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Dynamic ss of charge d colloids 
probe dd by coheren t x rays 

WeWe investigate the hydrodynamic interaction in suspensions of charged col-
loidalloidal silica spheres. The volume fraction as well as the range of the electro-
staticstatic repulsion (the direct interaction) between the spheres is varied. Using a 
combinationcombination of dynamic x-ray scattering, cross-correlated dynamic light scat-
teringtering and small-angle x-ray scattering, the hydrodynamic function H(q) is 
determineddetermined experimentally. The effective hydrodynamic interactions appear 
toto be screened, if the range of the direct interaction is relatively long and the 
staticstatic density correlations are strong. The observation of apparent hydrody-
namicnamic screening is in marked contrast to hard-sphere-like systems. 

4.11 Introductio n 

Colloidall  suspensions have intriguing static and dynamic properties due to 
theirr composite nature and the mesoscopic length scales involved [1]. Col-
loidss interact by direct forces, such as electrostatic or hard-sphere repulsions, 
andd hydrodynamic forces mediated by the suspending fluid [3, 9]. Whereas 
thee static properties of colloidal suspensions are strikingly similar to those 
off  molecular fluids, the important role of the suspending medium leads to 
significantt differences in the dynamical behavior. The complex viscoelastic 
andd diffusional properties of colloidal suspensions depend on the interplay 
betweenn direct and hydrodynamic interactions. This interplay is governed 
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byy the ratio of the different length scales in the system [46], such as particle 
radius,, interparticle distance, and the range of the interactions. Understand-
ingg the macroscopic effects of the mesoscopic forces acting on the colloidal 
levell  is challenging from a fundamental point of view and allows to tailor 
thee characteristics of colloidal suspensions for technological applications [2]. 
However,, the theoretical treatment of colloidal dynamics has proven to be an 
exceptionallyy involved problem. The difficulty arises mainly from the long-
range,, many-body nature of hydrodynamic interactions: the hydrodynamic 
interactionn between two isolated particles decays with the inverse of the in-
terparticlee distance [3, 9]. As a consequence of these long-range, many-body 
properties,, it is impossible to treat hydrodynamic interactions exactly in the 
casee of concentrated suspensions. Instead, one has to resort to approximat-
ingg the hydrodynamic interactions by some effective pair interaction. For the 
mostt simple form of the direct interaction, the hard-sphere repulsion, it has 
beenn possible to incorporate many-body effects in the effective hydrodynamic 
pairr interaction in an approximate way [47]. It was found that hydrodynamic 
interactionss in hard-sphere-like systems always lead to a hindrance of diffu-
sionn as compared to dilute systems. This hydrodynamic hindrance of diffu-
sionn is due to two physical mechanisms: the cumulative backflow of displaced 
fluid,, hindering the motion of particles in the same direction, and near-field 
hydrodynamicc interactions (so-called lubrication forces) [48, 49, 50]. 

Manyy colloidal systems, such as silica or polystyrene particles, do not in-
teractt by a simple hard-sphere-like repulsion, but by additional electrostatic 
interactions.. These electrostatic interactions arise from the dissociation of 
surfacee groups, leading to a finite charge density on the particle surface [1]. 
Thee resulting Coulomb interaction between the particles is screened by coun-
terionss and excess salt in the suspending liquid, leading to a Yukawa-like 
effectivee interaction. These systems are called "charge stabilized", due to 
thee fact that the electrostatic repulsion between the particles stabilizes the 
suspensionn against aggregation. About a decade ago, experiments indicated 
thatt the hydrodynamic interaction in charge stabilized colloidal suspensions 
behavess qualitatively differently from the hard-sphere case: hydrodynamic 
interactionss were found to enhance diffusion at around the peak position of 
thee static structure factor [51]. This finding was confirmed in more recent 
experimentss [52, 53]. As a consequence, attention was drawn to the possible 
influencee of the direct interaction on the hydrodynamic interaction [43, 46]. 

Thee above mentioned experiments and our previous results [15] indicate 
thatt the qualitative behavior of the hydrodynamic interaction is sensitive to 
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thee direct interaction. An interesting fundamental question in this context 
is,, for instance, whether many-body effects can result in screening of the bare 
hydrodynamicc interaction, leading to an effective hydrodynamic pair interac-
tionn that is no longer long-range [54]. The concept of hydrodynamic screening 
occurss in many different contexts. For instance, hydrodynamic screening is 
vigorouslyy being discussed in connection with sedimentation [7, 55], where it 
hass been invoked to remedy the problem of diverging velocity fluctuations. 
Screeningg of the hydrodynamic velocity field also occurs in porous media, 
wheree the solid frame remains fixed [56]. A phenomenologically similar ef-
fectt is known from polymers [57] and polyelectrolyte solutions [58]. Multiple 
scattering-- and effective medium calculations have shown that hydrodynamic 
screeningg is present in stationary suspensions of hard spheres, where the ve-
locityy of each of the particles vanishes on average [59]. Recently, it has been 
shownn theoretically that hydrodynamic interactions are partially screened for 
particless on a lattice [60]. A hydrodynamic screening mechanism introduces 
aa well defined length scale for the range of the effective two-particle hydro-
dynamicc interaction, mathematically similar to the electrostatic screening 
lengthh for the direct interaction. 

