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Chapterr 6 

Dynamicss of confined colloids 

WeWe report on dynamic x-ray scattering experiments on a suspension of colloidal 

spheresspheres confined by two parallel plates at close separation. The confining geometry 

actsacts as a waveguide for the x rays. The colloidal dynamics is found to be affected 

substantiallysubstantially by the confinement and shows signs of fractal Brownian motion. This 

isis probably caused by an inhomogeneous distribution of the surface charges on the 

confiningconfining walls. 

6.11 Introduction 

Thee dynamic properties of fluids are strongly related to their structural properties. 

Inn the previous chapter on the dynamics of bulk colloidal fluids this was expressed, 

forr example, by the implicit dependence of the short-time diffusion coefficient 

DDss(q)(q) on the structure factor S(q) via Eq. 5.14. The higher the degree of order 

inn a material, the more the mobility of the particles is restricted. One would also 

expectt the particles to slow down, owing to the presence of confining walls. The 

surfacee force apparatus experiments by Israelachvili and others [4, 5, 6, 7, 8, 9, 10] 

indeedd demonstrated this {see Fig. 1.2) by the observation of the stick-slip motion 

off  lubricated sliding surfaces. 

Forr confined colloids we expect the hydrodynamic interactions of the particles 

withh the walls to be important, since the flow field present around a moving particle 

wil ll  be greatly affected if walls are present and an altered flow field wil l affect the 

particlee dynamics (see Fig. 1.5). In an earlier experiment Maret et al. [76, 77] 

havee observed hydrodynamic speeding in quasi-two-dimensional fluids consisting 

off  polystyrene colloidal spheres floating on a fluid-air interface. However, the 

hydrodynamicc 'speeding' they witnessed was defined with respect to the same 

systemm without hydrodynamic interaction. Compared to bulk fluids, the quasi-2D 

systemm was always slower. 
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Inn order to investigate the interactions between the particles and the walls, 

wee consider a dilute suspension of colloidal particles, since the particle-particle 

interactionn is then negligible. We then have the situation of a single colloidal 

spheree confined within a planar slit. This is the simplest confining geometry for 

aa colloidal particle and ideally suited for comparison to theoretical and numerical 

calculationss [16]. 

Inn this chapter we investigate the dynamic behavior of a dilute colloidal fluid 

confinedd within the guiding layer of a planar x-ray waveguide. We discuss dynamic 

x-rayy scattering (DXS) experiments on the confined colloidal spheres, where the 

distancee between the surfaces ranges from only a few colloidal diameters to many 

diameters.. We call this technique waveguide dynamic x-ray scattering (WDXS) in 

thee remainder of the text. We first treat the dynamic scattering of x rays in the 

waveguidee geometry, which is required for the interpretation of the data. Then we 

describee the experimental procedure. In section 6.5 we present the experimental 

results.. We end this chapter with a short conclusion and outlook. 

6.22 Dynamic x-ray scattering in a planar wave-
guide e 

Dynamicc x-ray scattering from colloidal particles confined within a planar x-ray 

waveguidee is more complicated than normal DXS. because the propagation of e.m. 

radiationn within an x-ray waveguide is described by waveguide modes, not by plane 

waves.. Therefore, Eq. 5.2 cannot be applied directly. In section 2.3 we derived the 

e.m.. field in the far field behind a planar x-ray waveguide if inhomogeneities are 

presentt in the guiding layer of the waveguide. In Appendix C we extend this result 

too the situation that these inhomogeneities are colloidal particles moving within 

thee planar x-ray waveguide and we derive the expressions for the time correlation 

functions. . 

Inn this derivation a single-scattering approximation was used and the assump-

tionn was made that only one mode TE^ is excited at the entrance of the waveguide. 

