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Chapterr 5 

Colloidd dynamics 

TheThe dynamic properties of charge-stabilized spherical colloidal particles are investi-

gatedgated by use of cross-correlated dynamic light scattering and dynamic x-ray scatter-

ing.ing. The observed fluid dynamics show a complicated time and momentum-transfer 

dependencedependence that has not been reported before. The most remarkable observation is 

thethe existence of a supercooled colloidal fluid, which was stable over a period far 

beyondbeyond the time scale of observation. 

5.11 Introduction 

Colloidall  suspensions are intensively studied by physicists for several reasons. 

Firstly,, colloidal suspensions may serve as a model for studying the behavior of 

molecularr systems, with the advantage that the characteristic lengths and times are 

scaledd to much larger values. Therefore, these systems are more easily investigated 

byy standard experimental techniques, such as microscopy and light scattering. Fur-

thermore,, the particle size, the particle shape and the inter-particle interactions, 

whichh together determine the macroscopic properties, can be changed at will . 

Thiss explains why many consider colloidal suspensions to be an ideal toy-model 

forr molecular systems. 

AA colloidal suspension is also a model two-phase system, one phase being the 

molecularr solvent, the other consisting of the dissolved macromolecular particles. 

Inn two-phase systems, gel formation and non-Newtonian transport behavior can 

bee observed and these phenomena do not have their counterparts in molecular 

liquids.. In this respect, colloidal suspensions are interesting objects of study by 

themselves.. Exemplary is the thixotropic character of e.g. laponite suspensions, 

whichh become temporarily fluid when shaken, but return slowly to the solid gel 

statee after some time when left untouched [47]. This indicates that these systems 

aree more than just the sum of the two separate phases. An important coupling 
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betweenn the two phases is caused by the hydrodynamic interaction between dis-

solvedd colloidal particles, which is mediated by the solvent. The hydrodynamic 

interactionss determine to a large extent the occasionally peculiar behavior of col-

loidall  suspensions. Aggregation of particles, sedimentation, crystal growth and 

thee formation of gels and glasses are all affected by hydrodynamic interactions. 

Al ll  this stimulated a lot of fundamental research. From a practical viewpoint, 

two-phasee systems are important, .since they appear in mam- everyday materials. 

Toothpaste,, paint, mayonnaise and hair gel are typical examples of such products. 

AA much debated phenomenon in materials science is the glass transition. From 

manyy molecular liquids, glasses can be formed if they are cooled rapidly. In hard-

spheree colloidal suspensions, the role of temperature is replaced by the particle 

densityy If the density of a colloidal fluid is increased gently, e.g. by sedimentation 

underr normal gravity, the colloidal configuration can adjust to its most favorable 

one.. which results in a colloidal crystal. However, when a suspension is centrifuged. 

thee particle density in the bottom of a sample cell increases so fast that the sample 

getss stuck in the nearest local free energy minimum and the random configuration 

off  the fluid is frozen-in. The glass thus formed is a solid, while its structural order 

iss similar to that of a liquid, i.e.. there is no long-range ordering of thee molecules. It 

iss difficul t to define the location of the phase transition within the phase diagram, 

thee more so because it depends on the quenching rate. For a colloidal (molecular) 

system,, one can place the transition at the volume fraction (temperature), at which 

thee viscosity suddenly increases several orders of magnitude at a slight increase 

(decrease)) of the volume fraction (temperature). 

Thee dynamics of dense fluids and glasses can be described by the intuitively 

attractivee concept of the cage effect. In a dense fluid or in a glass, each particle 

iss surrounded by neighbors, which form a cage for the particle (see Fig. 5.1a). At 

shortt times, the particle diffuses within its cage, but at longer times the cage forms 

aa physical boundary Escape is only possible if the cage opens up, which asks for a 

complicatedd collective process, since the neighboring particles are trapped in their 

ownn cages. The probability of escape decreases as the density is increased and it 

suddenlyy goes to nearly zero when the liquid-glass transition is reached. In the 

glasss phase only aging is left: the effect of slow configurational rearrangements in 

thee structure. Fig. 5.1b shows for a caged particle the typical time dependence of 

thee mean square displacement (MSD). At short times the MSD increases linearly 

wit hh time and is therefore diffusive (I), at intermediate times it reaches a plateau 

owingg to the cage effect (II) . If the cage breaks up at even longer times, diffusive 

behaviorr is again possible at a much reduced rate (III) . Otherwise, the particles 

stayy trapped. Following this line of thought, we may formulate another definition 

off  the colloidal glass transition: the glass-forming density in colloidal systems is 
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Figuree 5.1: (a) A colloidal sphere trapped in the cage formed by its surrounding particles. 
TheThe dark circles are the colloidal spheres, the lighter circles indicate their effective radii, 
owingowing to a repulsive interaction potential. The dashed circle indicates roughly the size of 
thethe cage, (b) The typical shape of the MSD(t) plotted against time in a log-log plot. The 
dasheddashed black line shows diffusive behavior over the whole time range, the dark-gray solid 
lineline shows the caging effect. At short times (I) the particles diffuse in their cages. At 
intermediateintermediate times (II) the particles reach their cage boundaries. At still longer times 
(III)(III)  the particles escape and again show diffusive behavior. The light-gray dotted line 
refersrefers to particles that do not escape from their cages within the plotted time range. 

thee density above which the plateau in the MSD suddenly becomes much longer in 

time.. In practice, this means that the escape from the cage is not observed within 

thee experimentally available time window. 

Similarr to the glass phase is the gel phase. The difference is that a glass is 

aa high-density rigid solid, while a gel consists of a delicate low-density network 

thatt is easily destroyed under shear. An example of a well-defined gel is a laponite 

(disk-likee particles that are charged when dissolved) suspension in water, which 

formss a solid at a mass fraction of only a few percent of laponite particles. Special 

aboutt this system is that it forms a solid with increasing time. Depending on the 

densityy this may take hours, days or weeks. Therefore, the gel-forming process can 

bee followed closely while the phase transition is approached from the liquid side. 

Thiss is not possible in hard-sphere systems. The gel-forming process of laponite 

suspensionss is reversible. By shaking the gelated sample, it can be brought back 

inn the liquid phase and when left alone the system forms a gel again (for details, 

seee the thesis of M. Kroon [47]). The question arises as to what determines the 
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differencee between a gel and a glass, besides the large difference in macromoleeular 

volumee fraction. Is it the orientational degree of freedom of the particles due to 

theirr anisotropy. is it the long-ranged screened Coulomb interaction between the 

particles,, or a combination of both? The answers to these questions may be given 

byy experiments on isotropic charge-stabilized colloidal particles. 

Inn this chapter, we investigate mono-disperse spherical particles by dynamic 

lightt scattering. We varied the interaction length of the screened Coulomb po-

tentiall  as well as the particle density. We only report on colloidal systems that 

aree still in the liquid phase, although some of the samples are very close to the 

liquid-solidd phase transition. This enables us to observe how colloidal suspensions 

off  charged spherical particles approach the liquid-solid phase transition. In a sus-

pensionn of highly charged colloidal particles, the particles wil l feel their neighbors 

alreadyy at relatively low particle density, in contrast to hard-sphere systems. Does 

thiss result in gelation, like in the case of the laponite system, or does a system 

off  charged spherical particles behave rather as hard spheres? We wil l focus on 

thee intermediate- and long-time dynamics of these systems by determining their 

diffusivee behavior, since there the escape of the particles from their cages becomes 

apparent.. This collective escape-process determines the macroscopic visco-elastic 

propertiess of the suspension in the low-frequency limit . 

Thee observations reported here are made possible by the recent development 

off  two new experimental techniques: cross-correlated dynamic light scattering 

(CCDLS)) and dynamic x-ray scattering (DXS). These techniques enable mea-

surementss of the dynamic structure factor S(q, t) as a function of the scattering 

vectorr q for systems that strongly scatter visible light. This enlarges the range 

off  colloidal samples that can be investigated in this way substantially, since the 

opticall  refractive indices of the solvent and the particles are not matched in most 

suspensions. . 

