the onneted bulk reservoir into the slit, indiated by the grand-anonial Monte Carlo simulations with a modi�ed partile-wall potential assuming that



5.3 Conlusion 81the harged walls release additional ounterions whih aumulated in a thin layer at thesurfaes. On the other hand, the wavelength and orrelation length whih haraterize theasymptoti behavior of the osillation have been shown not to hange with the on�ningsurfae potential, both by experiment and simulation, in agreement with predition fromdensity funtional theory.In the seond ase, the wavelength and orrelation length of the osillation have also beenshown to be a�eted neither by the number of multilayers nor by the pair of the poly-eletrolytes. A redued osillatory amplitude, however, is observed with inreasing thenumber of multilayers and the ioni strength as well as the harge density of the polyele-trolyte hains. The surfae potentials of multilayers have been found not to hange withthe number of multilayers, ioni strength of the polyeletrolytes solution, or pair of poly-eletrolytes (although they hange after �rst layer regarding to the bare silia surfae), theredution in the fore amplitude thus orrelates with the onsequently inreased surfaeroughness. A few nanometer surfae roughness leads to a vanishing of the osillation dueto the additive mapping of surfae fores at eah point on the substrates with varyingseparations.



82 Chapter 5 E�et of on�ning surfae potential and roughness



Chapter 6Struturing of nanopartiles on�ned between a siliamirosphere and an air bubble∗
AbstratThis hapter ontributes to the understanding of e�ets of on�ning surfae deformabilityon the interation within thin liquid �lms of olloidal nanopartiles. The in�uene ofsurfatant on the surfae deformability and then on the struturing of the nanopartilesis investigated. The osillatory fore aused by the layering of the nanopartiles is detetedbetween the AFM mirosphere probe and an air bubble, and the osillatory wavelengththat re�ets the interlayer distane of the nanopartiles is found to sale with olloidalnanopartile onentration as φ−1/3. Under onstant experimental onditions (AFM proberadius, bubble size, Debye length and ontat angle), the bubble sti�ness is found toinrease linearly with surfae tension, while the osillatory wavelength is not a�eted bythe bubble deformability. In addition, ationi surfatant C16TAB display a di�erentbehavior on the retration part of the fore urve, in whih a pronouned adhesion foreis observed. This phenomenon might be attributed to the hydrophobi e�et aused bythe monolayer formation of ationi surfatant on the silia sphere surfae. Thus a stablethin �lm of olloidal nanopartiles is assumed to be formed between the silia mirosphereand the bubble when strong repulsive interation exists.6.1 IntrodutionIn the previous two hapters the struturing of silia nanopartiles on�ned between tworigid surfaes has been investigated. The struturing harateristi lengths, wavelengthand orrelation length, are determined by the partiles-quantities rather than by theon�ning surfae harge or surfae roughness. The fore amplitude, in other words theinteration strength, is in�uened by the on�ning surfae harge and surfae roughnessas well.The aim of this hapter is to investigate the in�uene of the on�ning surfae deforma-bility on the struturing of silia nanopartiles. There are just a few reports of the
∗Similar ontent has been published in: Struturing of olloidal suspensions on�ned between a siliamirosphere and an air bubble, Yan Zeng, Regine von Klitzing, SoftMatter, 2011, 7, 5329-5338



84 Chapter 6 E�et of on�ning surfae deformabilityinteration between olloids, suh as mielles or latex partiles,14,26,104,144 on�ned be-tween deformable surfaes like in a foam lamella. Typially, a thin �lm pressure balane(TFPB) is used. The existene of osillatory fores is deteted by a sequene of stepsin �lm thikness. The step size between two adjaent repulsive branhes is onneted tothe layering distane or the osillatory wavelength. The previous unpublished work ofour laboratory145 shows the step size of silia nanopartiles at low partile onentrationregime is always twie the partile diameter, irrespetive of the partile onentration.This is di�erent from the AFM results obtained between two solid surfaes, where theosillatory wavelength sales with partile onentration as an exponent of -1/3. Thusthe measurements on deformable air/liquid interfaes need to be performed by AFM toompare with the TFPB results.The �rst AFM fore measurement on deformable surfaes has been reported by Dukeret al..146 The interation between a AFM solid sphere and various deformable surfaeswere investigated. A silion wafer was hydrophobilized with a self-assembled monolayerof otadeyltrihlorosilane (OTS) and then a sheet of mia with a hole with radius of200 µm in the enter was plaed on the top of the silion wafer. An air bubble an bethus transferred to the enter of the hole from a miro-pipette and be stable for manyhours. Butt et al.147�149 simpli�ed the proedure by using a slide of Te�on as substrate.In ertain ases, a hole was digged on the Te�on and onneted 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 approah upwards the air/liquid interfaes, thus the interation betweena solid sphere and deformable air/liquid interfaes an be also determined. Dagastine etal.151,152 further applied the tehnique to measure interation between two air bubblesor oil droplets, with attahing a droplet or bubble on the antilever and another on thesubstrate.In addition, numerous signi�ant ontributions to the theoretial analysis of interationfores between a solid partile and deformable interfae or between two deformable inter-faes and the hange of deformation during approah have been made. The asymmetrinature of the interation and the ompliation of the deformable interfae ause mathe-matial omplexity in the interpretation of fores. The interpretation for the deformableinterfaes usually involves modeling the drop deformation using the Young Laplae equa-tion.153�155 Chan et al.156 developed a sophistiated model using quantities that an beeasily obtained from simple experiments and veri�ed by experimental results from AFM.In this hapter, a diret fore measurement of silia nanopatiles between a silia miro-sphere and an air bubble is performed with AFM. The surfae deformability is tuned by
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A B CFigure 6.1: Normalized fore (F/R) versus ∆X urves of a silia mirosphere and anair bubble in water. `A' presents the onstant ompliane region where the loading foreis linearly inreased; `B' presents the surfae fore region between the silia mirosphereand the bubble; `C' presents the region where no surfae fore is deteted. The monotonideay region (`B') is �tted with a deay length of 102 nm in the inset graph with doublelogarithmi sale.the di�erent type and amount of surfatants and the e�et of surfae deformability onthe struturing of olloidal nanopartiles is investigated.6.2 Results6.2.1 Fore pro�les in the absene of additives.The result of a fore experiment between a hydrophili silia mirosphere and a bubblein Milli-Q water without extra eletrolytes is shown in �g. 6.1. There, the fore is plottedversus relative separation ∆X (hange in separation and deformation of the bubble asaforementioned). At ∆X larger than 400 nm, no fore was deteted and the ∆X was on-sidered as pure separation between the silia probe and the initial bubble surfae beausesoft partiles behave as rigid ones when there is no surfae fore at large distane.157 Amonotoni repulsion began to appear when the probe further approahed the bubble. Thisrepulsion is at least partially aused by the eletrostati double layer fore beause thesilia probe is negatively harged and the air-water interfae is slightly negatively hargedas well.158�160 The deay length determined in the linear region of the inset logarithmiplot was 102 nm, whih agreed with the expeted value of the Debye sreening 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 fore inreased linearly whilewithin the so-alled onstant ompliane region. On solid surfaes, the separation between
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Figure 6.2: Normalized fore (F/R) versus ∆X urves of a silia mirosphere 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 fore pro�les havebeen o�set vertially for ease of viewing.the silia probe and the substrate does not hange in the onstant ompliane and theinrease of fore is due to the onsistent bending of the antilever after ontating thesolid surfae. On the bubble surfae it is assumed that the separation between the probeand the bubble surfae in the onstant ompliane region to be not hange neither beausea stable water �lm is formed between the silia probe and air.78 Thus ∆X represents onlythe deformation of the bubble in the onstant ompliane region (eqn. 3.7). The deviationof fore diretion from vertial observed on rigid surfaes is due to the deformation of thebubble from its equilibrium shape. The slope of fore versus ∆X at negative ∆X region(F/∆X ) ould be used as another measure of the bubble sti�ness sine F = kb∆δ =kb∆X.The bubble sti�ness of a 800 µm diameter bubble in water alulated from eqn. 3.9 oreqn. 3.10 is typially kb = 76 mN m−1 whih is only two times larger than the springonstant of antilevers used in the fore measurements. Therefore, onsidering bubble de-formation is neessary when measuring fores against bubbles with suh soft antilevers.6.2.2 Colloidal nanopartile suspensions in the absene of surfatantsThe normalized fore versus ∆X urves for a silia probe interating with a bubble surfaein TMA nanopartile suspension at varying partile onentrations is shown in �g. 6.2.When the distane was larger than 200 nm, no fore ould be deteted. The osillatoryfore, or strutural fore of nanopartiles, grew more intense during approah and resultedfrom the mutual repulsion between the nanopartiles and the layer-by-layer expulsion ofthe nanopartiles.