Thee most successful theory for the hydrodynamic interactions in dense 
colloidall  suspensions to date, known as the fluctuation expansion, has been 
developedd by Beenakker and Mazur [47]. Their approximate many-body the-
oryy does not involve screening. The theory has been confirmed in the case 
off  hard-sphere-like colloids [61, 62, 63] and has also been applied success-
fullyy to slightly charged colloids at moderate volume fractions [64]. Later, 
Nagelee and coworkers developed a more simple, pair-wise additive (PA) the-
oryy [9], in which hydrodynamic interactions are also unscreened. The PA 
theoryy is adequate at low [53] to moderate volume fractions [9]. In the 
PAA theory, an increase of the range of the direct interaction merely leads 
too an increase of the average interparticle separation, with the consequence 
thatt far-field hydrodynamic effects become more important. The work on 
chargedd colloidal suspensions has been reviewed by Nagele [9]. As he points 
outt [9, 65], many-body hydrodynamic effects become noticeable at volume 
fractionss above about 10 % and one has to resort to the elaborate fluctuation 
expansionn in this concentration regime. However, the theory of Beenakker 
andd Mazur is a hard-sphere theory and does thus in principle not allow any 
predictionss about the behavior of concentrated charged systems, where the 
directt interaction plays an important role. 

Too date, there are very few experimental data on concentrated charged 
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colloidall  suspensions [51], which we address in this thesis. The paucity of 
experimentss is in part due to the problems encountered with conventional 
lightt scattering techniques, in particular multiple scattering. In order to 
avoidd multiple light scattering at high volume fractions it is necessary to 
matchh the refractive indices of the colloidal particles and the suspending 
medium.. This, however, strongly restricts the freedom to change the direct 

interactionn [15]. 
Inn this chapter, we report on a comprehensive study of the effective hy-

drodynamicc interactions in concentrated charge stabilized colloidal suspen-
sions.. We perform a combination of dynamic x-ray scattering (DXS), cross-
correlatedd dynamic light scattering (CCDLS) and small angle x-ray scattering 
(SAXS)) measurements on suspensions of colloidal silica spheres. These new 
experimentall  techniques are free from multiple scattering, overcoming the re-
strictionss mentioned above. Thus, the collective diffusion coefficient and the 
structuree factor are obtained over a wide range of wave vectors. The range 
andd strength of the electrostatic repulsion between the particles is varied. 
Wee observe a strong influence of the structure on the effective hydrodynamic 
interactions.. For samples with relatively short-range direct interactions and 
weakk spatial correlations in the particle density, as quantified by the static 
structuree factor, the data agree reasonably well with the fluctuation expan-
sionn [47]. As the range of the direct interaction increases and static density 
correlationss become stronger, however, we find large deviations from this 
theory.. In particular, the wave-vector dependence of the data becomes sub-
stantiallyy less pronounced than expected. Phenomenologically, this flattening 
off  the hydrodynamic function can be described as hydrodynamic screening. 

4.22 Theory 

Inn this section, we briefly summarize well known theoretical results on the 
dynamicss of colloidal suspensions [9, 43], in order to introduce the quantities 
wee are concerned with in this chapter. 

Thee dynamical properties of colloidal suspensions are characterized by the 
dynamicc structure factor S(q, t) (see chapter 2). For times large compared to 
thee typical relaxation time for the momentum of the colloidal particles, rB ~ 
10~85,, the dynamics is governed by the generalized Smoluchowski equation 
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[9],, leading to 

^ MM  = -q*D(q)S(q,t) + £duM(q,t-u)^. (4.1) 

Here,, D(q) is the effective short-time collective diffusion coefficient, M(q,t) 
thee memory function, and S{q) = S{q,0) the static structure factor. The 
memoryy function describes dynamical interaction effects that, on the (slow) 
timee scale of colloidal diffusion, do not act instantaneously. Equation 4.1 
mayy be solved by Laplace transform to give 

S(q,z)S(q,z) = ^ - ~ , (4-2) 
w '' ' z + q2D(q,z) 

wheree z is the transform variable. The collective diffusion kernel Z % z) is 

givenn by 

Equationn 4.3 may be cast into the form of a generalized Stockes-Einstein 
relation,, that is, 

wheree kB is Boltzmann's constant. The function f (g, z) is a wave vector-
andd frequency dependent friction coefficient. The friction coefficient char-
acterizess the visco-elastic properties of the suspension. In the dilute limit , 
withh no interparticle interactions present, |(#, z) reduces to the well-known 
Stokes-Einsteinn friction coefficient £0 = 6?r7/a. Here, 77 is the viscosity of the 
suspendingg fluid and a the particle radius. 

