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Chapterr 1 

Introduction n 

1.11 B ackgr ound 

Inn nature, there are many circumstances in which a fluid is confined to a narrow 

region.. Examples are blood running through a narrow vessel, molecules entering 

aa cell through the cell membrane, the glue between two surfaces or a lubricant in 

betweenn two sliding objects. The confinement may change the viscous and elastic 

propertiess of the fluid, which can have a huge impact on its environment. 

Take,, for example, a lubricant in between two surfaces (fig. 1.1). Its function 

iss to prevent that the sliding surfaces come into direct contact, which would result 

inn large friction and wear. This is highly unwanted in machines or in bikes and 

cars,, where things have to keep moving at littl e effort and have a long lifespan. 

However,, if the gap between two sliding surfaces becomes so small that only a few 

moleculess fit  in between, the fluid starts to show 'abnormal' behavior, it becomes 

solid-likee and friction and wear may increase by orders of magnitude. The eco-

nomicall  relevance of confined lubricating fluids is indicated by the estimate that 

inn a modern economy the annual losses due to friction and wear amount to ca 5% 

off  the gross national product (GNP) [2]. It is predicted that a reduction of these 

lossess by an amount of 1.3 to 1.6% of the GNP1 is possible, which would result 

inn a huge economical (and ecological) profit. However, our motivation for doing 

thiss research originates predominantly from a curiosity to know how a fluid in a 

narroww gap behaves. The long-term aim is to gain a fundamental understanding 

off  lubrication and friction phenomena at the nanometer scale. This connects to 

thee upcoming area of 'nanofluidics', i.e., the study of the rheological properties of 

complexx fluids in extremely narrow channels. 

AA first indication of what takes place in ultra-thin confined fluids was given 

4nn 2000. the GNP was ca 400 billion (= 109) Euro in The Netherlands and ca 8500 billion 
Euroo in the European Union. 
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Figuree 1.1: Transport of an Egyptian colossus. Note the worker near the foot of the 
colossuscolossus pouring a lubricant at the front of the sledge on which the colossus is transported. 
PaintingPainting from the tomb of Tehuti-Hetep, El-Bershed (c. 1880 B.C.). Taken from Ref. 

byy a famous experiment by J. Israelachvili et al. using a 'surface force apparatus' 

[4.. 5. 6. 7, 8. 9. 10]. They measured the normal force between two lubricated 

surfacess as they were pressed together. It was found that at a separation below 

caa 6 molecular diameters the normal force oscillates as a function of the surface 

separation,, with a period equal to the molecular diameter (see Fig. 1.2). This 

suggestss that the liquid orders in layers parallel to the walls and that these layers 

aree squeezed out one by one. 

Inn similar experiments [5. 8. 11, 12], it was found that the sliding friction force 

off  such layered fluids shows stick-slip behavior (see Fig. 1.3): stress is built up 

iff  the surfaces are sheared until a threshold is reached and the surfaces slip (the 

fluidfluid  melts). After the stress has been released by the slip, the fluid reorders 

andd the stress builds up again, after which the process starts all over. These 

experimentss form convincing evidence that a fluid shows ordering (freezing) under 

strongg confinement. 

However,, one could argue that the evidence is indirect and these experiments 

doo not yield any information on the type or degree of ordering. The confined 

fluidfluid  may or may not be in a crystalline phase and no statements can be made 

aboutt the in-plane ordering. Furthermore, the oscillating force curve in Fig. 1.2b 

onlyy reflects the structural properties of the confined fluid. It does not inform us 

aboutt possible changes in the fluid dynamics, which might occur already at much 

largerr separations. The dynamic behavior is important because it determines the 

lubricatingg properties of a fluid. To address these issues, we need to examine the 

confinedd fluid more closelv. 
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(b) ) 

Figuree 1.2: (a) A fluid confined between two solid surfaces. The surface separation 
decreasesdecreases going from ~ 4 molecular layers in g to zero layers in a. (b) The normal force 
asas a function of the surface separation, as measured in a surface force experiment. At 
distancesdistances corresponding to an integer number of molecular diameters the normal force 
increasesincreases until, after reaching a threshold value, the fluid becomes unstable and one layer 
isis squeezed out. Taken from Tntermolecular and Surface Forces' by J.N. Israelachvili 
[3]. [3]. 