6.2 Results 87The osillatory wavelengths, whih represent the distanes between two adjaent nanopar-tile layers, dereased with inreasing nanopartile onentrations. This parameter wasde�ned as the distane between suessive fore maxima or minima. At the same time, theosillations inreased in amplitude at the higher onentrations beause the nanopartileswere fored loser to eah other, resulting in stronger eletrostati repulsion.Following the osillatory fore, an attrative depletion fore was observed due to theexlusion of all partiles from the on�ned gap between the silia probe and bubble. Ad-ditionally, at small separation, an eletrostati repulsive fore between on�ning surfaeswas presented, whih deayed to zero at larger separation as nanopartile onentrationdereased. This means the phase shift, whih an be onsidered as the depletion zone ofthe ontat layer of partiles against the on�ning surfae, inreases as partile onen-tration inreases and exhibit the same behavior as on the solid surfaes.
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Figure 6.3: (a) Interation between a silia mirosphere and an air bubble in a 4.9 vol%silia nanopartile suspension at di�erent β-C12G2 onentrations (0 M, 5×10−5 M, 10−4M). (b) The fore pro�les have been o�set vertially for ease in omparison of osillatoryfores. The solid lines are the orresponding urves �tted to eqn. 2.14.6.2.3 In the presene of non-ioni surfatants.
β-C12G2 is a non-ioni surfatant whih adsorbs at the air-water interfae resulting in aderease in the surfae tension. The adsorption of β-C12G2 to negatively harged siliahas been shown to be weak.161,162 The deformation of the bubble at the same nanopar-tile onentration with varying β-C12G2 onentration is illustrated in �g. 6.3(a). Theslope of the fore in the onstant ompliane region dereased with inreasing β-C12G2onentration. The surfae tension of the bubble dereased 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, respetively. The derease in the bubble



88 Chapter 6 E�et of on�ning surfae deformabilitysti�ness, or inrease in deformability was aused by the derease of interfaial tension andan be understood by means of eqn. 3.11.The fore pro�les as shown in �g. 6.3(b) were �tted with eqn. 2.14 in order to obtain thequantitative values of osillatory wavelength and amplitude. The osillatory wavelengthsshowed no hange after adding di�erent amount of β-C12G2 surfatant into nanopartilesuspensions. A derease in osillatory amplitude with inreasing β-C12G2 surfatant on-entration was observed due to the redued surfae sti�ness and surfae harge. The pureair-liquid interfae is assumed to be negatively harged160 and the β-C12G2 moleulespartially replae the negative harges. A derease in surfae harge leads to a redutionof the osillatory amplitude as previously shown in Chapter 5, also in whih it is shownthat a modi�ation of the harge, or potential of the on�ning surfaes has no e�et onthe osillatory wavelength.The fore pro�les of 5×10−5 M β-C12G2 at di�erent nanopartile onentrations are shownin �g. 6.4. The osillatory amplitude inreased with nanopartile onentration whilethe osillatory wavelength dereased sine the nanopartiles were loser at the higheronentrations. This behavior was the same as in the absene of added surfatant.6.2.4 In the presene of anioni surfatants.Sodium dodeyl sulfate is an anioni surfatant whih only adsorbs at the air-water inter-fae. A stable �lm of nanopartiles was formed between the silia probe and the bubblein this ase as well, and the repulsive fore at the onstant ompliane region was also ob-served and attributable to the eletrostati double layer fore. The bubble sti�ness slightlyinreased to 80 mN m−1 although the interfaial tension did not show measurable hangeat 5×10−5 M SDS in omparison to that of pure water. This an be explained aordingto eqn. 3.11 whih expresses the e�et of the derease of Debye length on the inreaseof the bubble sti�ness. Charged SDS brings extra dissoiated ions into the suspension,thus leading to a derease of the Debye length. An inrease of the osillatory amplitudein the nanopartile fore pro�le was observed for two reasons. In addition to the slightlyinreased surfae sti�ness, it was also likely due to dodeyl sulfate ions adsorbing at theair-water interfae and the inrease of the interfaial e�etive harge. Hene, an inreasein the eletrostati double layer fore with inreasing SDS onentration up to the ritialmielle onentration (CMC) would be expeted.163 The osillatory wavelengths obtainedafter quantitative �tting were found to remain the same ompared to the previous aseswithout surfatant and with β-C12G2.
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Figure 6.4: Interation between a silia mirosphere 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 fore pro�les have been o�setvertially for ease of viewing.
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Figure 6.5: (a) Interation between a silia mirosphere and an air bubble at 4.9 vol%Ludox TMA suspensions with 5×10−5 M of SDS and without surfatant. (b) The forepro�les have been o�set vertially for ease of viewing. The solid lines are the orrespondingurves �tted to eqn. 2.14.6.2.5 In the presene of ationi surfatants.Unlike SDS and β-C12G2, hexadeyltrimethylammonium bromide (C16TAB ) is a ationisurfatant whih not only strongly adsorbs at the air-water interfae, but also at the siliamirosphere and nanopartile surfaes, due to interation of opposite harges on the siliasurfae and the ationi surfatant head group.The ontat angle measurements of C16TAB on silion wafer shown in �g. 6.6 displayedan inrease of ontat angle to a maximum at around 5×10−5 M followed by a dereaseagain with further inrease of C16TAB, whih indiated that a monolayer of C16TA+ wasformed on silion wafer at a onentration of 5×10−5 M.164 While at this onentration,the adsorption of C16TAB on the bubble surfae was very low and only led to a reduedsurfae tension of approximately 1.5 %.
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(6.1)where D is the jumping o� distane.148The advaning ontat angle varied greatly in eah fore measurement with a maximumof 35◦ observed, whih was smaller than the ontat angle measured on the planar sili-on wafer in the equilibrium state. This phenomenon probably was due to the unstableorganization proess of ationi surfatant adsorbed to the silia when surfatant onen-tration was below the CMC. The slow adsorption of ationi surfatant was reported byRutland et al.165 and Fleming et al.,166 who found the build-up of the CTAB layer on asilia surfae beame more rigid with time.Fig. 6.8(b) shows the osillatory fores in the presene and absene of C16TAB. The osilla-tory wavelengths in both ases remained onstant. This further indiates that the layeringdistane of nanopartiles in the on�nement is partile number density determined, eventhough the surfae harge of the nanopartiles was somewhat redued after the adsorptionof oppositely harged surfatants. The fore slope at negative ∆X was lower than in theorresponding ase in the absene of surfatant, meaning the deformability of the bubbleinreased after adding 5×10−5 M of C16TAB, even though the interfaial tension at thisonentration was just slightly smaller than that of water. The alulated bubble sti�nesswas 59 mN m−1, whih was attributed to the hange in the ontat angle as desribed ineqn. 3.11.In omparison to the absene of surfatant, a redution of fore amplitude was observed.
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Figure 6.8: (a) Interation between a silia mirosphere and an air bubble at 4.9 vol%TMA suspensions with 5×10−5 M of C16TAB. The osillatory fore of nanopartiles ap-pears during approah while a pronouned adhesion fore appears during retration. `D'denotes the distane of jumping o� ontat whih is used to alulate the advaning ontatangle. (b) The osillatory fores in the presene and absene of C16TAB are ompared.The fore pro�les have been o�set for ease of viewing. The solid lines are the orrespondingurves �tted to eqn. 2.14.The reasons were most likely the dereased surfae sti�ness, and the redued surfaeharge both on bubble surfae and nanopartile surfaes.6.3 Disussion6.3.1 The e�et of surfae tension on the deformability of the air-liquidinterfae.In ontrast to the deformation of elasti and visoelasti materials, whih is ontrolled bythe bulk materials properties, the deformation of bubbles (air-liquid interfae) is ontrolledby the surfae tension and the pressure aross the interfae. The deformation, or elastiity,of the air-liquid interfae is typially measured by the osillating bubble/droplet method.Here, AFM fore measurement provides a diret way to determine the deformation of thebubble by assuming that it behaves as a Hookean spring under fore applied by AFMprobe. Attard and Chan et al.80,156 onluded that a Hookean fore law is valid for weakfores (F/2πR<<γ). The existene of the onstant ompliane region with a linear slopein the fore urves is the evidene of linear elastiity for the �uid interfae.The deformability an be expressed as the bubble sti�ness by eqn. 3.9, or diretly from theslope of fore urves in the negative ∆X region with eqn. 3.10. The values of the bubblesti�ness, surfae tension, osillatory wavelength, and the osillatory amplitude at varyingLudox TMA and surfatant onentrations are summarized in Table 6.1. The inrease in