Furthermore,, it was assumed that the detector captures an exiting angle 9e equal 

too mode angle 9^. For these conditions the intermediate scattering function is 

givenn by (Appendix C) 

/ ( x ' ^ L ' f ) -- <MX,L,O)| '> ' (6-1} 

wheree Q . ( \. L. t) is the amplitude scattered into mode TEj-. at an in-plane scattering 
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anglee \ a nd 

( 4 (X ,, L. t)ck(X, L, 0)> = \CX\2 ^(e-^x(wJ-(*)-».(0)))<e-i(fl m-/9it)^(0-z.(0))) 

r2Jp
2(g1)/e-^o(öfe+öm)(xJ(o)-^(t))\\ +2F2(g2){e" i fco(ö;t"ÖTn)(:Ej(0)" 3:,(É)))l . (6.2) 

Here,, C\ = ireAne/(2W). The in-plane momentum transfers in the y- and z-

directionss are given by qy — -0kX a nd Qz = (Pm-fik), respectively. The momentum 

transferr in the confining x-direction takes in the waveguide geometry two discrete 

valuess qi>x = —ko(9k + 9m) and q2,x — — ko{6k — 9m), which depend on the mode 

numberss m and k. The function F(q) is the form factor of the spherical particles, 

givenn by Eq. 5.20. 

Inn the dilute limi t of many non-interacting particles the double summation over 

ii  and j in Eq. 6.2 yields only a non-zero contribution for i = j . Since \, 9 <C 1, we 

havee qz <C qx,qy and we may set (exp(—iqz[z{(t) — Zj(0)])}  = 1, because it decays 

muchh slower than the other terms. In the dilute limi t we may use Eq. 5.8, which 

leadss to 

f{qf{qyy,9,9kk,t),t) = C2 e x p ( - D | , )̂  [F2(qi)exp(-Dqlxt) + F2(q2)exp(-D g2%t)] , 

(6.3) ) 

wheree qy — \ko, C2 — (F2(qi) + F2(q2))~
1 a normalizing pre-factor and D\\ and

aree the diffusion coefficients for motion in the directions parallel and perpendicular 

too the surfaces. 

Eq.. 6.3 indicates that there is always mixing of at least two momentum trans-

ferss in the waveguide geometry. However, if we set the exit angle 9e — 9k equal to 

thee incident mode angle 9{ = 9m, we have q2jX = 0 and the second term in between 

squaree brackets in Eq. 6.3 equals F2(qy). If we take 9m — 9c/2 ~ 0.06° for the 

air-silicaa interface, we have q\ x̂ = k09c ~ 0.15 nm"1. This is much larger than the 

typicall  value for qy < qm ~ 0.02 nm- 1 . We then have q\ ^> q2, thus F(qi) <tC F(q2) 

andd by approximation 

f(qf(qyy.t)~exp(-D.t)~exp(-Dliqliq
22

yyt).t). (6.4) 

whichh only depends on qy and the time t. In the WDXS experiments in this 

chapter,, we always have 0*  = 9e. Therefore, we assume that Eq. 6.4 is valid and 

thatt we only observe the in-plane diffusion coefficient D\\. 
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6.33 The colloidal suspension 

Thee colloidal particles are silica spheres with a light negative surface charge due to 

dissolvedd surface ions. We choose relatively large spherical colloidal spheres1 with 

aa radius r0 ~ 115 nrn. which results in stronger scattering in the forward direction 

comparedd to the spheres used in chapter 5, owing to their larger size. This results 

inn higher count rates in the detector [15]. For smaller particles we estimated the 

photonn yield to be insufficient for the WDXS experiments. 

Wee investigated one sample, the colloid volume fraction of which was O — 7%. 

Thee solvent of the sample is a mixture of demineralized water and glycerol with 

40%% of the weight being glycerol. The viscosity of this mixture is 3.75 cPoise 

== 3.75  10- 3 Pa s. The refractive index is not matched to that of the colloidal 

particles,, which results in a milky appearance due to multiple scattering. 

Thee form factor of the spheres F{q) has been determined by measuring the 

scatteredd intensity I(q) with the waveguide surfaces retracted at a large separation 

off  W ~ 1 mm. which results in a column of bulk fluid standing in between the 

surfaces.. The measured intensity distribution I(q) is plotted in Fig. 6.1a (open 

circles).. We subtracted a background signal, such that the Porod plot I(q)q4 is a 

dampedd sinusoidal function (not shown here). We fitted I{q) by the form factor for 

spheress F(q), as given in Eq. 5.20 with r0 = 1 18 nm. Polydispersity is taken into 

accountt by a Schulz distribution [59] with a half-width-at-half maximum of 2.7%. 