Itt follows from eq. 4.1 that the decay of S{q,t) at short times is approx-
imatelyy exponential, with a decay rate Ti{q) = -q2D(q). Here, the term 
"shortt time" refers to the regime rB < t < r«, where ra « 10"3s is the 
structurall  relaxation time. The short-time regime is characterized by the 
requirementt that the particles do not move appreciably on the length scale 
off  the particle radius. This requirement is fulfilled for t < ra = a2/D0, 
wheree D0 = kBT/ Q̂. At short times, a particle will move within a basically 
staticc cage of neighboring particles. For t > ra, the cage will break up and 
aa particle will experience the visco-elastic response of the surrounding com-
plexx fluid. Memory effects become noticeable at long times, which in the 
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casee of colloidal suspensions generally leads to a slower decay of the dynamic 
structuree factor than at short times. As a result, the overall shape of S(qtt) 
iss non-exponential. The non-exponentiality of the dynamic structure factor 
mayy be characterized by the non-exponentiality factor A {q), which is given 

byy [43] 
M(<?,0)) r(q) , , 

wheree r(q) = l/T^q) is the initial decay time and f(q) the average relaxation 
timee of the dynamic structure factor. The function H(q) represents the 
hydrodynamicc interactions (see below). The average relaxation time involves 
aa time integral over the dynamic structure factor [43]; it is therefore difficult 
too determine experimentally. 

Inn this thesis, we will concentrate on the short-time dynamics. The reason 
forr this restriction is threefold. First, the relation between the first cumulant 
off  intensity correlation functions and the short-time dynamics is well estab-
lishedd theoretically, and the first cumulant can be determined accurately by 
experiments.. Secondly, the short-time behavior must be known and under-
stoodd for an interpretation of the full shape of the correlation functions [9]. 
Thirdlyy and most importantly, the short-time dynamics has hitherto hardly 
beenn investigated in the case of dense, charge stabilized suspensions. 

Thee short-time diffusion coefficient depends on the static and hydrody-
namicc interparticle interactions. I t can be shown [3] that D{q) is given by 

DMDM  = D0|M . (4.6) 

Relativelyy simple physical interpretations of D{q) are possible in the q -¥ 0 
andd q -> oo limits, which is why much theoretical work has concentrated 
onn these regimes. For q = 0, all particles move collectively in the same 
direction.. This movement is driven by the osmotic compressibility [oc 5(0)] 
off  the system. The hydrodynamic effects on colloidal motion in the q = 0 
limi tt are determined by the sedimentation coefficient, which is identical to 
H(qH(q = 0) [49]. The q = oo limit of eq. 4.6, on the other hand, gives the short-
timee self-diffusion coefficient D5, which characterizes the motion of a single 
particle.. In the case of hard spheres, Ds/D0 is determined only by the passive 
hydrodynamicc hindrance of neighboring particles [48]. Apart from the q = 0 
andd q = oo limits, it can be instructive to consider the dynamics at the 
locationn of the peak of the static structure factor, q = qm [66]; qm obviously 
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definess a characteristic structural length scale of the system. According to eq. 
4.6,, D(q) is reduced in the peak of the static structure factor; this expresses 
thee initial "caging" of the particles. 

Thee hydrodynamic function H(q) is connected to the many-body mobility 
tensorss ^ij(RN) by 

H{q)H{q) = $rk .£,<q'  * j{RN)"  i e i q ( R i" R j ) >' (4-7) 
wheree HN denotes the spatial configuration of TV particles. Physically, the 
mobilityy tensors relate the velocity vt of a particle to the forces Fj exerted 
onn each of the particles by the surrounding fluid: 

v^-ê/x^R")^ .. (4.8) 

Inn the case of a single particle, eq. 4.8 reduces to the expression for the Stokes 
frictionn force, F» = - 6 ^ 7 7 ^. In general, the hydrodynamic function cannot 
bee calculated exactly, since the mobility tensors depend on the configuration 
off  all N particles and, consequently, eq. 4.7 contains many-particle correla-
tions.. In order to render the problem tractable, the mobility tensors must be 
approximatedd by an effective pair mobility that depends only on the relative 
distancee of two particles. 

Inn the hard-sphere theory of Beenakker and Mazur [47], the effective pair 
mobilityy is, to a good approximation, given by 

tftf  = M'(I« « + (i - M{^[ i + ™1 + 5(£)'[i - 3^ ] » - (49> 
Here,, R = |Rj - R j | is the interparticle distance. The second term on the 
rightt hand side of eq. 4.9 contains the long-range Oseen tensor (oc 1/R) and 
thee dipole contribution (oc l/R3). The Oseen tensor is the Greens function 
off  the stationary, linearized (low Reynolds number) Navier Stokes equation, 
i.e.,, it describes the hydrodynamic velocity field arising from a point force 
inn an infinite incompressible fluid medium. It is in that sense analogous to 
thee monopole part of an electrostatic charge distribution. The effective pair 
mobilityy 4.9 is unscreened, that is, the dominant two-particle term decays as 
1/R,1/R, as in the dilute limit . For hard spheres, the prefactor /i*  is equal to 
l/67T7?*a,, where 77* is to linear order in the volume fraction identical to the 
effectivee viscosity of the suspension [47]. 
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Equationn 4.9 has a simple physical interpretation: particles in a hard-
spheree colloidal suspension interact via an effective homogeneous medium 
off  viscosity t?*, replacing the pure suspending fluid. The functional depen-
dencee of the effective hydrodynamic interaction on the interparticle distance 
remainss unchanged as compared to the dilute case. Naturally, the question 
arisess whether this picture will remain valid if the range and strength of the 
directdirect interactions differs substantially from the simple hard-sphere repulsion. 