6.3 Disussion 93the Ludox onentration did not ause signi�ant hange in the surfae sti�ness of thebubble. This was due to the negligible hange in the air-liquid interfaial tension with aninrease in the partile onentration, although the Debye length of the aqueous solutiondid derease. Thus the e�et of the Debye length on the surfae sti�ness of the bubble isassumed to be relatively small.Table 6.1: Summary of the surfae tension γ from tensiometer measurements, the bubblesti�ness kb alulated from fore urves, the osillatory wavelength λ, and amplitude A offore urvesSurfatant 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 onentration (4.9 vol%), the plot of the experimental bubble sti�nessversus surfae tension is shown in �g. 6.9(a). The square points were obtained from thesystem with β-C12G2. The inrease of β-C12G2 onentration led to the linear dereaseof the surfae tension. The irle point (SDS) lay along the linear �t beause the surfaesti�ness was not signi�antly in�uened by the derease of Debye length after addingharged surfatants into this solution. On the other hand, the data for C16TAB (trianglepoint) deviated from the linear �t beause of the inrease of the ontat angle after theadsorption of C16TAB on the probe surfae.Thus the linear dependeny of the bubble sti�ness on the air-liquid interfaial tensionis valid if the following onditions remain onstant: probe radius, bubble radius, De-bye length, and the ontat angle. This is onsistent with the theoretial expression ineqn. 3.11. Also from eqn. 3.11, one should expet that the surfae tension and the ontatangle play a more important role than bubble size and Debye length, whih explains whythe derease in Debye length introdued by the inrease of nanopartile onentration has
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Figure 6.9: The relationship of the bubble sti�ness with the surfae tension (a) and withthe orresponding osillatory amplitude (b) and osillatory wavelength () at 4.9 vol%TMA olloidal nanopartile suspensions.a negligible e�et on the surfae sti�ness. In addition, the ontat angle is strongly asso-iated with the air-liquid interfaial tension, whih further supports that the deformationof �uid interfaes is surfae tension ontrolled.6.3.2 The e�et of surfae deformability on the struturing of nanopartiles.At onstant nanopartile onentration (4.9 vol%), the osillatory fore amplitude exhib-ited an inrease with the bubble surfae sti�ness (�g. 6.9(b)). In the present study, thehange of the surfae deformability was always assoiated with the hange of the surfaeharge. Studying the system with non-ioni surfatant β-C12G2, both fators in foreamplitude were unable to be analyzed independently, beause surfae harge and surfaesti�ness both dereased with inreasing surfatant onentration. The redued surfaesti�ness and surfae harge mutually aused the redution of fore amplitude. Studying



6.3 Disussion 95anioni surfatant SDS was expeted to hopefully shed some light on the two parameterssine the inrease of surfatant onentration led to an inrease of the surfae harge.However, a slight inrease of the surfae sti�ness was observed as well, whih had thesame e�et on the hange of the fore amplitude as surfae harge did. Thus the separa-tion of these two auses was also di�ult. In the ase of ationi surfatant C16TAB, anadditional ompliation was introdued resulting from the interation between the sur-fatant and the oppositely harged nanopartile surfae. Therefore, the fore amplitudeould be onsidered as the joint onsequene of the eletrostati and rigidity e�ets.At onstant nanopartile onentration (4.9 vol%), the osillatory wavelength, represent-ing the layering distane of nanopartiles, showed no dependeny on the bubble sti�nessor surfae deformability (�g. 6.9()). With regard to the ase of ationi surfatant, theosillatory wavelength did not show any di�erene even though the surfae harge ofnanopartiles was redued additionally. This result is similar to the previous �nding onusing three di�erent sized nanopartiles, whih assoiate with di�erent surfae harge (seeChapter 4). It indiates the eletrostati repulsion an dominate the system over ertainsurfae harge range and thus the partile distane an not be signi�antly in�uened.The log-log dependene of AFM osillatory wavelengths versus nanopartile onentra-tions is summarized in �g. 6.10. Wavelengths obtained from measurements of AFM probeagainst deformable air-liquid interfae in the presene and absene of β-C12G2 surfatantswere ompared to that against a solid silion wafer. For all deformable ases, the os-illatory wavelength saled with the nanopartile onentration as an exponent of -0.33,whih agreed very well with the purely spae-�lling value of -1/3. This indiated thatnanopartiles under suh on�nement formed a layered struturing where the interpartiledistanes saled to -1/3 of the total volume of nanopartiles. These results were in goodagreement with the previous experimental results whih were based on non-deformablesilia surfaes (Chapter 4). The experimental �ndings indiate that the deformability ofthe on�ning surfaes does not hange the layered struturing of partiles in between. Thepartile distane remains the same and solely dependents on the partile onentration,or partile number density, regardless of the on�nement type. The strength of ordering,however, dereases with inreasing surfae deformability assoiated with hange of thesurfae harge, implying less fore is needed to exlude partiles out of the soft slit-pore.The di�erene in wavelengths between the system with the deformable bubble surfae andorresponding system with a solid surfae was only approximately 1 %. This supports thereliability of using fore versus ∆X urves in determining the partile layering distane,even though the deformation of bubble surfae ontributes at smaller distane.
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98 Chapter 6 E�et of on�ning surfae deformabilityon the osillatory wavelength further proved that the layering distane depended solely onthe partile onentration. In ontrast to this, ordering strength was found to depend onthe surfae properties as well, thus it was a�eted not only by nanopartile onentration,but also by the surfae deformability and surfae harge after adding extra surfatants.
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Chapter 7Struturing of nonioni surfatant mielles∗
AbstratMiellar solutions of nonioni surfatants Brij 35 and Tween 20 are on�ned between twosolid smooth surfaes by CP-AFM in order to know the e�et of surfae harge and thedeformability of the olloids on their orresponding struturing ompared the previouslystudied harged and rigid silia nanopartiles. The experimentally-deteted osillatoryfores due to the layer-by-layer expulsion of the mielles are in good agreement withthe theoretial preditions for hard-sphere �uids. While the experimentally measuredfore-vs-distane urve has non-equilibrium portions, whih represent �jumps� from oneto another branh of the respetive equilibrium osillatory urve, the theoretial modelpermit reonstrution of the full osillatory urve. Thereby, the strength and range of theordering ould be determined. In the ase of Brij 35 at onentrations less than 150 mM,spherial mielles are present. The osillation wavelength is lose to the mielle diameterand the deay length inreases with the rise of onentration. The di�erent dependene ofthe harateristi lengths on the system parameters for unharged mielles, in omparisonto the harged partiles, is related to the di�erent interation involved. For elongatedmielles (at onentration 200 mM), no harmoni osillations are observed; instead, theosillation peak-to-peak distane inreases with the derease of �lm thikness due to thereorientation of the elongated mielles. In the ase of Tween 20, the fore osillationsare almost suppressed, whih implies that the mielles of this surfatant are labile anddemolished by the hydrodynami shear stresses resulting from the olloidal-probe motion.The omparison of the results for these two surfatants demonstrates that in some asesthe soft mielles an be destroyed by the CP-AFM, while in other ases they an be stableand behave as rigid partiles. This behavior orrelates with the harateristi times of theslow miellar relaxation proess for these surfatants. In general, an optimum sanningspeed is neessary to be de�ned for the system to rearrange after the expulsion of formerlayers of the mielles and thus obtain the fore pro�les.
∗Similar ontent has been published in: Osillatory Strutural Fores Due to Nonioni Surfatant Mi-elles: Data by Colloidal-Probe AFM vs Theory, Nikolay C. Christov, Krassimir D. Danov, Yan Zeng,Peter A. Kralhevsky, 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 sienti� mission. Fittings and theoretial approahes have been done by K.Danov.