Thee reasonable agreement between the calculation and the measured intensity 

distributionn indicates that the structure factor S(q) is almost flat (see Fig. 6.1b. 

Thiss is an indication that the Debye screening length of the spheres is not very 

largee since otherwise S(q) would be more strongly peaked, such as in sample Cl 

off  chapter 5 (Fig. 5.5). 

6.44 Experimental 

Thee confinement geometry for the colloidal suspensions is the planar x-ray wave-

guidee discussed in chapters 2. 3 and 4 (see Fig. 2.8). The experiments were 

performedd with the multistep-index geometry, which enables the study of gap 

sizess much smaller than optical wavelengths (see chapter 3). The top layer of the 

surfacess consists of silica, which is important since its surface properties determine 

thee interaction between the colloidal particles and the walls. The x-ray beam used 

inn the experiments is a plane wave. i.e.. it is not pre-focused. 

1Thoo colloids were kindly supplied by the Utrecht University. Department of Physical and 
Colloidd Chemistry. 
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Figuree 6.1: (a) The scattered intensity I(q) (open circles) for the sample used in this 
chapterchapter in bulk. The colloidal volume fraction is 7%. The filled circles describe the 
calculatedcalculated form factor |F(<j)|2 for spherical particles of radius ro = 118 nm and a poly-
dispersitydispersity of . The sharp uprise of I(q) at small q is caused by the direct beam, 
(b)(b) The structure factor S(q), defined as S(q) = I(q)/\F(q)\2. The vertical dashed line 
atat qm = 0.0215 nm~l indicates the peak in S(q). 

Thee liquid is inserted in between the surfaces via a capillary tube, connected 

fromm below to a 1 mm hole in the lower surface (see Fig. 6.2). At the inlet, 

thee tube is connected to a syringe containing the suspension. To prevent drying 

off  the colloid, the sample area is enclosed by a cylinder, attached to the upper 

movablee plate, which also holds the upper surface. The cylinder is made of 25 /im 

thickk mica sheets, allowing the x-ray beam to enter the sample area and enabling 

inspectionn of the sample by eye. The lower part of the cylinder is immersed into a 

circularr bath containing a fluid identical to the solvent of the colloidal suspension. 

Inn this way, the sample environment is sealed from the exterior. After closing the 

samplee area and before inserting the fluid via the capillary tube we wait until an 

equilibriumm vapor pressure has settled. 

Thee experiments were performed at the ID10A undulator station at the ESRF 

inn Grenoble, France. The energy, selected by a reflection by the ( l l l ) -p lane of a 

single-crystall  monochromator, was 13.2 keV, corresponding to a wavelength A = 

0.09422 nm. The arrangements of the components in the experimental setup is 

drawnn schematically in Fig. 6.3 (top view). A pinhole of 8 or 12 /xm diameter 

selectss a partially coherent part of the x-ray beam. At the position of the pinhole, 

thee transverse coherence length of the x-ray beam is £„  = XL/'s = 164 /zm in 

thee vertical direction and £/, = 4.1 pm in the horizontal direction. We inserted 

aa polished tungsten knife edge just in front of the sample, on the side of the 

detector.. This removes unwanted secondary Fraunhofer diffraction rings caused 
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Figuree 6.2: Enclosure for the confined fluid, preventing drying out of the fluid. 

byy the pinhole. 

Thee scattered photons are detected by a scintillation photon counter, positioned 

att 2.38 m behind the sample. The speckle size at the detector is approximately 

hh = XL/d [48]. with d being the beam size. Along the horizontal direction the beam 

sizee equals the size of the pinhole, along the vertical direction it is given by twice 

thee waveguide width W. The detector area was set by adjustable pre-detector 

slits.. By varying the detector aperture, a trade-off was made between count rate 

andd coherence contrast. The fastest acquisition speed of the correlation function 

wass obtained for a detector opening of 20 /j,m and 40 /mi in the horizontal and 

verticall  direction, respectively. In order to obtain a good statistics at the largest 

momentumm transfers qy, we measured the correlation functions for ~ 30 minutes 

andd we achieved coherence contrast functions up to Vl/ ~ 50% (see Eq. 5.7). Fig. 