Thee outline of this chapter is as follows: in section 5.2. we wil l describe the 

experimentall  techniques CCDLS and DXS, in section 5.3 we give the basic theoret-

icall  background on colloidal dynamics and in section 5.4 the samples are described. 

Sectionss 5.5 and 5.6 discuss the structure factor and the dynamic: properties of the 

samples,, respectively. We end this chapter with a conclusion and outlook. 

5.22 Dynamic light/x-ray scattering 

Wee now describe the basics of the dynamic light scattering (DLS) and dynamic 

x-rayy scattering (DXS) techniques. They provide access to both moderately short 

andd long times and offer the possibility to perform q-dependent measurements. For 

aa more extensive description of the techniques, we refer to Refs. [48, 49, 50, 51] 
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pinholee sample 

detector r 
Figuree 5.2: Schematic of a dynamic light/x-ray scattering setup. A beam of coherent 
radiationradiation is incident onto the sample with wave vector kj . For DXS a coherent part of 
thethe x-ray beam is selected by a pre-sample pinhole, while for DLS the laser is focused 
ontoonto the sample. The position of the detector at a scattering angle 8 defines the detected 
scatteredscattered wave kj and thus the scattering wave vector q. A pinhole or a slit assembly 
definesdefines the detector area. 

andd references therein. 

Iff  transversely coherent e.m. radiation is incident onto an object with a spa-

tiallyy inhomogeneous refractive index, it wil l be scattered by the inhomogeneities. 

Forr a colloidal suspension with randomly positioned particles, the scattering re-

sultss in a speckled diffraction pattern in the far field. Since the configuration of 

thee colloidal particles changes with time, the speckle pattern changes accordingly. 

Thee rate at which the speckle pattern changes is a measure for the rate at which 

thee particles move within the fluid. 

Inn a standard DLS experiment the intensity autocorrelation function is mea-

suredd with the detector capturing only part of a single speckle in the far field. 

Fig.. 5.2 shows a schematic of the DLS setup. A transversely coherent e.m. wave 

iss directed onto the sample. The detector captures the intensity scattered at an 

anglee 9, which corresponds to a momentum transfer q of 

g = ^ s i n ( 0 / 2 ), , (5.1) ) 

wheree n is the average refractive index of the fluid and the momentum transfer 
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qq = |q| is the length of the scattering vector q. We are considering isotropic fluids 

here,, which allows us to use the momentum transfer q instead of the scattering 

vectorr q in the remainder of the text. For single scattering by N identical colloidal 

particles,, the e.m. field in the far field is [48] 

.v v 

E{q,t)=A-F{q)^erE{q,t)=A-F{q)^erii** Ti{tTi{t \\ (5.2) 
i i 

wheree A is a pre-factor depending on the wavelength and the refractive-index 

contrastt between the colloidal particles and the solvent and F(q) is the form factor 

off  the colloidal particles, being the Fourier transform of the shape function of the 

particles. . 

Thee dynamic structure factor S{q. t) is defined as 

11 "V 

S(g .00 = ^ y > - i q ' ( r ; ( ' > - r ' ( 0 , ) } . (5.3) 

l.j l.j 

wheree ( ) denotes the ensemble average. We assume that the system is ergodic and 

hencee the ensemble average is equal to the time average. For r = 0. the dynamic 

structuree factor reduces to the static structure factor S(q). The normalized self-

intermediatee scattering function f(q. t) is defined as 

Thee function f(q.t) starts at 1 for t = 0 and for fluids decays to zero as time 

proceeds.. The time-averaged intensity distribution (I(q. t)) can now be wrritten as 

follows: : 

(I(q))(I(q)) = lim i / dtl(q.t) = A*\F{q)\2NS(q). (5.5) 
T ^^ 1 Jo 

Inn the experiment, the normalized intensity autocorrelation function g(q,t) is 

determined,, which is 
[Hq.t)I(q.Q)) [Hq.t)I(q.Q)) 

{I(q)Y' {I(q)Y' 

Iff  the temporal fluctuations of the far-field electric field E(q, t) are described by 

aa Gaussian distribution, the normalized intensity correlation function g(q. t) is 

relatedd to the normalized intermediate scattering function f(q,t) via the Siegert 

relationn [48]: 

(E*((E*( qq.t)E(q^)y .t)E(q^)y 
9&t)9&t)  = i+* wv*;;r r  = *+*I/M)I 2. w 
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Byy measuring g(q.t). we obtain the normalized intermediate scattering function 

f(q,t).f(q,t). In Eq. 5.7, ^ is called the coherence factor, which depends on the degree 

off  coherence of the light, the number of speckles captured by the detector, and on 

thee presence of incoherent background scattering by optical components present 

inn the beam. For a fully coherent beam, a small part of a single speckle captured 

inn the detector and no background scattering, we have \& = 1. In practice, ^ has 

aa value smaller than 1. 

Iff  the suspension of colloidal particles is very dilute, the particles do not in-

teractt and the static structure factor S(q) ~ 1. The colloidal particles undergo 

aa random Brownian motion and the intermediate scattering function ƒ (q, t) is an 

exponentiallyy decaying function [48]: 

f(q,t)f(q,t)dilutedilute = exp(-D0q
2t), (5.8) 

wheree D0 is the self-diffusion coefficient of the colloidal particle. For a single 

sphericall  particle of radius r0, dissolved in a liquid, the self-diffusion coefficient is 

givenn by the Stokes-Einstein relation [48]: 

kkBBTT kBT 
DD""  = — = 6 ^ ' ( 5 ' 9 ) 

wheree C, — Sirnro is the friction constant of a spherical particle in the Stokes 

approximationn and n is the solvent's viscosity. The particle diffuses through the 

liquidd and the mean square displacement MSD(t) is given by 

MSD(t)) = <(r(t) - r(0))2) = 2dD0t, (5.10) 

wheree d is the spatial dimension of the system, i.e., d = 3 for a 3D system, d — 2 

forr a 2D system. A suspension showing the cage effect has a plateau in MSD(t), 

ass was discussed in the introduction of this chapter. If we insert DQt — MSD(t)/6 

intoo Eq. 5.8. it follows that a plateau in MSD(q, t) also yields a plateau in f(q, t). 

Mult ip l ee scatter ing 

Onee problem encountered in DLS experiments is that, in general, colloidal parti-

cless scatter light of visible wavelengths very effectively, unless the refractive indices 

off  the particles and the solvent are very closely matched. A suspension contain-

ingg only a few volume percent of particles may already look turbid as a result 

off  multiple scattering of the light within the sample. This complicates the inter-

pretationn substantially, since we cannot use Eq. 5.2. which is only valid in the 

single-scatteringg limit . Multipl e scattering therefore limit s the range of samples to 

bee investigated by ordinary DLS. 
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Figuree 5.3: Two detectors, indicated here by the arrows 1 and 2. are positioned in 
thethe far field behind the sample at an angular separation A9, which is larger than the 
specklespeckle size of doubly or multiply scattered waves (grey 'speckle'). but smaller than that 
ofof singly scattered waves (black 'speckle'). By cross-correlating the two detectors, the 
singlysingly scattered waves can be selected out of the total scattered intensity. 

Theree are a few ways to circumvent the problem of multiple scattering. If the 

scatteringg is very strong, the light will 'diffuse' through the sample. This property 

iss exploited by the technique diffusing-wave spectroscopy (DWS) [52, 53]. However, 

alll  (/-dependent information is lost in DWS, because all scattering vectors present in 

thee multiple-scattering light path contribute to the correlation function. Another 

technique,, which does allow g-dependent measurements on turbid samples, is two-

colorr dynamic light scattering [54, 55, 56], but this technique is considered to be 

ratherr cumbersome. 