4.33 Experimental 
Concentratedd master suspensions of silica colloids in mixtures of deionized 
waterr and 50 wt% glycerol (Aldrich, 99.5+%, spectrophotometric grade) or 
inn an optically index matching mixture of ethanol and benzyl alcohol were 
producedd by centrifugation. Samples of lower concentrations were obtained 
byy dilution with known amounts of fluid; for details concerning the sample 
preparationn and characterization see section 2.4. 

Silicaa suspensions are charge stabilized [3]. The range and strength of 
thee electrostatic repulsion between the particles depends on the concentra-
tionn of counterions and excess salt in the fluid [1]. We produced three series 
off  samples, one in an index matching mixture of ethanol and benzyl alco-
holl  (volume fraction 0.078 < (j>  < 0.311), and two series in water/glycerol 
(0.033 < 4> < 0.149). We also prepared suspensions in ethanol/benzyl al-
coholl  at volume fractions of <j>  = 0.363 and 0.415 and found these samples 
too have solidified. The solidification was detected by the appearance of a 
non-decayingg long time tail in the intensity autocorrelation function [67] as 
welll  as by the observation of static x-ray speckle in the SAXS experiments. 
Thee two series in water/glycerol were prepared using the same master sus-
pension,, ensuring that they had exactly the same volume fractions. In one 
off  the water/glycerol series, excess salt was removed by deionizing with ion 
exchangee resin (Bio Rad AG 501-X8) and adding extra exchange resin to 
thee samples, thus increasing the range and strength of the direct interaction. 
Thee other series of samples remained non-deionized. Thus it was ensured 
thatt the two series in water/glycerol differed only in salt concentration but 
weree otherwise identical; this allowed to selectively study the influence of the 
directt interaction on the dynamics. 

Thee refractive index of the water-glycerol mixture (m = 1.396) differs 
fromm that of the colloidal particles, leading to substantial multiple scatter-
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ingg in the visible. Therefore, standard light scattering techniques are not 
suitedd to investigate the water/glycerol samples [15]. We overcome this lim-
itationn by using a combination of dynamic x-ray scattering, cross-correlated 
dynamicc light scattering, and small-angle x-ray scattering. This is the only 
combinationn of experimental techniques that allows us to obtain static and 
dynamicdynamic information over a wide q range, free from multiple scattering. The 
experimentall  setups used are described in detail in sections 2.2.4 and 2.2.5. 

4.44 Results 

4.4.11 Structur e 
Wee will first discuss the static small angle x-ray scattering results, giving 
thee static structure factor S(q). The structure factor is needed to eventually 
obtainn the hydrodynamic function H{q) (eq. 4.6). S(q) characterizes the 
degreee of static correlations in the particle number density and gives thus 
informationn on the direct interaction between the colloids. 

Figuree 4.1 shows static small angle x-ray scattering measurements on two 
deionizedd suspensions {<j>  = 0.050 1 and 0.149 ) and the particle 
formm factor P(q). Typically, the signal from the scintillation counter was 
averagedd over 20 s per point, for 80 points in the interval 0.005 < q < 0.15 
nm"1.. The data are scaled in such a way that all three curves coincide at 
largee wave vectors. The form factor was measured on a dilute non-deionized 
samplee {<j>  « 0.005), as discussed in chapter 2. The form-factor points shown 
inn fig. 4.1 at wave vectors larger than the position of the first minimum were 
obtainedd from a fit to the original data (see fig. 2.10). The fitted values 
off  P(q) are used here at large q to increase the accuracy of the structure 
factors,, which are obtained by dividing the scattered intensity by the form 
factor.. Concerning the q dependence of the data, it is seen from fig. 4.1 that 
thee scattered x-ray intensity of the concentrated samples has a pronounced 
mainn peak at a well defined wave vector qmy oscillates around the form factor 
att q > qm, and eventually coincides with the form factor at large q. 