6.44 shows an example of a correlation function, measured at a large gap setting 

(W(W ~ 1 mm), at which the dynamics is not affected. 

Wee have performed dynamic x-ray scattering experiments with the detector 

positionedd at the specular mode 6f. = 0; = 0m. i.e., with the scattering vector q 

parallell  to the surface planes. This allows us to use Eq. 6.4 for the analysis of 

thee data. Four different gap settings were considered. For comparison, we first 

performedd one set of experiments with a gap W\ ~ 1 mm, much larger than the 

beamm size of ~ 10 fjxa. At this gap setting the suspension behaves as a bulk fluid 

andd the gap no longer acts as a waveguide. The experiments on confined colloids 

weree performed at the gap settings Wi = 1.8 /an, Ws ~ 1.2 /im and W4 ~ 0.8 /xm, 

whichh correspond to ~ 9, ~ 6 and ~ 4 particle diameters, respectively. 
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waveguide e 

Figuree 6.3: Arrangement of optical components in the waveguide-DXS setup (view from 
above).above). A pinhole (0 8/12fim) selects a coherent part of the x-ray beam. After the 
pinhole,pinhole, just in front of the waveguide, the Fraunhofer higher-order diffraction rings are 
blockedblocked on the side of the detector by a guard slit. The detector selects a scattering angle 
XX in the horizontal plane parallel to the waveguide surfaces. 

6.55 Results 

Followingg the structure of the previous chapter, we first investigate the short-time 

dynamicss of the colloids, then we discuss the long-time dynamic behavior. 

6.5.11 Short-t ime dynamics 

Thee short-time decay of f(qy,t) reflects the direct interactions between the parti-

cless and their surroundings, here the solvent and the confining walls. We determine 

thee first cumulant fJ,i(qy) (see Eq. 5.22) of the intermediate scattering function 

f(qf(qyy,, t), as described in chapter 5. In none of the experiments, the in-plane struc-

turee factor S(qy) showed a significant change, indicating that the particles hardly 

interactt with each other and that the confinement does not induce an in-plane 

ordering.. According to Eq. 5.14, this implies that any changes in the short-time 

diffusionn coefficient are due to an effective hydrodynamic interaction H{qy). 

Fig.. 6.5 shows the first cumulant Hi(qy) vs. q2
y for three different degrees of 

confinementt W\ » W$ > W4. The dilute character of the sample, evidenced by 

thee shallowness of the peak in S(q) in Fig. 6.1b, gives rise to the linear dependence 

off  fii(qy) on q2 at the large gap W\ (open symbols in Fig. 6.5), see Eq. 5.8. The 

scatterr of the data around the linear fit  is caused by minor variations in the water 

fractionn of the water-glycerol solvent, which results in a slowly varying viscosity 

off  the solvent. From the linear fit  to these curves we obtain a diffusion coefficient 

DD00 = 1330 nm2/ms. For a radius r0 = 118 nm, this yields via the Stokes-Einstein 
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Figuree 6.4: Correlation function g(q,t) - 1 = ^\f(q,t)\'2, measured with DXS at a gap 
WW ~ 1 mm. at which the sample behaves as a bulk fluid. The momentum transfer 
qq = 0.014 nm~l. The spiked oscillations at short times originate from the circulating 
electronelectron bunches in the storage ring of the synchrotron facility [23]. The perfect fit 
byby a single exponentially decaying function (gray line) indicates that the interactions 
betweenbetween the colloidal particles are negligible, since otherwise deviations such as presented 
inin chapter 5 would have been observed. 

equationn 5.22 a viscosity of the solvent of 7? ~ 1.4  10~3 Pa s = 1.4 cPoise. This is 

aa factor of 2 lower than the value given before. Apparently, the solvent absorbed 

waterr while the sample settled to equilibrium, owing to the hygroscopic nature of 

glycerol. . 