1.22 Method 

Inn order to determine the structure or the dynamical properties of a confined fluid, 

wee have to gain access to the fluid buried in between the solid walls. Techniques 

usingg visible light, such as (confocal) microscopy and light scattering, suffer from 

twoo important limitations. First of all, the spatial resolution Ax attainable with 

visiblee light is limited by the wavelength. For an imaging system2, for example, 

AxAx is given by [13] 

AA . _ A 
0.61 1 

NA NA 
0.61--

nn sin a 
(1.1) ) 

2Wee consider here a spherical lens, where the pre-factor equals 0.61. For a cylindrical lens, 
thee pre-factor equals 0.5. 
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(a)) (b) 

Figuree 1.3: (a) A fluid in between two surfaces with a shear stress, indicated by the 
arrow.arrow. The fluid is frozen and withstands the shear stress: sticking results, (b) The fluid 
melts,melts, which results in a slip of the upper sheared surface. 

wheree A is the wavelength. NA = nam a the numerical aperture of the collecting 

lens,, a half the opening angle of the lens and n the refractive index of the medium 

inn between the object and the lens. For visible light, the numerical aperture is 

typicallyy 1.4. which for A = 500 nm results in a spatial resolution of Ax ~ 350 

nm.. Hence, visible light is not a suitable probe for the investigation of molecular 

fluidss or other fluids that consist of nanometer particles. 

AA second important limitation of the use of visible wavelengths is the occurrence 

off  multiple scattering, which results from large refractive-index contrasts (An may 

bee of the order of An ~ 0.1). Multiple scattering is the origin of the opaque 

appearancee of, e.g., milk, white paint and clouds. Another example, relevant for 

thiss thesis, is a suspension of silica colloidal particles with a radius of ~ 100 nm 

dissolvedd in water. Absorption is relatively small for both silica and water at visible 

wavelengths,, but multiple scattering prevents us from looking inside this system. 

Byy dissolving the particles in an index-matching solvent, multiple scattering may 

bee avoided. However, because the properties of the suspension depend on the 

solvent,, this seriously limit s the freedom to vary physical properties. 

Forr hard x rays with a wavelength of A ~ 0.1 nm, the above limitations are 

absent.. The wavelength is small enough to yield in a diffraction experiment a 

spatiall  resolution on the length scale of molecules. Furthermore, as a result of the 

smalll  refractive-index contrasts (An ~ 10~6), multiple scattering may be safely 

neglected.. Therefore, if the sample consists of small particles (<C 500 nm) or if 

itt causes multiple scattering of visible light, hard x rays are a suitable tool of 

research. . 

However,, if we would perform an x-ray diffraction measurement in reflectivity 

geometry,, as depicted in Fig. 1.4a, inhomogeneities in the confining walls would 

resultt in much background scattering. Since the scattering volume of the thin fluid 
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Figuree 1.4: Possible geometries for an x-ray diffraction experiment on a confined fluid, 
(a)(a) The geometry of a standard reflectivity measurement. In this geometry the mo-
mentummentum transfer q (dashed arrows) is along the surface normal, (b) A transmission 
experimentexperiment with the incident beam along the surface normal. Here, the scattering vector 
isis nearly parallel to the surfaces, (c) The planar waveguide geometry. The waves are 
internallyinternally reflected from the liquid-solid interface and propagate only within the fluid, 
contrarycontrary to the cases (a) and (b), where the x rays pass through the confining walls. 

fil mm is much smaller than that of the walls, this reduces the signal-to-noise ratio 

byy a substantial amount. The same holds for a transmission geometry at normal 

incidence,, as shown in Fig. 1.4b. 

Thee signal-to-noise ratio is enhanced when the confining geometry is used as 

aa planar x-ray waveguide [14]. In this geometry, the x-rays propagate only within 

thee fluid layer (Fig. 1.4c), in the same way as e.m. waves propagate within the 

coree of optical fibers used in data communication. The fluid layer then serves as 

thee guiding layer for the x rays and almost all intensity is confined within the 

fluidd layer. Therefore, scattering due to inhomogeneities in the boundary walls is 

negligible,, which greatly enhances the signal-to-noise ratio. It is fair to mention 

thatt in the waveguide geometry the resolution is not equal to the x-ray wavelength 

iff  only guided modes are considered. This wil l be discussed more extensively in 

chapterr 2. At this point, we just mention that the resolution in the waveguide 
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geometryy is equal to the minimum thickness of the waveguide guiding layer VVmin 

thatt still supports one waveguide mode. \Vmin is of the order of 20 nm in our 

presentt setup, yielding a spatial resolution Ax ~ 20 nm. which is still an order of 

magnitudee better than for visible wavelengths. 

1.33 Colloidal suspensions 

Thee minimum waveguide gap width \Vmm ~ 20 nm corresponds to many molecular 

diameters.. However, for the observation of confinement-induced effects, a gap of 

noo more than a few nm is needed. Therefore, an examination of confined molec-

ularr liquids is at present not yet possible with use of the planar x-ray waveguide 

technique.. As a first step, we investigate a suspension of colloidal particles dis-

solvedd in a molecular liquid. A colloid is a macromolecular particle, much larger 

thann the solvent's molecules, but small enough so that its random Brownian mo-

tion,, caused by the bombardment by the molecules, prevents sedimentation due 

too gravity. Typically, the size of a colloidal particle is between 1 and 1000 nm. 