Fromm the data in fig. 4.1 the structure factor is obtained according to 
eq.. 2.13. The scaling of the data ensures that S(q) = 1 at large q. This 
normalizationn of the structure factor is possible due to the large q range 
accessiblee to SAXS. The large q range and the fact that multiple scattering 
doess not play a role for x rays make SAXS an ideal tool for determining 
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Figuree 4.1: Static scattered x-ray intensity for silica colloids in a deionized 
mixturemixture of water and glycerol. The volume fractions are 0.05 (crosses) and 
0.1490.149 (squares). The form factor (circles) was measured on a dilute non-
deionizeddeionized sample. The curves are scaled to coincide at large wave vectors. 

thee structure factors of non-index matched colloidal suspensions and crystals 

[68]. . 
Inn fig. 4.2 the structure factor is shown for a non-deionized and a deion-

izedd suspension at the same volume fraction of 0 = 0.05. It is evident from 
fig.fig. 4.2 that deionizing the samples leads to an increase of the peak height of 
S(q),S(q), a decrease of the osmotic compressibility [\T OC S(q = 0)], and a shift 
off  the peak to smaller q values. The shift of the peak indicates an increase of 
thee effective radius of the particles, which is a measure for the range of the 
directt interaction [46]. The strong increase of the peak height demonstrates 
thatt liquid-like ordering is much more pronounced in the deionized samples 
[69]. . 
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Figur ee 4.2: Static structure factors for silica colloids in water/glycerol, 
deionizeddeionized (squares) and non-deionized (circles). The volume fraction 4> = 
0.05.. The lines through the data represent model calculations with a DLVO 
potentialpotential [eq. 4.10]. The reduced temperature T* = 2  10~2 (dashed line) and 
4.99 -10-4 (solid line). The electrostatic screening parameter Ked — 12 (dashed 
line)line) and 6 (solid line). 

4.4.1.11 Osmotic compressibility 

Thee q = 0 limi t of the structure factor is related to the isothermal osmotic 
compressibilityy XT by 5(0) = ncoUkBTxT [3]. 5(0) can be obtained from 
linearlyy extrapolating the structure factor to q = 0 on a plot against q2, 
sincee it can be shown that S{q) = 5(0) + 0(q2) [3]. Figure 4.3(a) displays 
thee structure factors at <j)  = 0.05 as a function of the square of the wave 
vector.. The straight lines are fits to the data at small q in order to obtain 
thee osmotic compressibility. 5(0) is displayed in fig. 4.3(b) for all samples 
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Figur ee 4.3: (a): static structure factors for silica colloids in water/glycerol, 
deionizeddeionized (squares) and non-deionized (circles). The volume fraction <p = 
0.05.. The data are plotted against q2. The straight lines are linear fits to the 
datadata at small q. (b): the q = 0 limit of the structure factors for suspensions 
ofof silica colloids in mixtures of ethanol and benzyl alcohol (triangles) or water 
andand glycerol, non-deionized (circles) and deionized (squares). The solid line 
representsrepresents the behavior of hard spheres. 
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discussedd in this chapter1. 5(0) decreases with increasing volume fraction 
forr all samples, qualitatively similar to the known behavior of hard spheres 
[solidd line in fig. 4.3(b)]. The hard-sphere values shown in fig. 4.3(b) were 
obtainedd from the Carnahan-Starling equation of state [69]. The decrease of 
thee osmotic compressibility with increasing volume fraction is characteristic 
off  systems with repulsive interactions [64]. However, 5(0) is substantially 
smallerr than in the hard-spheres case for all samples, indicating that they 
aree effectively more dense than hard spheres at the same volume fraction. 
Forr instance, 5(0) « 0.05 for the deionized samples at the highest volume 
fractionn of (f> = 0.149; for hard spheres, this value of 5(0) corresponds to 
4>4> « 0.38. The deviation from the hard-sphere result is smallest for the 
ethanol/benzyll  alcohol samples and largest for the deionized samples in wa-
ter/glyceroll  This behavior is expected due to the fact that the range and 
strengthh of the electrostatic repulsion between the particles increases as the 
saltt concentration in the liquid decreases [9]. Note also the large difference 
betweenn the non-deionized samples in water/ glycerol and in ethanol/ ben-
zyll  alcohol; this confirms that the direct interaction depends sensitively on 
thee suspending fluid. An important observation is that for all samples, 5(0) 
showss a continuous volume fraction dependence, i.e., no first-order phase 
transitionn occurs. A phase transition would be observable by a jump in the 
osmoticc compressibility [70]. We can conclude that the samples remain in 
thee same thermodynamic state at all volume fractions. 

4.4.1.22 Mean interparticl e spacing 

Thee peak position of the static structure factor is related to the mean in-
terparticlee spacing rm by rm « 2ir/qm [3]. In monodisperse suspensions of 
hardd spheres, rm = d independent of volume fraction, where d = 2a is the 
particlee diameter. In fig. 4.4 we show 27r/qm in units of the particle diame-
ter.. The mean interparticle spacing is largest for the deionized suspensions 
inn water/glycerol and smallest for the samples in ethanol/benzyl alcohol, 
againn indicating that the range of the electrostatic repulsion is largest for the 
deionizedd samples. At small volume fractions, the mean interparticle spacing 
iss about twice the particle diameter in the deionized case. For all samples, 

exceptt for the sample in ethanol/benzyl alcohol with the largest volume fraction of 
<j)<j)  = 0.311. For this sample, 5(0) could not be determined due to a misalignment of the 
guardd slit, leading to too strong parasitic scattering from the collimating aperture at small 
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Figuree 4.4: Mean interparticle spacing for suspensions of silica colloids in 
mixturesmixtures of ethanol and benzyl alcohol (triangles) or water and glycerol, non-
deionizeddeionized (circles) and deionized (squares). The mean interparticle spacing is 
obtainedobtained from the peak position qm of the static structure factor. The dashed 
lineline represents a constant times the average geometrical distance ncoll . 