Inn this chapter, we use two other, complementary, techniques: cross-correlated 

dynamicc light scattering (CCDLS) and dynamic x-ray scattering (DXS). The latter 

differss only from DLS in the applied wavelength and the necessary equipment, the 

principless are identical. The advantage of DXS is that multiple scattering may be 

safelyy neglected because the refractive-index contrasts for hard x rays are small 

(n(n ~ 1 — 10~6 for A = 0.1 nm). However, low contrast also means low count rates. 

Wee therefore need a very intense x-ray beam that is also transversely coherent. 

Wee find such a beam at a third-generation synchrotron facility. 

CCDLSS uses the fact that a fraction of the scattered radiation is the result of 

singlee scattering, provided the scattering is not too strong. For these waves Eq. 

5.22 is valid. The selection of the singly scattered waves is possible because the 

specklee size decreases as the number of scattering events in the optical path is 

increased.. We put two detectors, labelled 1 and 2, in the far-field of the sample at 

slightlyy different scattering angles with an angular separation A9 (see Fig. 5.3). 
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Iff  the difference is smaller than the angular speckle size of singly scattered waves, 

butt larger than the speckle size of multiply scattered waves, only the signal that 

resultss from single scattering wil l remain upon cross-correlation of the detector 

signalss [57]. The normalized cross-correlation function g'(t) is given by 

,,(](]  _ <A(9,0/2(9,0)) 
g { t ) -- < / i ( « ) > < / , ( « )> ' ' ' 

wheree we have labelled the intensities with the corresponding detector numbers. 

Inn the remainder of the text, we wil l not write explicitly g'(t) if CCDLS is used, 

butt we wil l write g(t) (and correspondingly ƒ(£)) instead. A theoretical description 

off  how single and double scattering contribute in such a cross-correlation function 

cann be found in Ref. [58]. In Refs. [50, 51, 57] D. Riese et al. and W.V. Meyer 

demonstratedd that DXS and CCDLS can indeed be used to determine the normal-

izedd intermediate scattering function f(q,t) of colloidal suspensions that scatter 

stronglyy in the visible. 

Thee advantage of using both CCDLS and DXS is that they have different, but 

overlapping,, attainable g-ranges. The (/-range in CCDLS measurements is limited 

too smaller values compared to DXS due to the maximum experimental scattering 

anglee 9 ~ 120° in CCDLS. By using both techniques we can probe a large range 

off  g-values including the momentum transfer qm at which the structure factor has 

itss first peak. 

5.2.11 Experimental setup 

Thee DLS and DXS setups are drawn schematically in Fig. 5.2. For a more detailed 

descriptionn we refer to Refs. [50] and [51]. 

Thee DXS experiments were performed at the ID10A undulator beamline at the 

Europeann Synchrotron Radiation Facility (ESRF) in Grenoble, France. The beam 

hadd a photon energy of 8.2 keV, selected by a S i ( l l l ) single-crystal monochromator 

(bandwidthh AA/A = 10~4). This energy corresponds to a wavelength of A = 0.151 

nm.. The transverse coherence length was set by slits positioned between the source 

andd the monochromator crystal, resulting in £v = 144 fim for the vertical and 

£hh = 14 /im for the horizontal direction at a distance L — 44 m from the source. A 

pinholee (0 — 20 /mi) was inserted right in front of the sample to select a (partially) 

coherentt part of the beam. The pinhole results in a Fraunhofer diffraction pattern 

thatt may pollute the detected scattered signal. Therefore, we inserted a polished 

tungstenn knife edge just in front of the sample to remove this unwanted radiation 

onn the side towards which the detector is positioned. The scattered photons are 

detectedd by a scintillation counter and fed to the digital correlator computer card 

(ALV5000/E). . 
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Inn the DLS setup, the laser beam (Coherent DPSS 532. A = 532 ntn) is focused 

ontoo the sample to a beam waist of ~ 100 /jm. The scattered photons are captured 

byy two closely spaced multi-mode optical fibers (ALV . core diameter 300 fim). po-

sitionedd in the far field of the sample. The cross sections of the detectors determine 

thee accepted scattering angles1. Two detectors (ALV single photon detectors) at 

thee exit of the fibers detect the photons and the signals are cross-correlated with 

thee digital ALV correlator. 

5.33 Theory of colloidal dynamics 

Wee now discuss the dynamics of the system for times large compared to the typical 

relaxationn time of the momentum of the colloidal particles rB ss 10~8 s. We then 

havee the generalized Smoluchowski equation [59]: 

^^  = ̂ .(^,,,^,«-0 ^ 

Thee first term is governed by the short-time diffusion coefficient D${q). the second 

termm depends on the history of the system via the memory function M(q. t). 

Forr short times, but still much larger than rB. we are only concerned with the 

instantaneouss forces and the memory function can be neglected. We then have a 

singlee exponential decay of the correlation function, as follows from Eq. 5.12: 

S(q.t)S(q.t) = S(q)exp(-q2Ds(q)t). (5.13) 

Thee short-time diffusion coefficient Ds(q) depends on the structure factor of the 

systemm S(q) and on the hydrodynamic function H(q) via [49. 50. 59] 

Ds[q)=D^\.Ds[q)=D^\. (5.14) 

Thee function H(q). describing the hydrodynamic interactions, can be obtained 

experimentallyy via Eq. 5.14, since both the short-time diffusion coefficients and 

thee structure factor can be measured (see Ref. [50]). It should be noted that H{q) 

iss an effective hydrodynamic function and it may contain non-hydrodynamic terms 

thatt do not affect the structure factor S{q), but do affect the short-time diffusion 

coefficientt Ds(q). 

Thee memory function Af(q.t) is a complex function that depends on the posi-

tionss and velocities of all N particles in the fluid. This many-body problem can 

HVee consider here the scattering angle 6. not the acceptance angle of the optical fiber. The 
fiberss are positioned in the far field and the large acceptance angle of the fibers facilitates align-
ment. . 
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onlyy be solved if a closure relation is assumed. There are two ways to do this [60]. 

Thee first treats the problem as a diffusion problem: any currents in the fluid must 

resultt from gradients in the particle density, the proportionality constant being the 

diffusionn coefficient. We then have, after performing a Fourier-Laplace transform 

(seee Ref. [60]), the following relation between the dynamical structure factor and 

thee diffusion coefficient: 

S(q,z)S(q,z) = f dtexp{-zt)S(q,t) (5.15) 
Jo Jo 

S(q) S(q) 

zz + D{q,z)q2 
(5.16) ) 

wheree z = iu) is the Laplace frequency and the tilde symbol ( ~ ) indicates the 

Laplacee transform, defined in Eq. 5.15. 

Thee second closure relation employs the fluctuation-dissipation theorem. The 

dynamicss originates from local force fluctuations acting on the particles. These 

forcee fluctuations result in velocity gradients, the proportionality constant being 

thee viscosity tensor (,{q,t). This leads to the following relation between the vis-

cosityy tensor and the dynamic structure factor: 

5 (9 ,, z) = -^—-  (5.17) 
zz + qicT(q)y(z + aq,z)/m) 

wheree m is the effective mass of the colloidal particle and Cr is the isothermal 

velocityy of sound, given by 

«HSF-«HSF- <518) 

Iff  we assume that both closures are valid, Eqs. 5.16 and 5.17 may be combined 

andd we obtain the generalized Stokes-Einstein (GSE) relation: 

~~ kBT/S{q) , 
D{q,D{q, z) = j - -. (5.19) 

mzmz + Q\{q.z) 

Inn the limi t of u) —> 0 and S(q) — 1 (dilute limit ) this reduces again to the Einstein 

equationn 5.9. Using the GSE relation we can obtain the macroscopic viscous 

andd elastic properties of the fluids via the intermediate scattering function f(q, t). 

determinedd by dynamic light scattering. An example wil l be given later in section 

5.6.3. . 
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5.44 The colloidal suspensions 

Thee colloidal suspensions consist of mono-disperse silica spheres, synthesized with 

thee micro emulsion technique [61] and dissolved in a molecular liquid. The sus-

pensionss are stabilized by Coulomb repulsion owing to the surface charges on the 

silicaa spheres. The particle radius is r0 = 54.9 1 nm. as was determined by 

small-anglee x-ray scattering (SAXS) on a dilute sample (<p < 0.005) [50]. The form 

factorr F(q) for spheres is given by [49] 

3 3 
FF(<l)(<l)  = -——^[sin(f/r0) - qr0 cos(qr0)]. (5.20) 

andd is normalized such that F(0) - 1. Polydispersity of the spheres is taken into 

accountt by convoluting the form factor with a Schulz size distribution [59]. 