Uponn closing the gap to first W3 ~ 1.2 fim (grey circles in Fig. 6.5) and subse-

quentlyy to Wi ~ 0.8 fim (black circles), we observe a non-linear dependence of \L\ 

onn qy. The short-time decay of f(qy. t) is first enhanced when moving to gap W3, 

thenn slows down again when moving to gap WA. Compared to bulk, Hi(qy,t) is al-

wayss faster for the confined suspensions, i.e., Hi{qy, Wq) < Hi(qy, WA) < fii(qy, W3). 

Thee increased values of fJ.i(qy) for the confined colloids may have two origins. Ei-

therr the hydrodynamic and/or direct interactions between the particles and the 

wallss cause a short-time 'speeding' of the colloidal motion, or the effect is caused 

byy multiple scattering in the waveguide geometry. 

Multipl ee scattering is known to cause an enhanced decay of ƒ (q, t), see e.g. Refs. 

[48,, 50. 57]. It is the reason why diffusing-wave spectroscopy (DWS) in the visible is 

ablee to probe very short times. In our experiments the far-field diffraction patterns 
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Figuree 6.5: The first cumulant (ii(qy) for three different degrees of confinement: the 
bulkbulk fluid (open circles), the fluid confined within a gap ofW% ~ 1.2 \im (grey circles) 
andand the fluid confined in a gap W4 ~ 0.8 /im (black circles). The solid lines are guides to 
thethe eye. The direction of closing gap is indicated by the arrows. Going from bulk to an 
intermediateintermediate gap, the short-time dynamics is enhanced, while a further reduction causes 
aa slowing down. The vertical dashed line indicates the momentum transfer qm, at which 
thethe bulk structure factor S(q) has a shallow peak. 

I(9i,I(9i, 6e) only showed off-diagonal (meaning: 6m ^ 6k) modes with a low amplitude, 

indicatingg that scattering to other modes is small, though not negligible. The Born 

approximationn is then strictly speaking not valid2. However, we can think of no 

reasonn why multiple scattering would result in the observed behavior of /ii (q) as 

aa function of the gap width W. Therefore, we believe that the hydrodynamic and 

directt Coulomb interactions are at the origin of the confinement-induced enhanced 

short-timee dynamics. 

Wee give one possible scenario that may explain the observed dynamic behav-

ior.. If the surfaces are inhomogeneously charged, this results in a non-constant 

Coulombb interaction of the particles with the walls if they move within the gap, 

resultingg in Coulomb-potential maxima and minima. These charges originate from 

thee same process that causes the charges on the colloidal spheres, being that pos-

itiv ee surface ions of the silica disks dissolve in the solvent, resulting in negatively 

2Note.. that this results in multiple scattering of the x rays, though the refractive-index con-
trastss are still very low, i.e.. An ~ 10-6. 
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Figuree 6.6: (a) A negatively charged colloidal particle in between two negatively charged 
wallswalls experiences a potenttal well with a minimum in the middle if the surfaces are equally 
charged,charged, (b) Inhomogeneous potential landscape of one of the confining surfaces, due to, 
e.g.,e.g., an inhomogeneous distribution of the surface charges. In reality, the landscape will 
bebe more irregular than presented here. The particle will  avoid the potential maxima, 
whichwhich affects its diffusive behavior. 

chargedd surfaces. This is drawn schematically in Fig. 6.6a and 6.6b. Such sur-

facee charges, if existing, wil l affect the particle dynamics in the same way as the 

structuree factor does. The in-plane charge distribution may result in an effective 

in-planee 'surface-charge' structure factor Sc(qy), governed by the correlation length 

off  the charge distribution dc. Sc(qy) is not observable in the scattered intensity 

I{qI{q yy).). because the electron-density contrast of the spheres wil l dominate all other 

contrasts.. If Sc(qy) < 1 for the g-values in our experiments, this would result in 

ann enhanced short-time diffusion. Because the influence of multiple scattering in 

WDXSS is not ruled out completely, we wil l not attempt a quantitative comparison 

withh theory. 

Thee data presented here indicate for the first time that the short-time dynamics 

off  colloidal spheres confined between two surfaces exhibit on a short time scale a 

'speeding'' in comparison with the same suspension in bulk, while at a further 

decreasee of the gap the particles slow down again. 