102 Chapter 7 Struturing of nonioni surfatant mielles7.1 IntrodutionOsillatory fores due to soft olloids, suh as surfatant mielles and miroemulsiondroplets, have been measured by means of thin �lm pressure balane,26,27,167�170 by surfae-fore apparatus,28,29 by light-sattering method,171 and by eletron ryomirosopy.18,172Under ertain onditions, not the full osillation, but only the repulsive parts are de-tetable, whih leads to a step-wise thinning or �strati�ation�. These fores an stabilizethe liquid �lms and disperse systems, sine they hamper the �lm drainage.58,92,93,173,174Despite the fat that some of the �rst manifestations of osillatory fores have beendeteted with miellar surfatant solutions,14,31 there are only three appliations of CP-AFM to miellar systems.23,24,30 Well-pronouned osillations in the measured fore havebeen deteted in two of the studies,23,24 for miellar solutions of sodium dodeyl sulfate(SDS). In the ase of ioni surfatants, suh as SDS, the osillatory fores are essentiallya�eted by the eletri double layers around the mielles.14,31,47,61 The saling law of λ =
φ−1/3 has been found to be valid for harged surfatant mielles as well.The aim of this hapter is to larify the struturing of unharged surfatant mielles andthe response of the orresponding harateristi quantities with mielle volume fration,and to test the validity of the saling law of λ = ρ−1/3 and ξ = R + κ−1. Two typesof nonioni surfatants with di�erent miellar relaxation time, Brij 35 and Tween 20,are hosen at volume fration muh above CMC. E�et of the surfae harge of miellesand deformability (related to the relaxation time) are disussed in detail. The data areanalyzed by means of the hard-sphere theoretial model (see Setion 2.2.2).537.2 Results and Disussion7.2.1 Brij 35 - spherial miellesFig. 7.1 shows experimental data for 80 mM Brij 35 solution. The speed of approahand retration was 100 nm s−1. The miellar volume fration φ = 0.257 was taken fromthe previous study.58 The theoretial F(h)/R urve in �g. 7.1 has been drawn withoutusing adjustable parameters by eqn. 2.29-2.42. The experimental approah and retrationurves for F/R vs. h were translated parallel to the horizontal axis until they overlappedwith the theoretial urve in the region of greater distanes. Suh translation is admissiblebeause the experimental zero on the h-axis is determined with a relatively low auray.In olloidal probe AFM measurements, the point of ontat (h = 0) is usually determined



7.2 Results and Disussion 103as the point at whih the linear ompliane line reahes zero fore. The error is in theorder of nanometers and is due to the low spring onstant of the used antilevers. Aoupling to an (optial) interferometri method would overome this problem, but wasnot used in the present study.

Figure 7.1: Normalized fore F/R vs distane h for a 80 mM Brij 35 aqueous solution.The points are CP-AFM data; the arrows show the diretion of measuring motion: ap-proah and retration. The solid line is the theoretial urve. The mielle mean diameter,d, volume fration, φ, and veloity, u, are given in the �gure.To determine the zero on the axis of distanes, the proedure is performed in the followingway. The theoretial urves, like those in �g. 7.1 and �g. 7.2, are independently alulated(no adjustable parameters) at known mielle diameter, d, and volume fration, φ. Next,the experimental data are translated left or right, until the best oinidene with thetheoretial urve is ahieved. Then, the zero of the theoretial urve is aepted asoordinate origin, h = 0, for the experimental data.If the silia surfaes are overed by surfatant adsorption layers (or dense layers of ad-sorbed mielles), as observed in the experiments by Duker et al.,175 the above de�nitionof oordinate origin implies that the surfae-to-surfae distane, h, orresponds to the sep-aration between the outer ends of the surfatant adsorption layers, rather than betweenthe underlying silia surfaes. Upon further pressing of the two surfaes against eahother, it is possible to deform the surfatant layers adsorbed on the silia. The resultingshort-range interation has been already investigated175 and it is not a subjet of thepresent study, whih is foused on the osillatory fore.At both approah and retration, jumps (denoted by arrows in the �gures) from onemehanially stable branh of the osillatory urve to the next one were observed. Suhjumps have been observed also in other experimental studies, inluding foam �lm studies,where osillatory fores were deteted.23,24,26,58,102,176 Those jumps are due to the rela-tively low spring onstant in omparing to the strong attrative strutural fore. For



104 Chapter 7 Struturing of nonioni surfatant miellesthe approah urves, the barriers are the osillatory maxima, whose right branhes or-respond to mehanially stable states. In ontrast, for the retration urves the barriersare the osillatory minima, whose left branhes orrespond to stable states. For the datain �g. 7.1, the jumps happen lose to the tops of the respetive barriers. The theoretialand experimental urves are in good agreement exept at short distanes. At the shorterdistanes (h<12 nm), one miellar layer is trapped between the two solid surfaes and itsdeformability an be a possible explanation for (i) the di�erene between the experimentalapproah and retration urves (hysteresis) and (ii) some deviations of eah of them fromthe theoretial urve at the smaller h.To ompare the measured osillatory fore with the hydrodynami interations, the Taylorformula177 was used for the fore of hydrodynami interation between a spherial partileof radius R moving with veloity u toward a planar solid surfae
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 shortestsurfae-to-surfae distane from the partile to the planar solid surfae, and η is thevisosity 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 sale division on the ordinate axis in �g. 7.1. Hene,under the onditions of the present experiments, the hydrodynami fore is negligible inomparison with the magnitude of the osillatory fore.

Figure 7.2: Illustration of the reproduibility 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 diretion of motion; u=50 nm s−1 is the approah/retration veloity. The solid linesare the theoretial urves.