27r/q27r/qmmdd decreases with increasing volume fraction. The volume fraction de-
pendencee of the mean interparticle spacing can have two possible causes. 
First,, the range of the electrostatic repulsion between the particles depends 
onn the concentration of counterions in the liquid, which is proportional to 
thee number density of colloids [1]. Secondly, an upper limit for the mean 
interparticlee spacing is set by the average geometrical distance between the 
particles,, which is proportional to n j j 3 . If the range of the direct inter-
actionn becomes comparable to n~j/3, the mean interparticle spacing will be 
givenn by the geometrical upper limit and we expect 2ir/qmd oc ncoll . The 
dashedd line in fig. 4.4 represents a constant of order unity times the average 
geometricall  distance. It is seen that the data for the deionized samples are 
describedd relatively well by the assumption that the mean interparticle spac-
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ingg is determined by the geometrical limit . It seems likely, therefore, that 
thee deionized samples form expanded structures where the particles are kept 
att a maximum distance. 

4.4.1.33 Model calculations 

Inn order to quantify the effect of deionization on the static structure factor, 
wee performed calculations with a model potential for the direct interaction 
betweenn the colloids. In the Derjaguin-Landau-Verwey-Overbeek (DLVO) 
theory,, which is widely used to describe charge stabilized colloidal suspen-
sions,, the interparticle potential is approximated by [9] 

„ ( r )) = Q ! ( _ J ^ ) 2 £ ^ , r> d (4.10) 

== oo, r < d. 

Here,, Q0 is the elementary charge, e the dielectric constant of the liquid and 
ZZ the effective charge number of the colloidal particles. In this theory, the 
potentiall  consists of a screened Coulomb interaction and a short-range hard-
coree repulsion, the latter inhibiting an overlap of the particles. The Coulomb 
interactionn is screened due to counterions, that have dissociated from the 
surfacee of the colloids, and excess salt in the fluid. Assuming monovalent 
ions,, the electrostatic screening parameter Ke is given by 

KK22
tt = ^{ncM\Z\ + 2ns), (4.11) 

wheree ns is the number concentration of excess salt. Because of relation 4.11 
thee range of the direct interaction decreases as the number density of colloids 
increases. . 

Takingg the DLVO potential as input, we can calculate the structure factor 
numerically.. Details of the integral equations used are given in appendix A. 

Thee dashed line in fig. 4.2 represents a calculation of the structure factor 
withh T* - 2-10"2 and Ked = 12, where T* is the thermal energy reduced with 
thee contact potential, i.e., T* = kBT/u{r = d). It is seen that this calculation 
reproducess the structure factor for the non-deionized sample rather well. As 
thee sample is deionized, the reduced temperature decreases by about a factor 
400 to T* = 4.9  10"4, and the screening parameter by a factor 2 to Ked = 6 
(solidd line in fig. 4.2). This behavior indicates a strong increase of the 



700 Dynamic s of charge d colloid s probe d by coheren t x rays 

strengthh and range of the direct interaction. The reduced temperature would 
translatee to an effective charge number of Z = 150 in the non-deionized case 
andd of Z = 550 in the deionized case. This apparent increase of the effective 
chargee number is however an artifact, which is seen by fitting structure factors 
att higher volume fractions. For <f>  = 0.07, for instance, we find T* = 5  10- 8 

andd Ked = 20 in the deionized case, which gives Z = 1.5  105; this effective 
chargee number is unphysical for the kind of slightly charged silica colloids we 
usee here. The apparent strong increase of Z and Ked with increasing volume 
fractionn shows in fact that the DLVO potential in the simple form of eq. 4.10 
iss not adequate anymore for these dense, deionized systems, and that the 
reducedd temperature and screening parameter should merely be regarded 
ass fitting parameters. However, the calculations clearly demonstrate that 
thee direct interaction between the particles becomes much stronger as the 
sampless are deionized and the volume fraction increases. 

4.4.1.44 Summary 

Inn this section, we have presented a rather simplified discussion of the static 
propertiess of the colloidal suspensions studied, since we are mainly interested 
inn the dynamical properties and we will use the static structure factors only as 
inputt to determine H(q). We have shown that the direct interaction between 
thee particles becomes much stronger as the suspensions are deionized, and 
thatt the particles are most probably kept at a maximum possible distance. 
I tt should be noted, however, that the description of the static properties 
off  charge stabilized colloidal suspensions is in itself an interesting and much 
moree complicated subject; it might therefore be worthwhile to perform a more 
elaboratee analysis of the structure factors in the future, e.g. by adapting the 
modell  potential. 