Thee charges on the colloidal particles are mainly a result of surface ions being 

dissolvedd in the liquid. These counter-ions, together with the excess salt present in 

thee solvent, form an electrostatic double layer around the particles, thus screening 

thee surface charges. The typical range of the screened Coulomb interaction is 

calledd the Debye screening length. By changing the excess salt concentration, the 

screeningg efficiency of the double layer and thereby the Debye screening length can 

bee modified. 

Wee prepared sets of samples with various solvents, resulting in different Debye 

screeningg lengths. In the first set of samples (set A) a mixture of ethanol/benzyl-

alcoholl  was the solvent. The mixture was chosen such that the refractive index of 

thee solvent was matched to that of the colloidal particles at n = . This 

suppressess multiple scattering as well as Van der Waals interactions between the 

colloidall  particles. The ionic strength of the suspensions discussed in this chapter 

iss highest for this set of samples, resulting in effective screening of the surface 

chargess by the electrostatic double layer. Therefore, of the samples discussed 

here,, the colloids of set A behave closest to hard spheres. At volume fractions 

abovee ~ 35% the samples are solid (the freezing transition for hard spheres is at 

00 ~ 49.4% [62]), as was observed from static speckle and non-decaying correlation 

functionss for higher volume fractions. 

Twoo other sets of samples, B and C, were made with a 50/50wt% mixture of 

de-ionizedd and filtered water and glycerol. This solvent is not index-matched with 

thee colloidal particles and therefore the suspensions look turbid, due to multiple 

scattering.. The viscosity of this mixture is 6  10~3 Pa s. We prepared samples 

withh different volume fractions and for each volume fraction made two identical 

samples.. One of these we left unchanged, forming sample set B. We changed the 

ionicc strength of the remaining samples by adding ion-exchange resin (Bio Rad 

AGG 501-X8). This removes a substantial part of the remaining excess ions and 
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Sample e 
Al l 
A2 2 
A3 3 
A4 4 

Bl l 
B2 2 

CI I 
C2 2 

Solvent t 
EtOH/BeOH H 
EtOH/BeOH H 
EtOH/BeOH H 
EtOH/BeOH H 

H20/Glyc. . 
H20/Glyc. . 

H20/Glyc. . 
H20/Glyc. . 

0 0 

0.15 5 
0.20 0 
0.25 5 
0.30 0 

0.05 5 
0.149 9 

0.05 5 
0.149 9 

D-I I 
No o 
No o 
No o 
No o 

No o 
No o 

Yes s 
Yes s 

qqmm (nm_1) 
0.0471 1 
0.049 9 
0.0515 5 
0.0554 4 

0.0374 4 
0.0459 9 

0.0299 9 
0.0414 4 

Tablee 5.1: The bulk samples investigated in this chapter, consisting of three sets 
(A,(A, B and C) that differ by their interaction potential. EtOH/BeOH stands for an 
ethanol/benzylethanol/benzyl alcohol mixture with a refractive index matched to that of the colloidal 
particles,particles, H20/Glyc. stands for a 50/50wt% water/'glycerol mixture, (j) is the volume 
fractionfraction of colloidal particles dissolved in the fluids, the label D-I stands for de-ionized 
andand qm is the position of the first peak in the structure factor S(q). 

resultss in a larger Debye screening length. These de-ionized samples constitute 

samplee set C. The two sets B and C thus obtained differ only in the strength of 

thee repulsive interaction. Al l samples used in this chapter are listed in Table 5.1. 

5.55 The static structure factor 

Beforee treating the dynamics of the colloidal suspensions, we first discuss the 

staticc structure factor S(q) containing the time-averaged spatial configuration of 

thee colloidal particles. Via Eq. 5.14, S(q) also affects the short-time dynamics of 

thee colloidal particles. We determine the static structure factor S(q) by measuring 

withh SAXS the time-averaged static scattered intensity distribution (I(q)) and 

dividingg it by the square of the form factor |F(g)|2 (see Eq. 5.5 and Eq. 5.20), 

convolutedd by a Schulz distribution with a width of 0.2 nm. The form factor 

|F(g)|22 is scaled to the intensity distributions I(q) to fit at large q-values, where 

wee assume that S(q) — 1. This is allowed for fluids. 

Figg 5.4 shows the structure factors S(q) for the samples of set A. At increasing 

volumee fraction, the first peak in the structure factor at q — qm becomes higher 

andd shifts to larger (/-values. This signifies a higher degree of order and a closer 

averagee inter-particle spacing, given by /avg — 2ir/qm. The height of the peak in 

S(q)S(q) is below 1.75 for all samples. This is substantially below the well-established 

freezingg criterion of Hansen and Verlet, which states that, at the liquid-solid phase 
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qq (nm'1) 

Figuree 5.4: The structure factor S(q) for the samples Al, A2, A3 and A4, dissolved 
inin ethanol/benzyl alcohol. The volume fractions are <p = 0.15. 0.20, 0.25 and 0.30, 
respectivelyrespectively (see Table 5.1). At increasing volume fraction, the first peak in the structure 
factorfactor increases in height and shifts to larger q-values. 

transition,, the first peak in the structure factor has a height of S{qm) = 2.85 

[63].. We do not observe strong higher-order peaks in S(q), as would be expected 

for,, e.g.. a poly-crystalline sample. Furthermore, the correlation functions f(q, t) 

measuredd on these samples, as wil l be shown later, all decay to zero, which means 

thatt all correlations in the particle positions vanish at long times. Therefore, we 

concludee that all samples in set A are in the liquid phase. 

Fig.. 5.5 shows the structure factors for the samples of sets B and C. which are 

thee non-deionized and the deionized sets, respectively, and which are dissolved in 

thee water/glycerol mixture. Samples Bl and CI have the lowest volume fraction 

OO = 0.05. Sample Bl has a broad peak in S(q) and a relatively large value for 

S(0)S(0) = 0.34  0.01. The removal of part of the excess ions (sample CI) results in 

aa big increase of the first peak in the structure factor and a shift of qm to smaller 

(/-values.. A similar shift and enhancement of the first peak in the structure factor 

iss observed if the samples B2 and C2 are compared, which have a volume fraction 

<p<p = 0.149. One striking feature, however, is that the height of the peak in the 

structuree factor of the deionized sample C2 equals 3.27. This is significantly above 
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Figuree 5.5: The structure factor S(q) for the non-deionized samples Bl and B2, and 
thethe deionized samples CI and C2. See table 5.1 for the samples' characteristics. 

thee freezing criterion of Hansen and Verlet: S(qm) = 2.85. However, f(q, t) decays 

too zero for sample C2, suggesting that the sample is still in the liquid phase. If 

thee sample is tumbled slowly it flows, which indicates that for low frequencies it is 

aa fluid. Therefore, we conclude that sample C2 is a supercooled fluid. The sample 

wass stable over a long period of time and did not show freezing or aging in the 

coursee of the experiments. 

5.66 Dynamics 

Thee short-, intermediate- and long-time dynamical properties of the charged col-

loidall  spheres are all embodied in the intermediate scattering function f(q,t). Fig. 