7.2 Results and Disussion 105In �g. 7.2, the Brij 35 onentration is higher, 100 mM, and the amplitude of the osil-lations is larger. The miellar volume fration, φ=0.315, was taken from the reportedwork.58 Fig. 7.2(a)(b) illustrate the reproduibility of the experimental data, whih isgood exept for some di�erenes in the regions of the jumps that have stohasti hara-ter. It is interesting to note that in these �gures the jumps upon approah happen nearthe top of the barrier, whereas the jumps upon retration our well before the top of thebarrier.In �g. 7.3, the Brij 35 onentration is 133 mM, the miellar volume fration was deter-mined from the data �t, whih yielded φ = 0.401. The omparison between experimentaland theoretial data implies that jumps our well below the theoretial maxima andabove the minima, respetively. The branhes have a steeper slope than at lower onen-trations (�g. 7.1 and 7.2), whih indiates that the mielle layers are less ompressible.At a distane of about 9-10 nm, a strong repulsion was measured, but no further materialould be pressed out. Upon retration, the partile jumps from this �rst minimum, overthe seond one, up to the third minimum's stable branh. This behavior an be explainedby the fat that a strong attration between the surfaes leads to a sudden jump-o� fromthe ontat; the energy, aumulated during the limbing of the energy barrier, is suddenlyreleased and the system jumps bak to a large distane.

Figure 7.3: F/R vs h for a 133 mM Brij 35 solution. The points are CP-AFM data;the arrows show the diretion of motion; u=50 nm s−1 is the approah/retration veloity.The solid line is the theoretial �t.Fig. 7.4 illustrates the e�et of the experimental veloity, u, on the measured fore-vs-distane dependene for 150 mM Brij 35 and determined volume fration φ =0.445. Thelatter value is below the Alder phase transition for hard spheres at φ = 0.494,178,179 thusthe mielles are still onsidered as spheres.In �g. 7.4(a)(b), the experimental veloities are in the range of optimum veloities forapproah and retration of the olloidal probe against the planar silia surfae. Below



106 Chapter 7 Struturing of nonioni surfatant miellesthis range of speeds, the hydrodynami drift and the noise (that modulates the obtainedurves) is too high. Above the optimum speed, the system annot rearrange fast enoughafter the expulsion of one layer of mielles. The latter ase is illustrated in �g. 7.4(),where at a greater speed (u = 200 nm s−1) the registered osillatory amplitude is smaller,whih indiates a probably lower degree of struturing of the mielles within the �lm. In�g. 7.4(a), the �rst transition upon retration happens below the theoretial minimum,whih indiates adhesion in this speial ase.

Figure 7.4: E�et of the rate of measuring motion: fore versus distane for 150 mMBrij 35 solutions. The points are CP-AFM data; the arrows show the diretion of motion.The solid lines are theoretial �ts. The veloity 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 branh of the osillatory urve to the next one happenseasier (at smaller magnitude of the applied fore) when the veloity u of the olloidalprobe is greater. As we known, the osillatory maxima represent barriers against �lmthinning upon approah of the olloidal probe, whereas the osillatory minima representbarriers against �lm thikening upon retration. In other words, the system opposes theapplied external fore tending to minimize the hanges produed by it, in agreement withLe Chatelier's priniple. In the ideal ase of quasi-stati probe motion (in�nitesimallysmall u and perfet partile struturing), the transitions should happen at the tops of



7.2 Results and Disussion 107the respetive barriers. However, in the real experiment the olloidal probe moves witha �nite veloity u, and the resulting hydrodynami �ow perturbs the mielle struturing.The perturbed struture yields easier, and the transition from one stable branh to thenext one ours at a smaller value of the applied external fore, i.e., below the top of therespetive quasi-stati barrier. This e�et is greater at higher speeds of partile 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 surfatant onentrations, an inrease in the slope of the fore branhes is revealedas mielle onentration inreases. This is related to larger amplitude, w0 = A/(kT/d2),of the fore osillation at greater mielle volume fration φ (see Table 7.1). As knownfrom previous theoretial studies,57 the wavelength of osillations, haraterized by thedimensionless wavelength λ/d = 2π/ω, dereases, whereas the deay length (orrelationlength), ξ/d = q−1, inreases with the rise of φ. To illustrate these e�ets for the investi-gated system, in Table 7.1 the values of w0, λ/d, and ξ/d alulated from eqn. 2.34-2.36for the respetive 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 deay length is muh stronger:
ξ/d inreases with a fator of a. 3. In other words, the mielle struturing penetrates todistane three times farther from the �lm surfae.Table 7.1: Mielle diameter d, volume fration φ, the dimensionless osillatory amplitude
w0, wavelength λ/d, and deay length ξ/d, vs the Brij 35 onentration 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 inreasing onentration, the �rst minimum at a short distane during retrationbeomes deeper, whih indiates a stronger adhesive depletion fore. As a onsequene,the systems jumps bak to larger distanes, as already disussed in relation to �g. 7.3.This e�et beomes stronger at lower speed (ompare �g. 7.4(a)()). At a speed of 20nm s−1, the system jumps from the �rst minimum diretly to the fourth minimum, bypassing the seond 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 theoretial urve representsomplete equilibration and it ould oinide with the respetive experimental urve only



108 Chapter 7 Struturing of nonioni surfatant miellesat 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 branh of the equilibrium theoretial urve to the next one. Beausethese jumps happen relatively quikly, the experimental urve ontains a lower number ofpoints in its non-equilibrium parts, whih look thinner in the graphs. This is another wayto distinguish between the equilibrium (thiker) and non-equilibrium (thinner) portionsof a given experimental urve.The experimental urves show a strong repulsion at short distanes at about 8-10 nm(�g. 7.2-7.4). This distane is lose to the mielle diameter. The simplest explanation isthat a last layer of mielles remains between the two surfaes and annot be pressed out.At 80 mM Brij 35 (�g. 7.1), the repulsion is less steep and the distanes an be redueddown to 5 nm. This ould mean that the mielles in the last layer an be deformed dueto the high load and ould explain why the hysteresis between approah and retrationis so large. At low onentrations the mielles an be more easily deformed due to moresurrounding spae, while it is more di�ult to deform them in a laterally dense layer ofmielles.7.2.2 Brij 35 - elongated miellesThe experimental results by Tomsi et al.180 indiate that at a Brij 35 onentrationof 200 mM the mielles are elongated rather than spherial. The dynami light sat-tering (DLS)180 gives a hydrodynami mielle diameter of d=12 nm. The latter valueorresponds to hypothetial spherial mielles that have the same di�usivity as the meandi�usivity of the elongated mielles. The AFM data for onentration of 200 mM Brij 35are presented in �g. 7.5. As it ould be expeted, the experimental urves have osillatorybehavior. The theoretial �t with hard sphere model is possible only at greater distanesof the the equilibrium portions of the urve, h > 50 nm. The obtained value of volumefration is φ=0.483 for the best �t.At shorter distanes (h < 50 nm), it is impossible to �t the data with eqn. 2.29-2.42. Thewavelength of the theoretial urve for hard spheres is independent of the �lm thikness. In�g. 7.5, the theoretial urve, obtained by �tting the data for h > 50 nm, is extrapolatedat shorter distanes and ompared with the experimental urves at h < 50 nm. Thisomparison indiates that the measured urves have a varying wavelength, whih inreaseswith the derease of h. In other words, at shorter distanes the osillations are non-harmoni. In partiular, the slope of the stable branhes of the experimental urves is



7.2 Results and Disussion 109onsiderably smaller than that of the theoretial urve for hard spheres. Suh behavior anbe explained with the additional rotational degree of freedom of the elongated mielles.The spatial on�nement fores the mielles to orient their long axes parallel to the �lmsurfaes. In suh a ase, the �lm thikness an derease not only by expulsion of miellarlayers from the �lm but also by a gradual reorientation of the elongated mielles. Thelatter irumstane ould explain the observed �softening� of the osillatory interationbetween the two solid surfaes at shorter distanes.