4.4.22 Dynamics 

Accordingg to eq. 4.6, the hydrodynamic function H(q) can be determined 
byy a measurement of S{q), D0, and the short-time collective diffusion coeffi-
cientt D(q). The latter is obtained from the initial decay of time-dependent 
intensityy correlation functions. 

Figuress 4.5 and 4.6(a) show typical intermediate scattering functions at 
<j><j>  = 0.089 and 0.149, determined with DXS. Typical accumulation times were 
300 - 60 min. Correlation functions at the same wave vector are compared 
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Figuree 4.5: Normalized intermediate scattering function measured with DXS 
onon samples of silica colloids in water/glycerol, non-deionized (circles) and 
deionizeddeionized (squares). The volume fraction (p - 0.089. The wave vector q = 
0.03788 nm~l. The straight lines represent the initial decay of the intermediate 
scatteringscattering functions. 

forr non-deionized and deionized samples. The correlation functions of the 
deionizedd samples are less exponential and their initial decay is slower (at 
thesee wave vectors) as compared to the non-deionized samples. This behavior 
indicatess that, although the nominal volume fraction is the same, the system 
becomess effectively more dense as the range of the direct interaction increases 
[9]. . 

Thee deviations from a single exponential decay of ƒ (q, t) result from mem-
oryy effects (see eq. 4.1) that become dominant at times larger than the struc-
turall  relaxation time, as discussed in section 4.2. However, in this work we 
aree interested in the short-time behavior, characterized by t < ra. The short-
timee behavior is quantified by the first cumulant. From the data shown in 
figs.. 4.5 and 4.6(a), we obtain the first cumulant in the following way. First, 
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F iguree 4.6: (a): normalized intermediate scattering function measured with 
DXSDXS on samples of silica colloids in water/glycerol, non-deionized (circles) 
andand deionized (squares). The volume fraction (p = 0.149. The wave vector 
qq = 0.0414 nm~l. The straight lines represent the initial decay of the interme-
diatediate scattering functions, (b): the logarithm of the intermediate scattering 
functionfunction for the deionized sample in (a), divided by the time. The straight 
lineline is a linear fit to the data at small times. 
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Figuree 4.7: First cumulant of intermediate scattering functions measured 
withwith CCDLS (squares) and DXS (diamonds) on samples of silica colloids in 
water/glycerol.water/glycerol. The open symbols show data on a non-deionized sample, the 
solidsolid symbols on a deionized sample. The volume fraction (f) = 0.149 in both 
cases. cases. 

ann exponential decay is fitted to the intermediate scattering functions at 
shortt times, where deviations from an exponential decay are small (typically 
tt < 0.lTa). This gives a first estimate for Ti(q). In order to obtain a more 
accuratee value for the first cumulant the second cumulant, i.e., the deviation 
fromm a single exponential decay at small times, has to be taken into account. 
Accordingg to eq. 2.10, the logarithm of the intermediate scattering function 
behavess as 

^ MM = rx(9) + r2( ^ (4.i2) 

att short times. This means that the first cumulant can be determined by a 
linearr fit  to ln[f(q,t)]/t  at short times, an example of which is shown in fig. 
4.6(b).. This procedure typically leads to corrections of about 15-20 % on the 
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firstfirst estimate for Ti(q) for the most non-exponential correlation functions. 
Thee first cumulant is depicted in fig. 4.7 for samples at a volume fraction 

off  4> = 0.149. It is evident that Ti(q) exhibits a strong dependence on 
wavee vector, the q dependence being more pronounced for the deionized 
sample.. For both samples, there is a clear local minimum in the first cumulant 
(orr relaxation rate) at about q - 0.04 nrn- 1 and a maximum at smaller 
wavee vectors. The figure demonstrates that CCDLS (squares) and DXS 
(diamonds)) can be combined to enlarge the accessible range of wave vectors 
substantially.. We will discuss the q dependence of the relaxation rate in 
termss of the collective diffusion coefficient in more detail below. 

4.4.2.11 Collective diffusion coefficient 

Thee first cumulant gives the collective short-time diffusion coefficient D(q). 
Figuree 4.8 shows the inverse of the short-time diffusion coefficient and the 
staticc structure factor for a non-deionized and a deionized suspension (volume 
fractionn <j>  = 0.089 . The diffusion coefficient was divided by that for 
aa dilute sample, £>0, measured with dynamic light scattering. Both dynamic 
x-rayy scattering and cross-correlated dynamic light scattering data are shown 
(diamondss and squares, respectively). The overlap between CCDLS and DXS 
inn fig. 4.8(a) demonstrates that the detection of multiply scattered light 
iss effectively suppressed by the two-fiber cross-correlation technique. The 
combinationn of the two methods probes the dynamics over about one decade 
inn scattering vector. Since the structure factor is more strongly peaked for 
thee deionized sample, the available q range for DXS is more restricted than 
forr the non-deionized sample; far away from the structure factor peak, the 
scatteredd intensity becomes too low for dynamic x-ray scattering. 