6.5.22 Long-time dynamics 

Wee now discuss the long-time dynamics of the confined suspension at three different 

gaps:: W-2 = 1.8 [iva, W3 = 1.2 /im and W4 = 0.8 fim. Fig. 6.7 shows \f(qy,t)\
2 

measuredd at qy = 0.00465 nm- 1 . As the gap is closed from W2 to W3 and WA, the 
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Figuree 6.7: Time correlation functions \f(qy, t)\2 for three different gap settings W. The 
in-planein-plane scattering vector qy = 4.65 T0~3 ran"1 for all curves. A single exponential fit to 
thethe first part of the W = 1.8 fim correlation function is drawn to indicate the deviation 
fromfrom single-exponential decay. 

correlationn function decays slower on all time scales. But also here the short-time 

dynamicss is always faster for the confined data than for the bulk data, as was 

shownn in the previous section. 

Iff  we compare the dynamics at the smallest gap WA = 0.8 /xm to the behavior at 

thee largest gap Wi = 1.8 yum, we see that the short-time decay is a factor 3 slower 

forr Wi than for W2. At long times the decay, estimated from \f{qyJ)\2 = 0.1, is 8 

timess slower at the gap W4 than at W2. 

Att longer times Fig. 6.7 clearly shows a deviation from exponential decay for 

alll  gap widths. This was not observed in the bulk fluid, see Fig. 6.4. The long 

timee tails are observed for all correlation functions measured at small q <C qm and 

forr all gaps W < 2.5 ^m. The general trend is that the smaller the 5-value, the 

moree pronounced the long-time tail of f(qy,t). 

Ann example of an extremely long-time tail is shown in Fig. 6.8 measured at 

WzWz = 1.2 [im and qy = 0.00281 nm"1. Fig. 6.8a clearly shows non-exponential 

behaviorr of f(qy,t) and the straight long-time tail on the log-log plot over more 

thann three orders of magnitude in time strongly suggests an algebraic decay. The 

effectivee MSD(t). defined in Eq. 5.23, is plotted in Fig. 6.8b. At short times, the 

behaviorr is diffusive with a linear time-dependence of the MSD. At long times, the 
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timee (ms) time (ms) 

Figuree 6.8: (a) The intermediate scattering function f(qy,t) measured by WDXS at 
aa gap W3 = 1.2 /j,m and qy = 0.00281 nm~l (black circles). The gray curve is an 
exponentialexponential fit to the short-time decay, (b) The MSD(t) determined from. (a). At short 
times,times, the particles show diffusive behavior MSD(t) = Ds(q)t (steep line), while at long 
timestimes they are sub-diffusive, as indicated by the algebraic function MSD oc t7 (low-slope 
line),line), see text. 

motionn is sub-diffusive according to MSD(t) oc t7, where 7 = 0.14 for this curve. 

Wee never observed an uprise in the MSD, even after 10 seconds, as we observed for 

thee charged colloidal spheres in bulk discussed in chapter 5, which would indicate 

ann escape from a cage in which the particles might be trapped. 

Thee sub-diffusive behavior is observed for all correlation functions which have 

aa non-exponential long-time tail. i.e.. which where measured at small q and at gaps 

WW < 2.5 [im. However, the algebraic exponent 7 was not reproducible. We reset 

thee waveguide gap several times to check for reproducibility and found a different 

valuee for 7 at each setting. Typical values found are in the range of 7 ~ [0.1,0.6]. 

Ass a function of the momentum transfer qy the exponent 7 did not show a clear 

dependence,, as well. The general trend, however, of long tails at small qy and no 

tailss at large qv > qm was always reproduced. 

Thee sub-diffusive long-time behavior is remarkable since we are investigating 

aa dilute suspension of moderately charged spheres. An algebraic time-dependence 

off  MSD(t) has previously been observed in colloidal gels [78] and glasses (see e.g. 

[47]).. These systems are very different compared to our confined suspension in 

thatt they contain a static configuration of the particles. The sub-diffusive behav-

iorr indicates fractal Brownian dynamics [79], which is a signature of a randomly 

orderedd structure through which the particles are moving. In colloidal gels, such 

ass the laponite gel mentioned in chapter 5, this is often pictured by the house-of-
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cardss model, in which the particles form the fractal-like structure. In our dilute 

suspensionn of practically hard spheres, however, such structures are hard to imag-

ine. . 