Figure 7.5: Fore vs distane for a 200 mM Brij 35 solution that ontains elongated mi-elles of e�etive hydrodynami diameter of d=12 nm. The points are CP-AFM data; theupper and lower experimental urves are obtained, respetively, at approah and retration.The solid line is the theoretial �t.7.2.3 Tween 20The stepwise thinning (strati�ation) of free foam �lms from miellar Tween 20 solutionshas been investigated.58 At 200 mM onentration of Tween 20, four steps were registeredby the Mysels-Jones porous-plate method,168 and eight steps by the Sheludko-Exerowaapillary ell.181 Here, the CP-AFM was applied to Tween 20 miellar solutions to diretlydetet the osillatory fore that engenders the aforementioned stepwise transitions. ForTween 20, the CP-AFM did not detet suh well-pronouned osillatory behavior as withBrij 35 (�g. 7.1-7.5). The data in �g. 7.6 have been obtained at two relatively low foremeasuring veloities: u = 5 and 10 nm s−1. As seen in the �gure, only one well-pronounedjump has been registered. Among 120 runs, only a few experimental urves were detetedthat exhibit signs of osillatory behavior. Below a speed of 5 nm s−1, the noise was toolarge to detet osillations and above 10 nm s−1 also no osillations were deteted. In�g. 7.6, the experimental urves at approah and retration (150 mM Tween 20) wereompared to the theoretial urve. The values d = 7.2 nm and φ = 0.250, determinedpreviously,58 have been used.



110 Chapter 7 Struturing of nonioni surfatant mielles

Figure 7.6: Fore vs distane for 150 mM Tween 20 solutions. The points are CP-AFMdata for two runs: (a) and (b); the arrows show the diretion of measuring motion. Thesolid line is the theoretial urve.Qualitatively similar experimental urves have been obtained for adsorbed mielles.175The data in �g. 7.6 indiate that the experimental fore is lose to that predited by thetheory for mobile (non-adsorbed) mielles, but the possible presene of adsorbed miellesannot be ruled out.The di�erene between the AFM experimental urves obtained for Brij 35 and Tween20 miellar solutions indiates that the mielles of Tween 20 are more labile and aredemolished by the shear stresses engendered by the hydrodynami �ows in the liquid�lm. Indeed, the lak of osillatory behavior indiates absene of strutural units (i.e.,mielles) in the �lm. The sanning frequenies used in the experiments varied from 0.05to 0.4 Hz; i.e., the �lm thinning/thikening 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 thisrespet, the apillary-ell method181 and the thin �lm pressure balane method96,168 aremuh milder (as ompared to the CP-AFM), beause the slow hydrodynami �ows in thespontaneously thinning �lms are aompanied by weak shear stresses that do not ausedeomposition of the Tween 20 mielles in view of the well-pronouned stepwise shape ofthe experimental urves obtained by these methods.58The onlusion that the mielles of Tween 20 are more labile as ompared to those of Brij35 is supported by the measured relaxation time of the slow miellar proess, τ2, whihharaterizes the relaxation of the onentration of mielles in the ourse of their deom-position to monomers upon a sudden dilution.182,183 The stopped-�ow dilution tehniqueyields 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 surfatant onentration is suddenly dereased,the perturbations in the onentrations of Tween 20 and Brij 35 mielles exponentiallydeay with harateristi times of 6 and 80 s, respetively. Hene, the mielles of Tween



7.2 Results and Disussion 11120 are destroyed muh faster, whih is in agreement with the onlusion that they aremore labile.7.2.4 Di�erenes between struturing of nonioni mielles and harged partilesBoth types of systems lead to osillatory fore urves. In the ase of nonioni miellar so-lutions, whih behave as hard-sphere �uids, the osillatory wavelength depends relativelyweakly on the volume fration φ and is approximately equal to the mielle diameter (seethe values of λ/d in Table 7.1). In ontrast, for harged partiles the wavelength dependsmuh more strongly on partile onentration. In the ase of harged silia partiles ofdiameter 11-26 nm, the osillation wavelength λ shows a strong dependene of the par-tile volume fration and sales as φ−1/3. The seond di�erene is the behavior of thedeay length. For nonioni miellar solutions, the deay length inreases with the mielleonentration. In ontrast, for harged partiles it dereases with partile onentrationand the relation ξ = R+ κ−1 has been found, indiating the deay length is both partilesize and ioni strength ontrolled. The wavelength and deay length of harged silia par-tiles orrespond to the mean partile distane and orrelation length in bulk solutions,respetively, obtained from the struture peak of sattering spetra. The experimentalresults are in good agreement with Monte Carlo simulations using a grand anonial po-tential and lead to the onlusion that the interations between the nanopartiles an bedesribed with the simple potential of sreened Coulomb interation (see Chapter 4).In literature, an e�etive diameter of a harged partile inluding the Debye thikness,
κ−1, of the ounterion atmosphere is de�ned as the interpartile distane, whih means
λ = 2(R+ κ−1), where R is the partile hydrodynami radius. The inrease of φ leads toan inrease of the ioni strength due to ounterions dissoiated from the harged partilesfollowed by a derease in κ−1 and 2(R + κ−1). Note, however, that the above simpleexpression for λ does not provide quantitative desription of the data from experimentsand numerial simulations with stratifying �lms of harged partiles. In the salt-freease, the interpartile distane has been found to be smaller than the e�etive partilediameter, λ < 2(R + κ−1), and does not hange signi�antly with adding extra salts upto 10−3 M (see Chapter 4). It indiates that a long-ranged eletrostati repulsion arisenbetween harged partiles due to the overlap of ounterion atmosphere at distanes evensmaller than one Debye length. Even although this repulsion is sreened with addingsalts, it hampers the approah of two partiles as long as it is su�ient. Therefore,di�erent interation involved in two di�erent systems manipulates the aforementionedopposite behaviors. For non-ioni surfatant mielles, the interation between mielles is



112 Chapter 7 Struturing of nonioni surfatant miellesharaterized by the hard ore potential, mielles behave indeed like hard spheres and
λ equals to 2R. Beause of unharged surfatant mielles used in the measurements,the expression of 2(R + κ−1) approahes 2R assuming κ−1 equals zero. For hargednanopartiles, the interation is dominated by long-ranged eletrostati repulsion dueto the overlap of ounterion atmosphere, thus λ < 2(R + κ−1) has been found in theonsidered partile onentration range in the salt-free ase.When harged nanopartile onentration inreases to the threshold that eletrostatirepulsion is totally sreened by the ounterions, the hard-sphere behavior is supposedto be observed. This has been proven by the theoretial alulations and simulations,59thus λ = 2R is ahieved. At the same time, when nanopartiles behave as hard spheres,deay length does not derease with partile onentration, stritly speaking, ξ = R+κ−1is no longer valid as proposed for low partile onentration regime in the Chapter 4,but rather inrease with partile volume fration.60 This oinides with the inrease ofdeay lengths of non-ioni surfatant mielles in this Chapter, whih behave as hard-sphere�uids. Thus for harged partiles the range of the deay length is determined by the rangeof the eletrostati repulsion in the normal diretion, whih is ontrolled by the hard-orerepulsion with radius R and the DLVO repulsion with range κ−1. For unharged ones(totally sreened partiles or unharged mielles), an inrease in the sample onentrationdoes not hange the range of the hard-ore repulsion but rather the in-plane ordering ofthe layers. The larger the onentration, the higher the in-plane ordering, thus the largerthe deay length is.Another di�erene between mielles and solid partiles is in the san rate during themeasurements. While one uses a higher san rate (several 100s of nm s−1) to observeosillations with solid partiles,60 the optimum san rate in the ase of nonioni miellesis quite low (100 nm s−1 and lower). This is related to the deformability of the mielles.Mielles deompose under larger shear stress engendered by the hydrodynami �ow dur-ing fast san. Aording to the mielle relaxation time, an optimum san rate an bede�ned.7.3 ConlusionsIn the present study, the osillatory fores in miellar solutions of the nonioni surfatantsBrij 35 and Tween 20 were measured using the CP-AFM. These fores ause stepwisethinning (strati�ation) of foam and emulsion �lms, and they an stabilize liquid �lmsand disperse systems under ertain onditions.58,92,173 Experimental fore urves were