5.66 shows f(q,t) for sample set A and Fig. 5.7 for sample sets B and C, all 

measuredd by CCDLS as a function of the momentum transfer q. Al l g-values are 

smallerr than the peak position qm in the corresponding structure factor S(q) (see 

Tablee 5.1). At these values, collective diffusion is probed, as opposed to the case 

qq > Qm, where self-diffusion is probed [60]. The correlation functions are shown 

upp to the times at which the f(q,t) signal starts to become noisy. The plots of 

sett A are given in scaled time units, t' = tq2, in order to remove the intrinsic 
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Figuree 5.6: The intermediate scattering function f(q,t) measured by CCDLS as a func-
tiontion of momentum transfer q for the samples Al, A2, A3 and A4- The q-values of f(q, t) 
are,are, in decreasing order, given by q = 0.0300, 0.0283, 0.0265, 0.0245, 0.0222, 0.0198, 
0.0173,, 0.0146, 0.0118, 0.00896, 0.00601, all in nm~l. The arrow in A3 crosses f(q,t) 
subsequentlysubsequently for decreasing momentum transfer q. On the horizontal axis, the reduced 
timetime tq2 is plotted which removes the intrinsic q-dependence of f{q,t). The horizontal 
dotteddotted line indicates the value f(q,t) = 1. The dashed line in all graphs is a single expo-
nentialnential decay fitted to the short-time decay of the correlation functions with the largest 
q-value. q-value. 
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0.0011 0.010 0.100 1.000 10.000 100.000 0.01 0.10 1.00 10.00 100.00 1000.00 

timee t (ms) time t (ms) 

Figuree 5.7: The intermediate scattering function f(q,t), as measured by CCDLS, for 
thethe samples Bl, B2, CI and C2. The q-values of f(q,t) are, in decreasing order, given 
byby q = 0.0285, 0.0269, 0.0252, 0.0233, 0.0211, 0.0189, 0.0164, 0.0139, 0.0112, 0.0085, 
0.0057,, all in nm~l. The arrows in B2 and C2 cross f(q, t) subsequently for decreasing 
momentummomentum transfer q. For sample CI, the curves cross each other, but at long times the 
arrowarrow crosses the curves subsequently at decreasing q. The graphs on the left-hand side 
correspondcorrespond to the non-deionized samples, the ones on the right to the deionized samples. 
TheThe horizontal axis is now simply time. The dotted horizontal line indicates f(q,t) = 1. 
TheThe solid black line in CI corresponds to q = 0.0285 ~ qm. 
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^-dependencee of f(q.t). This was not done for sets B and C. because the f(q.t) 

curvess of sets B and C would then cross each other, making the plots unclear. 

5.6.11 Short-t ime dynamics 

Wee first discuss briefly the short-time dynamics. At short times, the normalized 

intermediatee scattering function f(q,t) can be described by a cumulant expansion: 

f{q.t)f{q.t) ~ e xp I -ni(q)t — * — ^ - . . . 1 , (5.21) 

wheree the first cumulant Hi is determined by the short-time diffusion coefficient 

Ds{q)Ds{q) (see Eq. 5.13). We have 

Aü(g)) = - l i m ^ l n [ / ( < M ) ] = Ds(q)q2. (5.22) 

Thee short-time dynamics is affected by the structure factor S(q) and the hy-

drodynamicc function H(q). This has been investigated extensively by D. Riese et 

al.. [50, 64] for the same charge-stabilized colloidal suspensions that are described 

inn this chapter. We repeat here the results for the supercooled sample C2, taken 

fromm Ref. [50]. Fig. 5.8a shows the measured structure factor S(q), together with 

thee measured short-time diffusion coefficient plotted as D0/Ds{q), where D0 was 

determinedd from a diluted sample with the same solvent. S(q) and D0/Ds{q) have 

aa similar shape with an identical peak position. The hydrodynamic function H(q) 

iss found by dividing S(q) by D0/'Ds(q) and is plotted in Fig. 5.8b. Al l values 

off  H{q) are below one, indicating that the hydrodynamic interaction slows down 

thee diffusion process. H(q) can be calculated theoretically using the fluctuation 

expansionn of Beenakker and Mazur [50. 65. 66] with the structure factor S(q) as 

inputt parameter. The calculated hydrodynamic function H(q) is plotted in Fig. 

5.8bb (dotted line). The peak value of the calculated H(q) is much higher than 

thee measured value and it is even higher than one. Clearly, the calculated H(q) 

doess not describe the experimental data. This is caused by screening of the long-

rangedd hydrodynamic interaction between the colloidal particles, which was not 

takenn into account in the calculations. It was found that the experimental data 

aree better described if a hydrodynamic screening length of about 3 particle radii 

iss incorporated in the calculations by modifying the Oseen term in the Beenakker-

Mazurr model (solid line). Riese et al. showed that the hydrodynamic screening 

iss more effective for the de-ionized samples than for the non-de-ionized samples, 

becausee of the reduced mobility of the de-ionized samples and the subsequently 

largerr rigidity of the structure of the fluid. See Refs. [50, 64] for more details. 
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Figuree 5.8: The short-time dynamical properties of sample C2. (a) The structure 
factorfactor S(q) (filled circles) is compared with DQ/Ds(q). The latter is measured both 
withwith CCDLS (open diamonds) and DXS (open circles), (b) The hydrodynamic func-
tiontion H(q) =  The open symbols are the experimental data, the dotted 
lineline is H(q) calculated using Beenakker and Mazur without hydrodynamic screening and 
thethe solid line is the calculated H(q), taking into account hydrodynamic screening with a 
screeningscreening length of 3 particle radii. 
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5.6.22 Long-time dynamics 

Glass,, gel or  fluid? 

Al ll  intermediate scattering functions f{q.t) in Figs. 5.6 and 5.7 decay to zero 

withinn the experimental time window. Plateaus in f(q. f) are found in samples 

A4.. Cl and C2. suggesting that these samples are closest to a liquid-solid phase 

transition.. However, the plateaus never extend to infinity , as would be required 

forr a colloidal glass. The fact that f(q. t) eventually decays to zero for all samples, 

indicatess that they lose all structural correlations within the experimental time 

window.. By the definition given in the introduction of this chapter, these samples 

aree all in the liquid phase. 

Samplee C2 is known to be supercooled, because of its large first peak in S(q), 

butt this may also be true for the samples Cl and A4. which show clear plateaus 

inn f(q.t). Because the exact value of the crystallization density is not known and 

becausee the error bars on the volume density arc rather large, we cannot decide 

whetherr samples A4 and Cl are supercooled or not. 

Iff  one of the samples were a gel, we would have witnessed, in time, a lengthening 

off  the plateau in f(q, t) into an algebraic tail, as was seen for laponite suspensions 

[47].. This we did not observe. The measured intermediate scattering functions 

f(q,t)f(q,t) were stable over a period of months. This indicates that suspensions of 

highlyy charged colloidal spheres do not form a gel within a period of several months. 

However,, while writing this thesis, a few years after the experiments, we once again 

inspectedd sample C2 by eye and observed that it had solidified (the sample cell 

wass completely sealed-off and evaporation of the solvent is negligible). The charge-

stabilizedd supercooled fluid C2 ultimately forms a solid and the time scale of the 

solidificationn process is of the order of years. In the concluding section of this 

chapterr we wil l return to this issue. 

Approachin gg th e phase transit io n 

Thee liquid-solid phase transition for a colloidal suspension may be approached 

fromm the liquid side in two ways. For the sample set A1-A4. it is approached as 

thee colloidal volume fraction is increased from 0 = 0.15 for Al to 0 = 0.30 for 

A4.. We assume that the Debye screening length is independent of o and hence 

identicall  for all samples of set A. Fig. 5.6 clearly shows that a long-time tail 

appearss at increasing volume fraction and that the correlation functions decays 

slower.. Sample A l shows an almost single-exponential decay, while sample A4 

showss a two-step decay with an intermediate plateau, as expected for particles 

temporarilyy trapped in their cages. The effect of increasing the volume fraction is 

observedd more clearly in Fig. 5.9a. where we plotted ƒ (q. t) for all samples of set 



5.6.5.6. Dynamics 

timee (ms) t™e (ms) 

Figuree 5.9: The intermediate scattering functions f(q, i) at scattering angle q ~ 0.009 
nmTnmT11.. The arrows cross }{q,t) subsequently for samples closer to the liquid-solid phase 
transition,transition, (a) f(q,t) for varying volume fractions <j>,  sample set A. As 4> increases, 
f(q,t)f(q,t) decays slower on all time scales, (b) f(q,t) for varying Debye screening length 
atat constant volume fraction <f>  = 0.15. For Al, the Debye length is smallest, for C2, 
itit  is longest. As the Debye length is increased (indicated by the arrows), the long time 
dynamicsdynamics is slowed down, while the short-time dynamics is enhanced. 