Inn the confining slit the 'fractal' structure could be formed by inhomogeneous 

interactionss of the particles with the walls. There are two explanations for a 

roughenedd potential 'landscape' (Fig. 6.6b) within the confining slit to cause 

fractall  Brownian motion. Not only may the surface charges be inhomogeneously 

distributed,, a second possibility is that the solvent mixture of water and glycerol 

partiallyy de-mix owing to a preferential wetting of one of the fluids at the walls. 

Thiss would result in a position dependent viscosity. 

Thee fact that the trends of the confinement-induced effects on the particle 

dynamicss are reproducible, but the details are not, is reminiscent, of what has 

beenn observed in colloidal gels, where the observed long-time dynamic behavior 

dependss on the history of the system [47] and the system is non-ergodic. This 

suggestss that for the waveguide, upon resetting the gap, the potential landscape 

off  the confining surfaces changes. 

6.5.33 Conclusion and outlook 

Wee have observed clear confinement-induced changes in the dynamic behavior of 

aa suspension of virtually non-interacting spherical particles. At short times the 

diffusionn is enhanced compared to bulk but when closing the gap further, the par-

ticless are slowed down. At long times the mobility is reduced, as indicated by the 

long-timee tails. We believe that this is caused by an inhomogeneous distribution 

off  the surface charges. This hypothesis may be checked by experiments with con-

finingfining silica surfaces that are modified by chemically attaching CH3 end-groups. 

Thesee neutralize all surface charges. Another possibility is to purposely apply a 

patternedd charge distribution, with CH3 end-groups only at selected positions. If 

onee applies a striped pattern (see Fig. 6.9), the influence of the modified Coulomb 

potentiall  can be inspected in experiments with the momentum transfer q along or 

perpendicularr to the stripes. The surface-charge density and the charge pattern 

mayy be changed at wil l with the available nano-lithographic techniques. 

Thee hydrodynamic interactions probably still play a role in the particle dynam-

ics.. The reduced short-time mobility at closing of the gap (Fig. 6.7) can be caused 

bothh by enhanced hydrodynamic friction and by larger maxima and lower minima 

inn the Coulomb-potential landscape at smaller gaps. We cannot discriminate be-

tweenn these two effects. The long-time tails, however, are not easily explained by 

hydrodynamicc effects, since in that case part of the hydrodynamic flow field should 

stayy correlated over times longer than seconds within the slit. This is very unlikely. 
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Figuree 6.9: A particle close to a surface with a patterned surface-charge density. The 
greygrey bars indicate negatively charged areas, the white parts are neutral, owing to e.g. 
CH3CH3 end-groups. By performing experiments with the momentum transfer parallel or 
perpendicularperpendicular to the striped pattern, the effect of inhomogeneous surface charges may be 
investigatedinvestigated in a controlled way. 

Wee believe that it is not the hydro-dynamic interactions that govern the long-time 

diffusionn process, but the position-dependent direct (Coulomb) interactions be-

tweenn the particles and the walls. Therefore, if one compares experimental data 

onn the dynamics of confined fluids to numerical model calculations, the possible 

inhomogeneitiess should be taken into account. 

Thee experiments presented in this chapter have been performed on relatively 

largee gaps of ca 1 /im and large colloidal spheres. The gap may still be accessible 

byy light scattering techniques in the visible, which are easier to apply. However, 

forr a surface separation smaller than a few hundred nanometers and particles on 

thee nanometer scale this is no longer true and recourse has to be taken to x-ray 

scatteringg techniques. We have demonstrated that WDXS is a practical tool for 

investigatingg the dynamics of confined fluids, which promises that WDXS may 

bee applied successfully on thinner confined fluids and smaller particles. By pre-

focusingg the incident x-ray beam, as described in chapter 5, the scattered intensities 

cann be enhanced. This wil l partially compensate for the loss in scattering volume 

andd enable WDXS experiments at smaller gaps. 