7.3 Conlusions 113obtained at both approah and retration of the olloidal probe. They were omparedwith the respetive theoretial urves that orrespond to a hard-sphere model.53Spherial mielles were present at low onentration of Brij 35 and harmoni osillationswere observed. The osillation wavelength is lose to the mielle diameter, slightly de-reasing with the rise of onentration, while both the amplitude and deay length ofthe fore osillation inreases, indiating an inreased in-plane ordering of the mielles(Table 7.1). In addition, the attration between the surfaes at short distanes (the depthof the �rst minimum) inreases with inreasing surfatant onentration, whih leads toa strong hysteresis between the regimes of approah and retration. The attration anbe strong enough that several osillations deteted during approah an be jumped overwhen the antilever detahes from ontat.The omparison of theory and experiment gives the omplete piture of the investigatedphenomena and provides new information and understanding of the observed proesses.The experiment gives only parts of the stable branhes of the osillatory fore-vs-distanedependene, whereas the theoretial model allows us to reonstrut the full urve, whihallows a detailed analysis of the miellar ordering. In partiular, by superimposing a givenexperimental urve on the theoretial one, the point of probe/substrate ontat (i.e., thezero on the distane axis) ould be aurately determined. At h ≈ d, a strong repulsionis deteted whih leads to the onlusion that the system annot overome the �rst (thehighest) maximum, explained by the fat that one layer of mielles remains betweenthe surfaes and annot be pressed out. At low onentration of Brij 35 (80 mM), thesurfaes an be approahed down to at least 5 nm and the hysteresis is even greaterthan for higher onentrations (�g. 7.1). This ould mean that at low onentrations themielles are deformed under the heavy load at short distanes.In the ase of elongated mielles, whih are present in the Brij 35 solutions at higheronentrations,180 the experimental data do not show a harmoni osillation anymore(�g. 7.5). This an be attributed to the irumstane that the �lm thikness an dereasenot only by expulsion of miellar layers from the �lm but also by a gradual reorientationof the elongated mielles parallel to the �lm surfaes.With Tween 20, the experimental urves do not have suh well pronouned osillatorybehavior as with Brij 35. This fat indiates that the mielles of Tween 20 are muh morelabile than those of Brij 35 and are demolished by the shear stresses engendered by thehydrodynami �ows during the thinning or thikening of the liquid �lm. In ontrast, inthe ase of Brij 35, the mielles are su�iently stable, and the experimentally-obtainedosillatory urves are in good agreement with the theoretial preditions for a hard-sphere



114 Chapter 7 Struturing of nonioni surfatant mielles�uid. This behavior orrelates with the harateristi times of the slow miellar relaxationproess for the two surfatants. In general, an optimum sanning speed is neessary tobe de�ned for the system to rearrange after the expulsion of former layers of the miellesand thus obtain the fore pro�les.



Chapter 8Conlusion and Outlook8.1 ConlusionThe interation between olloids is the key to ontrolling their stability and struturing.The appliation of atomi fore mirosopy on the fore measurement gives us the oppor-tunity to investigate the interation of olloids under one dimensional on�nement. Theprevious AFM work of olloids were mainly foused on studying their struturing betweentwo smooth solid on�ning surfaes and only on one quantity haratering the strutur-ing: the wavelength of the osillation. In this thesis three harateristi quantities of thestruturing of silia nanopartiles between two smooth solid surfaes were onsidered andompared with the bulk ounterparts, by ombining AFM and SAXS two experimentaltehniques. In the meanwhile, experimental results are ompared to those of Monte Carlosimulations.60,61,103 AFM measurements on rough surfae(s) and deformable surfae werefurther applied to investigate the e�et of on�ning surfae properties on the orrespond-ing struturing. In addition, unharged olloids: non-ioni surfatant mielles were usedin AFM to study the e�et of surfae harge and deformability of the olloids.Three quantities were extrated from osillatory fore pro�le of silia nanopartiles be-tween two smooth solid surfaes. These were the wavelength λ, the deay length ξ, andthe amplitude A. The �rst two harateristi lengths were found to orrelate well withthe mean partile distane 2π/qmax and orrelation length 2/∆q, respetively, as obtainedfrom SAXS strutural peak. This observation suggests there is no on�nement e�et onharateristi lengths themselves that represent the struturing, even though the on�ne-ment indeed indues a layered struture of the partiles. These apparently ontrastingresults an be understood by onsidering the in-plane struture and the asymptoti rangeused for �tting the fore urves. At partile onentrations below 10 vol%, no in-planestruture 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 ontat layer, at onentration above 10 vol%. Thissuggests a possibly higher ordering formed in the ontat layer. Nevertheless, the �ttingwas only performed in the asymptoti range, where the partiles within the layers were�uid-like, thus the struturing in on�nement re�eted that of the bulk.A more quantitative study revealed that the osillatory wavelength of silia nanopartilesfollowed the bulk behavior, the relation of λ = ρ−1/3 was observed irrespetive of thepartile size (and assoiated surfae harge) and the ioni strength of the solution. The



116 Chapter 8 Conlusion and Outlookprevious desription of e�etive diameter of a harged partile 2(R+ κ−1) as the partiledistane under on�nement was found not quantitatively valid in the present hargedsystem. Instead, the interpartile distane was found to be smaller than the e�etivepartile diameter, λ < 2(R + κ−1). A repulsive interation is therefore suggested to existamong the silia nanopartiles, and λ = ρ−1/3 saling law is a general desription for thedistane of harged partiles in the diretion normal to the on�ning walls, as long as therepulsive interation is su�iently long-ranged.In ontrast to the wavelength, whih only showed pure volume e�et, the deay lengthwas found to be ontrolled both by the partile size and ioni strength of the solution.A relation of ξ = R + κ−1 was found at silia partile onentrations below 10 vol%.This relation is supported by the fat that, on one hand, in the low partile onentrationregime the range of the orrelations is determined by the range of the interation 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 ondutivity of the solution into the ionistrength. Instead of using ommon Russell prefator, whih is valid for simple eletrolytes,the individual prefator for eah investigated system an be determined in the linearlydependent regime of ondutivity versus ion onentration. The Debye lengths obtainedby this new method shows a good agreement with those alulated with eqn.2.18.The amplitude A whih is a onsequene of the strength of interpartile and partile-wallinteration was found to inrease linearly with partile onentration. This is attributedto the inreased interpartile interation with narrowing interpartile distane. The am-plitude also showed a dependeny on the ioni strength of the solution and the partilesurfae harge. An inverse dependeny of amplitude on the ioni strength and a linear de-pendeny on the square of the partile surfae harge an be understood by the de�nitionof the eletrostati repulsion: the prefator Z̃2 and the interation range κ−1.Beause there is no diret relation between the strength of interation obtained from AFMand SAXS, the e�et of on�nement on the interation strength was studied between on-�ning surfaes with varied surfae potential. An enhaned fore amplitude was observedbetween on�ning surfaes with higher potential, with wavelength and deay length re-maining the same at a given partile onentration. This is explained by the fat that aninrease in wall harge strongly hanges the sreening of the oulomb repulsion betweenthe silia partiles and the like-harged on�ning surfae. Monte Carlo simulations,62