AA at a momentum transfer q = 0.00896 nm"1. Note that the dynamics slow down 

onn all time scales at increasing </> (indicated by the arrows). 

Forr samples Al , B2 and C2, the phase transition is approached by enhancing 

thee Debye screening length at constant volume fraction <f>  ~ 0.15. The Debye 

lengthh is shortest for A l and longest for C2, which we conclude from the height 

off  the peaks in S(q). Fig. 5.9b shows f{q,t) for q ~ 0.009 nm"1 belonging to the 

sampless A l , B2 and C2, between which only the Debye screening length changes. 

Att long times, an intermediate plateau develops going from A l via B2 to C2 

andd the long-time dynamics is slowed down. The short-time decay, however, is 

enhancedd for sample C2. This is different from what was observed in Fig. 5.9a, 

wheree the approach of the phase transition results in an overall slower decay. 

Att long times, all particle dynamics is slowed down both at increasing <j>  and at 

increasingg Debye length, because the cages become smaller and stronger in both 

cases.. The difference in the short-time behavior is explained by the hydrodynamic 

screeningg in the deionized samples, which we discussed earlier in section 5.6.1. 

Bothh at increasing volume fraction and increasing Debye length, S(q) becomes 

moree strongly peaked, which results in smaller values of S(q) for q <C qm. Accord-

ingg to Eq. 5.14, this leads to an enhanced diffusion coefficient, if H(q) remains 
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unchanged.. The different short-time trends in Figs. 5.9a and 5.9b therefore stem 

fromm a different, behavior of H(q). namely that for the deionized sample C2 H(q) is 

screened,, while for sample set A it is unscreened. For relatively hard spheres (set 

A)) an increased volume fraction <p apparently results in a reduction of the ratio 

H{q)/S(q)H{q)/S(q) for q < qm. and thereby in a slowing down of the short-time dynamics. 

However,, if the Debye screening length is increased, the ratio H{q)/S{q) increases 

andd hence the short-time dynamics is enhanced. 

g-dependencee of th e long-t ime tai l s 

Ass the scattering vector q decreases (indicated by the arrows in Fig. 5.6 for A3 

andd in Fig. 5.7 for B2), a long-time tail develops for all samples. This is caused 

byy a non-vanishing memory term in the generalized Smoluchowski equation 5.12. 

Apparently,, this memory becomes more important as q decreases and thus longer 

distancess are probed. The g-dependence of the long-time tails is most clearly 

visiblee for sample CI, which is the only sample discussed here that allows f(q,t) 

too be measured with CCDLS at q ~ qm, because of its relatively low value of 

Qm-Qm- f{Qm,t) is indicated in Fig. 5.7(C1) by the black solid line. The plateau in 

f(q,f(q, t) is completely absent at q = qm, while for the lowest (/-vector it is very clearly 

present.. This observation differs from the one made by Beck et al. [67] for colloidal 

glasses.. In their case, the long-time plateau did not decay, as expected for a glass, 

itss amplitude was peaked at q ~ qm and smallest for q < qm. This behavior was 

foundd both in the experiments of Beck et al. and in their mode-coupling theory 

(MCT)) calculations of / (g, oc), which were in good quantitative agreement with 

eachh other. For colloidal fluids close to the glass transition, MCT predicts a similar 

«^-dependencee of f(q, oc) as for colloidal glasses2 [68]. Our measurements, however, 

indicatee that the g-dependence of the long-time plateau ƒ (g, oo) is fundamentally 

differentt in the liquid state compared to the glass state. Furthermore, the q-

dependencee in the liquid state does not agree with the MCT predictions given in 

Ref.. [68], also for the supercooled sample C2. 

Inn order to further investigate the origin of the g-dependence of f{q,t) we 

introducee the effective mean square displacement MSDeff(q, t), defined according 

to o 

f{q,t)f{q,t) = exp(-MSDe f f(q. t)q2/6), (5.23) 

wheree we note that this results for q < qm in a collective MSD. Fig. 5.10 shows 

MSDeff(q,t)) for sample Cl at scattering vectors ranging from q = 0.0057 nm"1 to 

qq = 0.0285 n m- 1 ~ qm = 0.03 nm- 1. The shape of the curves resembles the one in 

Fig.. 5.1b, drawn for a single caged particle. At short times the MSD has a slope 

2Inn the fluid, f(q, oc) is then defined as the amplitude of the plateau at the point of inflection. 
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Figuree 5.10: The effective means square displacement MSDeff(q, t) at different q-values 
forfor sample CI. The scattering vector q ranges from q = 0.007 nmT1 (light gray upper 
curvecurve with thin black center line) to q = 0.03 nmT1 ~ qm (lower black curve). The dashed 
diagonaldiagonal lines have a slope 1, indicating diffusive behavior both at short and long times. 
TheThe horizontal lines correspond to the average inter-particle spacing lavg = 2ix/qm ~ 210 
nmnm (upper) and the average free surface-to-surface distance l{ ree = iavg — 2r0 ~ 100 nm. 

off  one in the log-log plot, at intermediate times diffusion slows down as indicated 

byy a plateau in MSD(t). At large times, the MSD again approaches a slope of one, 

whichh indicates that the displacement of the particles is again purely diffusive. The 

observedd long-time diffusive behavior eliminates the possibility that the long-time 

decayy is caused by large clusters of colloidal particles, diffusing through the fluid 

att a much lower rate. Such clusters have been observed, e.g., in Ref. [69] in dense 

hard-spheree colloidal glasses, where relatively dense and slow areas are surrounded 

byy narrow areas with faster moving particles. They have also been observed in 

colloidall  fluids with an attractive interaction between the colloidal particles [70]. 

However,, neither type of clusters is expected for our fluids containing colloidal 

particless that repel each other. Furthermore, if the long-time tails were caused 

byy large clusters, this would require them to be almost mono-disperse, which is 

veryy unlikely. If they would have a large degree of polydispersity, they would show 

non-diffusivee long-time behavior of MSDejf(t) . In addition, we do not observe any 
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peakk or upward curve in 5(g) as q —• 0. Therefore, we conclude that such large 

clusterss are not present in the liquid phase. 

Thee (-/-dependence of the amplitude of the plateau in ƒ(</, t) originates partly 

fromm the DLS technique. As is clear from the functional form of f(q.t) (Eq. 

5.23).. the correlation function f(q.t) decays faster at larger ^-values for identical 

valuess of the MSD. At very large g-values, the particles will not reach their cage 

boundariess before ƒ (q, t) has decayed to zero. This is exactly why CCDLS and 

DXSS are good techniques for studying the intermediate- and long-time dynamics 

off colloidal fluids. Were we to use the technique of D\YS. we would not be able 

too see these tails, because (1) DWS probes very large g-values (typically q > qm) 

andd (2) the correlation functions decay much faster in DWS than in CCDLS due 

too the multiple scattering nature of DWS. This implies that for the cage effect to 

bee observed with DWS. the cage should be very small and. therefore, the particle 

densityy very high. This is in agreement with the DWS data found in the literature 

thatt show the cage effect. To our knowledge, these are all measured on very dense 

colloidall hard-sphere glasses. 

Thee point of inflection in MSD(t) we define as the position of the plateau. For 

qq = 0.007 n m - 1 (upper curve in Fig. 5.10). the plateau is at MSD(t) ~ 1502 

nm2 .. This value is below the square of the average inter-particle spacing I2 = 

(2-R/q(2-R/qmm))22 ~ 2102 nm2 and above the square of the free surface-to-surface distance 

'freee = ('avg — 2r0)2 ~ (100)2 nm2. Hence, the inflection point marks the cage size. 