Colloidall  particles are much larger than molecules and hence scatter more 

stronglyy in the forward direction (see Ref. [15]). This enhances the scattered 

intensitiess at small angles significantly, facilitating a small-angle scattering ex-

periment.. Furthermore, an important property of colloidal particles is that the 

particle-particlee and the particle-wall interactions can be altered by changing their 

surfacee chemistry, which makes them tunable test particles. 

1.3.11 Confined colloid dynamics 

AA single sphere within a narrow gap cannot show ordering phenomena, but its 

dynamicss may be seriously affected through hydrodynamic interactions with the 

nearbyy walls, see Fig 1.5. The motion of the colloidal particle induces a dipolar 

floww field within the solvent. This flow field is affected by the presence of the walls, 

whichh may result in an enhanced hydrodynamic friction. 

Byy applying the technique of dynamic x-ray scattering (DXS) in the x-ray wave-

guidee geometry, we can investigate the dynamic behavior of colloidal spheres con-

finedfined within a narrow slit over a large time window ranging from sub-milliseconds 

too seconds. The x-ray waveguide forms an extremely well-defined model geometry 

whichh makes it suitable for comparison with theoretical models of the diffusive 

behavior. . 

Thoughh the geometry of a narrow parallel slit is fairly simple, accurate the-

oreticall  predictions of the diffusive behavior of a single colloidal sphere confined 

withinn a slit are still lacking. The equations of motion cannot be solved analyti-
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Figuree 1.5: A colloidal sphere dissolved in a liquid, confined between two flat surfaces. 
TheThe movement of the sphere induces a dipolar flow field within the surrounding liquid 
withwith a higher pressure (H) in front of the sphere and a lower pressure (L) at the back. 
TheThe presence of the walls greatly affects the flow field within the solvent and therefore 
hydrodynamichydrodynamic interactions with the wall will  influence the motion of the sphere. 

callyy and recourse is taken to numerical methods, e.g., molecular dynamics (MD) 

orr lattice-Boltzmann simulations [16]. However, to date, these calculations are so 

time-consumingg that they cannot provide access to the long-time dynamics. Long 

timess are defined here as times later than the moment at which the diffusion of 

thee colloidal particles starts to slow down3. 

1.44 This thesis 

Inn chapter 2, we introduce the concept of x-ray waveguiding, the technique used 

heree to investigate confined fluids. The scattering of waveguide modes from con-

finedd colloidal particles wil l be treated within the single-scattering approximation. 

Inn the waveguide setup the surface separation and parallelism are determined 

byy an optical interferometric technique. Previously, this technique limited the 

minimumm possible waveguide gap Wmin to ~ 250 nm, half a visible wavelength. 

Becausee we intend to study much thinner films (ultimately of molecular thickness), 

wee developed a method that allows a controlled positioning of the waveguide gap 

farr below optical wavelengths. This resulted in the multistep-index waveguide, 

whichh is described in chapter 3. A full explanation of the observed diffraction 

3Occasionally,, long times are defined in other ways. 
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patternss is given for an experiment in which the guiding layer is empty. 

Thee scattering volume of confined fluids is small, which results in small scat-

teredd intensities. This may seriously frustrate experiments on low-contrast sam-

pless or extremely thin fluids. In chapter 4. we demonstrate how we obtain a flux 

enhancementt within the waveguide by almost two orders of magnitude. This is 

achievedd by pre-focusing the incident x-ray beam. The effects of pre-focusing on 

thee propagation of the waveguide modes and on the coherent properties of the 

x-rayy beam are discussed. 

Inn order to understand the dynamics of confined colloidal suspensions, we 

firstt examine the dynamics of bulk colloidal fluids consisting of charge-stabilized 

spheres.. This is the subject of chapter 5. where the focus wil l be on the inter-

mediatee and long-time dynamics. This investigation wil l form a reference for the 

experimentss on the dynamics of confined colloidal suspensions. However, dense 

suspensionss of highly charged colloids form an intriguing object of study by them-

selves.. They exhibit phenomena such as glass and gel formation and thixotropy 

(shearr thinning). 

chapterr 6 is concerned with the dynamics of a dilute suspension of lightly 

chargedd colloidal spheres confined within the x-ray waveguide. The theory of 

dynamicc x-ray scattering (DXS) in the waveguide geometry, which differs from that 

forr bulk DXS, is worked out in the single-scattering approximation. Experiments 

aree presented that indicate a confinement-induced slowing down of the long-time 

dynamics. . 