8.1 Conlusion 117based on a modi�ed partile-wall potential with onsidering the additional wall ounteri-ons whih aumulate in a thin layer at the wall surfae into the partile-wall interation,yielded a qualitative agreement with the AFM results. For small surfae potentials (0 mV
≤ |ψS| ≤ 40 mV) the on�ning surfae potential dominated the partile-wall repulsion andled to an exlusion of partiles from the slit-pore. The opposite behavior ourred when
|ψS| ≥ 40 mV beause the dereased sreening length led to an aumulation of partilesin the slit-pore. The higher the mean partile density (more partiles move from theonneted bulk reservoir into the slit), the higher the amplitude is. A derease in phaseshift was aompanied with the inrease in amplitude, resulting from the orrespondingderease in the range of partile-wall interations due to the strongly inreased sreeningof the oulomb repulsion.A signi�ant redution in the fore amplitude was observed on polyeletrolyte-oatedon�ning surfaes with inreasing number of layers and ioni strength of the solutions.Due to a rare hange in the orresponding surfae potential, this redution in amplitudewas orrelated with the hange in surfae roughness. The surfae roughness was foundto inrease with inreasing number of layers as well as the ioni strength, and dereasingthe harge density of polyeletrolyte. A phase shift towards a larger separation wasaompanied the fore redution. The roughness-indued redution in amplitude andhange in phase shift an be understood by the superposition approximation by assumingthat the osillatory fore at a given position in the rough pore is similar to the foreobtained in the smooth pore whose width is equal to the rough pore width h at thatloation. At the roughness threshold, su�ient separation di�erene among the points onsurfaes smears out the osillations and the surfae fore shows a pure monotoni behavior.Vanish of the osillatory fore does not refer to vanish of ordering of nanopartiles in therough pore. At surfae(s) roughness where the fore osillations were nearly zero, grandanonial Monte Carlo simulation143 showed the density osillations due to the orderingwere still present. In order to show an osillatory fore, the partiles must be able to beorrelated over a reasonably long range. This requires that both the partiles and thesurfaes have a high degree of order or symmetry. If one of them is missing, so is theosillation. A roughness of a few nanometers is su�ient to eliminate the osillatory forein this study.Motivated by the lak of dependene of interpartile distane on partile onentrationobtained by TFPB, the e�et of on�ning surfae deformability on the struturing ofsilia nanopartiles was studied. An asymmetri on�nement was made between a solidsilia probe and an air bubble surfae and surfae deformability was e�etively tunedby adding surfatants. The air-water interfae deformability inreased with dereasing



118 Chapter 8 Conlusion and Outlooksurfae tension and ould be observed diretly from the hange of fore slope at the on-stant ompliane region of fore pro�les. Normally, a dereased on�ning surfae hargewas assoiated with the inrease in surfae deformability. The osillatory wavelength wasfound not to be a�eted by the surfae deformability (assoiated surfae harge) and wasthe same as between two solid surfaes, while the fore amplitude dereased with inreas-ing surfae deformability, indiating the fore required to exlude the layers of partileswas less for deformable surfaes. For ationi surfatant (C16TAB), a di�erent behaviorwas displayed on the retration part of the fore urve, in whih a pronouned adhesionappeared. This phenomenon might be attributed to the hydrophobi e�et aused by themonolayer formation of ationi surfatant on the silia sphere surfae. Thus a stable thin�lm of olloidal nanopartiles was assumed to be formed between the silia mirosphereand the bubble when strong repulsive interation existed. The fat that the surfae prop-erties (surfae deformability, surfae harge) had no e�et on the osillatory wavelengthfurther proved that the layering distane depended solely on the partile onentration.In ontrast to this, ordering strength was found to depend on the surfae properties aswell, thus it was a�eted not only by nanopartile onentration, but also by the surfaedeformability and surfae harge after adding extra surfatants.The unhanged wavelength and deay length between on�ning surfaes of various on-ditions at a given partile onentration on�rm that the harateristi lengths whihrepresent the partile struturing are partile-partile interation dependent. In ontrastto this, surfae property-dependent ordering strength are both interpartile and partile-wall interation ontrolled.The saling law of λ = ρ−1/3 for osillatory wavelength and the relation of ξ = R+κ−1 fororrelation length break down in the ase of non-ioni surfatant mielles. In the ase ofspherial mielles, with inreasing surfatant onentration, both the amplitude and deaylength inreased whih indiated inreasing in-plane ordering of the mielles, while thewavelength of mielles remained the same as the value of mielle diameter. This is beausethe interation is haraterized by the hard ore of the mielles. Thus the wavelength isthe diameter of mielles and not a�eted by the bulk onentration and the ordering isenhaned by pressing more mielles into the layers with remaining the number of layersonstant at a given wall separation. Other di�erene from the osillatory fore urves ofharged silia nanopartiles was that a strong hysteresis between the regimes of approahand retration was observed due to the attration between the surfaes at short distanes.By superimposing a given experimental urve on the theoretial one based on the hardsphere potential,185 the point of probe/substrate ontat ould be aurately determined.At a separation lose to the mielle diameter, a strong repulsion was deteted whih led



8.2 Outlook 119to the onlusion that the system ould not overome the �rst maximum and one layerof mielles remained between the surfaes and ould not be pressed out. In the ase ofelongated mielles, the experimental data did not show a harmoni osillation anymore.This an be attributed to the irumstane that the �lm thikness an derease not onlyby expulsion of miellar layers from the �lm but also by a gradual reorientation of theelongated mielles parallel to the �lm surfaes. In addition, the relaxation time of miellesplays an important role in displaying the osillatory fores as well. Mielles with shortrelaxation time do not have well pronouned osillatory behavior. This an be understoodas they are muh more labile and are demolished by the shear stresses engendered by thehydrodynami �ows during the approah and retration. Therefore, an optimum sanningspeed is neessary to be de�ned for the system to rearrange after the expulsion of formerlayers of the mielles and thus obtain the fore pro�les.8.2 OutlookDuring the preparation of this thesis, some new questions have arisen that ould be fur-ther investigated. Due to low onentrations of harged partiles examined in this workand large separation range for �tting the fore urves, the harateristi lengths of theosillation orrelate with those in bulk, whih is isotropi and �uid-like, although parti-les form layers in the viinity of the on�ning surfaes. Deviation from the asymptotibehavior was observed at silia partile onentration higher than 10 vol%. This suggestsa higher in-plane ordering. A possible diretion for further researh is to indue furtherin-plane struturing. This an be done by inreasing the onentration of dye-doped siliapartiles and pressing them to higher densities to obtain de�ned in-plane struture, i.e.hexagonal or ubi struture. In the meantime, �uoresene mirosopy an be used to fol-low the partiles' dynamis and determine the orresponding struture. The phenomenonof nanopartile struture formation under on�nement is of onsiderable interest in bothsiene and tehnology. The nature of the osillatory strutural fores should be furtherexplored to learn how to optimize the interation patterns of nanopartiles in order toengineer nanomaterials and devies suh as quantum dots and quantum wires.Another open question is the di�erene between results from TFPB and AFM air bubblemeasurements. A onentration-independent interpartile distane for harged nanopar-tiles was observed in TFPB, whih ontradited the ρ−1/3 saling law obtained fromAFM. Although the unertainties in determining the step sizes due to the ontributionof surfae deformability an be onsidered as one reason, one ould also relate this issuewith the di�erent paking of partiles at the air-liquid interfae. During the air bubble



120 Chapter 8 Conlusion and Outlookmeasurement, no paking of silia nanopartiles at the interfae was found due to the highhydrophility of the partile surfae. Thus a possible researh diretion is that one antune the surfae hydrophobiity to indue the paking. The symmetry of the on�nementmight be also play an important role in the paking, thus the attahment of a bubble onthe antilever is neessary. The use of additional surfatants for stabilizing the pakingneeds to be onsidered as well. A understanding of interfae self-assembly and the in-teration between partiles and surfatants an be explored for a variety of appliationsinluding drug delivery.
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