However,, the single-particle cage effect cannot account for the (/-dependence of 

thee amplitude of the long-time tail. Note, for example, that the inflection point 

dependss on the momentum transfer q. For q < qm. collective processes take over 

andd the particle dynamics cannot be explained by the trapping of a single particle 

inn its cage. 

Col lect ivee diffusion 

Ann important macroscopic property of a fluid is its diffusion coefficient D, which 

iss related to the viscosity r\ via the generalized Stokes-Einstein relation 5.19. In 

thiss section, we investigate the behavior of the effective diffusion coefficient of the 

colloidall spheres, obtained from the intermediate scattering function f{q.t). 

Thee effective ^-dependent diffusion coefficient De{f(qj) is defined as the time 

derivativee of the effective MSD: 

ö e f f ( g . O = ^ M S D e f f ( q , t ) .. (5.24) 

wheree MSDeff is given by Eq. 5.23. Figs. 5.11a and 5.11b show the effective 

diffusionn coefficients for sample Cl and C2. 
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Figuree 5.11: The effective diffusion coefficients Deg(q,t) of (a) sample CI and (b) 
samplesample C2 for the same q-vectors as before. 

Thee diffusion coefficient Deg(q,t) decays from a short-time value Ds(q) to a 
muchh reduced long-time value DL(q) within a characteristic q-dependent time r. 
Alll these curves can be scaled onto one single master curve. The existence of 
suchh a master curve suggests that we are dealing with one relaxation process that 
describess the rattling of the particles in their cages as well as their escape from 
them.. Such a scaling behavior is predicted in the simple visco-elastic approxima
tion,, where the diffusion process relaxes from its short-time value to its long-time 
valuee via an exponential decay [60]: 

DDeSeS{q,t){q,t) = DL(q) + (Ds(q) - DL(q))exp(-t/T$(q)), (5.25) ) 

wheree T }̂(q) is the Maxwell relaxation time for the diffusion function, Ds(q) is 
againn the short-time diffusion constant and DL(q) is the long-time diffusion coef
ficient.ficient. This defines a master curve: 

D\t')D\t')  = 
DDeey{q,t')y{q,t') - DL{q) 

DDss{q)-D{q)-DLL(q)(q) ' 
(5.26) ) 

wheree the scaled time is defined by t' = t/r^(q) and the master function D'(t') = 
exp(-t')exp(-t') in the visco-elastic approximation. 

Thee short-time diffusion coefficient was determined from the first cumulant 
Mi(<7)) °f ƒ (<?> *)• The Maxwell relaxation time T  ̂ shifts the time axis, via t' = t/r^, 
suchh that -D'(l) = 1/e. Finally, we determined DL(q) by demanding that D'{t') 
scaless at long times to one master curve for all (/-values. 

Fig.. 5.12 shows the scaled functions D'(t') for all samples, except for Al and 
Bl.. For the latter 'dilute' samples, the diffusion is almost constant over the entire 
timee range and the 1/e point of D'(t') is not reached. The scaled diffusion functions 
alll overlap over a range of three decades in time for all q-values. The dashed lines in 
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Figuree 5.12: The effective diffusion constant scaled to one master curve D'(t') for 

samplessamples A2, A3, A4, B2. CI and C2. The samples Al and Bl showed too little decay of 

DDeeft(q,t)ft(q,t) to determine a Maxwell relaxation time and are therefore not displayed here. 

TheThe scattering vector increases going from the light-grey to the black circles, as before. 

TheThe horizontal dotted lines indicate a height of D'(t') = 1 and D'(t') = 1/e, respectively. 

TheThe grey dashed line follows D'{t')  = exp(—t'). 
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thee plots of Fig. 5.12 indicate an exponentially decaying curve, as the visco-elastic 

approximationn prescribes (Eq. 5.25). For t' > 1, D'(t') deviates significantly from 

thee exponential decay, which is not surprising since it is known that the visco-

elasticc approximation is invalid and the diffusion function decays asymptotically 

viaa a power law [71]. Indeed, at long times, all samples indicate an algebraic decay 

off the diffusion function. For samples A3, CI and C2 we plotted an algebraic 

functionn as a guide to the eye. Unfortunately, we were unable to determine the 

^-dependencee of the algebraic exponent, nor a dependence on the Debye screening 

length,, because the errors in the exponents are large and the number of samples 

withh different <fi  and Debye length is too small to recognize a clear trend. 

Wee briefly remark that sample A4 shows a peculiar behavior for t' > 10, where 

thee diffusion function branches off in a ^-dependent sub-diffusive behavior. No 

long-timee diffusion constants could be determined for sample A4 and we took 

DLDL — 0. As q —• 0, the long-time diffusion function approaches a horizontal 

plateau.. We have no definite explanation for this, but it might indicate that the 

sample,, which is close to the phase transition already shows some phase separation. 

Thee typical time-scale involved in the relaxation of the diffusion process is 

thee Maxwell relaxation time T^(q), used here to scale the time axis. It can be 

interpretedd as the time it takes the particle to reach its cage boundary. Fig. 5.13 

showss the Maxwell relaxation times for the samples Al, A2, A3, A4, B2. Cl and 

C2,, where we normalized q to qm to allow direct comparison of 1 / T ^ ( Q ) with 

respectt to the peak position S(q). We first discuss the sample set A. The higher 

thee volume fraction, the larger I / T ^ (<j), which signifies that the relaxation of the 

diffusionn process to the long-time diffusion goes faster for dense systems. This is 

aa result of the fact that the cages are smaller at higher densities and the cage 

boundariess are reached earlier. Also, for all samples in set A, l/r[ >
I(q) increases 

ass the scattering vector q increases, indicating that the relaxation of the diffusion 

functionn goes faster for large ^-values than for small q. We do not fully understand 

this,, but it may be related to the difference between collective diffusion, which is 

probedd at small q-values, and self-diffusion. 

Forr the deionized samples Cl and C2 the relaxation of Dê {q, t) is always faster 

thann for the corresponding non-deionized samples Bl and B2. They also show a 

fasterr decay if é is increased. However, they show a different behavior as a function 

off g, namely that l / r ^ ( g ) is peaked around q/qm — 0.5 for Cl and C2, while for all 

A-sampless it increases continuously. A similar peak may exist for the A-samples 

att larger g-values, but this is outside the experimentally attainable g-range of 

CCDLS3.. We do not have a good explanation for the peaked shape of l / r ^ ( g ) . 

3Thee DXS data are useful to determine the short-time diffusion coefficient Ds(q). but they 
aree too noisy to accurately follow the decay of Deff(q.t). 
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Figuree 5.13: The reciprocal Maxwell relaxation times 1/T^(O) for the diffusion function 
DDeeff(q,t).ff(q,t). The momentum transfer q is normalized to qm. 

Possibly,, new hydrodynamic modes become important at higher g-values for the 

highlyy charged samples. 

Manyy investigations in colloidal physics mention a 'universal' rule that relates, 

att the point of freezing, the short-time se/!/-diffusion coefficient Ds
s(q) to the long

timee se//-diffusion coefficient Ds
L(q) via Ds

L(q)/Ds
s(q) ~ 0.1 [72, 73]. Fig. 5.14 

showss Di(q)/Ds(q) for the highly-charged samples CI and C2. Clearly, the col

lectivee diffusion coefficients do not satisfy the 'universal' ratio of 0.1. For sample 

C22 (filled circles) the ratio Di(q)/Ds{q) is more than a factor 10 smaller than 0.1 

forr all observable g-values, while for sample CI Di(q)/Ds{q) depends strongly on 

thee momentum transfer q. This supports the statement that C2 is a supercooled 

fluid,, since such a fluid is expected to have a smaller long-time diffusion coefficient 

thann a 'normal' fluid. It is understood that we do not measure self-diffusion here, 

butt the discrepancy is too large to be simply ignored. It suggests that the universal 

scalingg Ds
L(q)/Ds

s(q) ~ 0.1 should be used with caution. 

5.6.33 Optical rheology 

Wee now demonstrate how the macroscopic visco-elastic properties of a sample may 

bee obtained from the intermediate scattering function f{q,t). By this method, we 



5.6.5.6. Dynamics 97 7 

0.100 0 

CO O 

Q Q 

aa 0.010 

0.001 1 
0.0000 0.010 0.020 0.030 

qq (nrrï1) 

Figuree 5.14: The ratio Ds(q)/Di(q) for the highly charged samples CI (open circles) 
andand C2 (filled circles). The horizontal line at Di{q)/'D's(q) = 0.1 indicates the 'universal' 
ratioratio at freezing for self-diffusion. 

showw that the supercooled sample C2 behaves elastically within a certain frequency 
range. . 

Iff we Fourier-Laplace transform ƒ (q, t), we obtain the diffusion function D(q, w) 

fromm Eq. 5.16. We assume that the GSE equation 5.19 is valid and use the Stokes 

approximationn ( = 6irr]r 0. This yields the effective complex viscosity r](q, w). The 

latterr is related to the visco-elastic modulus G(q, LÜ) via 

G(q,cü)=icün(q,uj),G(q,cü)=icün(q,uj), (5.27) 

wheree G{q,ui) consists of a real and imaginary part: G(q,tu) = G'(q,uj)+iG"(q,Lo). 

Thee real part G'(q,uj) is the storage modulus and the imaginary part G"(q,uj) is 

thee loss modulus. 

Fig.. 5.15 shows G'{w) and G"{ui) for the samples B2 and C2 at q = 0.011 

nm _ 1 ,, as determined by the optical rheology method described above. For sample 

B2,, G"(ijj)  > G'(w) over the entire frequency range, indicating that the fluid 

behavess mostly viscous. For sample C2, that differs from B2 only by the enhanced 

Debyee screening length, there is a large frequency range for which G"(LU) < G'(UJ), 

indicatingg that the suspension shows elastic behavior. However, for both low and 

highh frequencies, the loss modulus is again larger than the storage modulus. 

Thee high-frequency behavior is determined by the effective viscosity, which the 

particless experience at very short times. This effective viscosity is determined 
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Figuree 5.15: The storage modulus G'(q,u>) and the loss modulus G"(q,u>), determined via 
'optical'optical rheology' (see text). For sample B2 G"(q, w) > G'(q, w) over the whole frequency 
range,range, indicating that the viscous behavior is dominant. Sample C2 has a large frequency 
windowwindow in which G"(q,u>) -C G'(q,io), i.e., it is elastic for these frequencies. 

byy the short-time diffusion coefficient Ds(q) and the GSE relation. The low-

frequencyy behavior determines the macroscopic properties of the fluid. For a solid, 

thee storage modulus should be dominant over a larger frequency range, including 

thee limit u) —> 0. Since C2 is viscous in this limit, we confirm again that C2 is 

indeedd a liquid, but one with partly elastic behavior. 

Thesee results suggest new experiments with a set of samples having slowly 

increasingg Debye screening lengths. These samples should show completely viscous 

behaviorr for the most screened sample and completely elastic behavior for the least 

screenedd sample. Such an experiment could allow us to observe the point at which 

thee elastic behavior becomes dominant at only one point and follow the growth of 

thee elastic region until it becomes also dominant for the limit u> —> 0 and a solid 

iss formed. 

Wee cannot know whether a classical rheology measurement would yield the 

samee visco-elastic moduli as we found here by opto-rheology, without doing the 

actuall measurement in a rheometer. Such a comparison is a direct test of the 

generalizedd Stokes-Einstein relation [74]. We return to this point in the following 

concludingg section. 
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5.77 Conclusions and outlook 

Inn this chapter we showed that the recently developed experimental techniques 

off cross-correlated dynamic light scattering and dynamic x-ray scattering open 

aa new window onto the intermediate- and long-time dynamics of the large class 

off two-phase systems. Now g-dependent temporal information can be obtained 

fromm systems that scatter visible light strongly. These observations are essential 

forr constructing and testing theoretical models that describe the rich behavior of 

thesee complex fluids. 

Thee qualitative, intuitive, description of the dynamics in terms of the cage 

effectt seems to apply rather well. We observed diffusion within the cage and 

thee breaking out of the cage, followed by collective diffusion at long times. The 

plateauu in f(q,t), indicating the confinement of the particles to their cages, can 

bee seen as the precursor to the glass transition. The glass-forming scenario is that 

thee plateau lengthens into an algebraic tail, corresponding to a general slowing 

downn of the dynamics until the system solidifies into a glass or gel phase. This 

iss the scenario predicted by MCT and it has been observed by M. Kroon et al. 

[47]] for the laponite system. For the charged colloidal spheres investigated here 

wee did not observe a lengthening of the plateau in the course of the experiments 

(severall months), also not in the supercooled fluid C2. However, the fact that 

samplee C2 ultimately solidified after a few years indicates that the time scale of 

thee lengthening process is of the order of years, which is an inconvenient time scale 

forr experimental investigations. 

Thee question arises whether sample C2 is a gel-former with thixotropic behavior 

similarr to the laponite system. We cannot answer this, since we did not check 

thee system for reversibility (this would take longer than the lifetime of a single 

Phd-student).. However, the final system is a low-density solid (0 = 0.149), in 

comparisonn to the usual hard-sphere glasses (0 > 0.55) and solidifies slowly, like 

thee laponite system. 

AA notable difference with the laponite system is that we observed a strong mo

mentumm transfer dependence of thee plateau in f(q, t), as opposed to what Kroon et 

al.. [47] reported for laponite, in which the correlation functions are (/-independent. 

Thiss difference may be due to the fact that in laponite the rotational coordinate 

iss slowing down and that this coordinate plays a crucial role in the formation of 

thee gel. More experiments on ellipsoidal or needle-like charged colloidal particles 

couldd provide more insight in the role of the anisotropy of the colloidal particles in 

thee gel-forming process. The unanswered question as to what causes the difference 

betweenn a glass and a gel may be resolved by studying such model systems. 

Wee compared our colloidal fluids at varying Debye screening length and volume 
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fraction.. We see in every respect a notable difference between the systems with 

aa large Debye length compared to the ones with a short Debye length. At short 

times,, the deionized systems show hydrodynamic screening which results in an 

enhancedd short-time collective diffusion if the Debye length is increased. At long 

timess the deionized samples are slower than the non-deionized samples. The most 

remarkablee difference is. however, that the Maxwell relaxation times r^(q) show 

aa maximum as a function of momentum transfer q for the deionized samples. This 

maximumm is not observed for the non-deionized samples. An explanation fails. 

Furtherr experiments may be done, which will yield more insight in the dynamic 

behaviorr of these charged colloidal spheres. The attainable time window may be 

extendedd to shorter times by doing DWS measurements and to longer times by 

doingg fluorescence recovery after photo bleaching (FRAP) measurements. Sam

pless with more variation in the Debye screening length and samples consisting of 

ellipsoidall particles may reveal the origin of the difference between gels and glasses. 

Onee relevant question with respect to glasses and gels, which has become heav

ilyy debated recently [74, 75], is in which circumstances the general Stokes-Einstein 

relationn (GSE) Eq. 5.19 is violated. In order to address this issue, we plan to per

formm rheology measurements combined with in-situ CCDLS measurements. The 

resultss obtained with optical rheology (section 5.6.3) can then be directly compared 

too results of the classical rheological measurement. These experiments directly test 

thee validity of the generalized Stokes-Einstein relation. The charge-stabilized sam

plee C2 is interesting in this respect, since it is supercooled and by definition not in 

thermall equilibrium. The latter is required for the fluctuation dissipation theorem, 

off which the GSE is a consequence. 