Severall  features are apparent from fig. 4.8. First, the inverse of the 
diffusionn coefficient mimics the q dependence of the static structure factor, 
ass it is expected from eq. 4.6. At small q, diffusion is obviously enhanced 
withh respect to a dilute system, while a strong slow down occurs around the 
peakk position of S(q). This behavior is similar to that of hard spheres [61]. 
Thee reduced compressibility as compared to a dilute system leads to a faster 
relaxationn of long-wavelength density fluctuations, whereas the relaxation 
onn length scales of the order 2ir/qm is slowed down by the hindrance of the 
motionn of particles by neighboring ones (a given particle is trapped in the 
cagee of surrounding other particles). Secondly, D0/D(q) is larger than S(q) at 
alll  wave vectors. This implies H(q) < 1 (see eq. 4.6), that is, hydrodynamic 
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Figuree 4.8: Inverse of the short-time collective diffusion coefficient (squares 
CCDLS,CCDLS, diamonds DXS) and static structure factor (circles) for (a) non-
deionizeddeionized and (b) deionized silica colloids in water-glycerol. The volume 
fractionfraction <p = 0.089. The diffusion coefficient is scaled by that of a dilute 
suspension,suspension, D0. The dashed lines represent Percus-Yevick hard-sphere calcu-
lationslations for the structure factor. 
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Figur ee 4.9: Inverse of the short-time collective diffusion coefficient (squares 
CCDLS,CCDLS, diamonds DXS) and static structure factor (circles) for deionized 
silicasilica colloids in water-glycerol. The volume fractions <\>  = 0.05 (a) and 
0.1490.149 (b). The diffusion coefficient is scaled by that of a dilute suspension, 
Do-Do- The dashed lines represent Percus-Yevick hard-sphere calculations for 
thethe structure factor. 
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interactionss slow down diffusion. Thirdly, both the q dependence of the 
structuree factor and the diffusion coefficient become more pronounced at 
largerr volume fraction. Fourthly, the structure factors differ significantly from 
thee hard-sphere structure factor at the same volume fraction, represented by 
thee dashed lines in fig. 4.8. The deviation from the hard-sphere structure 
factorr is substantially more pronounced for the deionized sample, as discussed 
alreadyy in section 4.4.1. 

Figuree 4.9 shows the inverse of the collective short-time diffusion coeffi-
cientt for two other (deionized) samples, at volume fractions <f>  = 0.05 and 
0.149-- On the whole, the same qualitative features as discussed above are 
apparent.. There are, however, two significant differences to the data shown 
inn the previous figure. First, the peak in the structure factor is somewhat 
largerr than the one in D0/D(q) for <j>  = 0.05. This result will be discussed in 
detaill  in section 4.4.2.4. Secondly, the height of the structure factor peak for 
<f)<f)  = 0.149 is 3.27, which is substantially above the freezing criterion of 2.85 
givenn by Hansen and Verlet [71]. Therefore, this sample probably represents 
ann undercooled liquid. 

Theree are significant quantitative differences between D0/D(q) and the 
structuree factor, as is evident from figs. 4.8 and 4.9. In the following we will 
concentratee on these differences, which are quantified by the function H(q) 
[seee eq. 4.6]. 

4.4.2.22 Hydrodynami c function 

Sincee all relevant quantities have been measured, the hydrodynamic function 
cann be determined purely experimentally, without taking recourse to any 
theoreticall  model. The first cumulant, the static structure factor and D0 

givee an effective hydrodynamic function according to eq. 4.6. To avoid 
misunderstanding,, we note that in a system with strong direct interactions, 
thiss experimentally determined effective hydrodynamic function may actually 
containn contributions from the direct interaction as well. It is understood 
thatt the term "hydrodynamic function" refers to this experimentally obtained 
effectivee function in the following. 

Thee central experimental result of this chapter is shown in figs. 4.10, 
4.111 and 4.12. These figures show the hydrodynamic function H(q) for silica 
colloidss in water/glycerol at volume fractions <j>  = 0.05, 0.089 and 0.149, 
respectively.. Figures 4.10(a), 4.11(a) and 4.12(a) show data on non-deionized 
samples,, figs. 4.10(b), 4.11(b) and 4.12(b) on deionized samples. At <f>  = 
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Figur ee 4.10: Hydrodynamic function for silica colloids in a mixture of wa-
terter and glycerol, (a) non-deionized and (b) deionized. The volume fraction 
<f><f>  = 0.05 in both cases. CCDLS (squares) and DXS (diamonds) results are 
shown.shown. The dashed curves represent calculations with the theory by Beenakker 
andand Mazur. The solid lines represent calculations with a screened effective 
hydrodynamichydrodynamic pair mobility. 
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Figur ee 4.11: Hydrodynamic function for silica colloids in a mixture of wa-
terter and glycerol, (a) non-deionized and (b) deionized. The volume fraction 
4>4> = 0.089 in both cases. CCDLS (squares) and DXS (diamonds) results are 
shown.shown. The dashed curves represent calculations with the theory by Beenakker 
andand Mazur. The solid lines represent calculations with a screened effective 
hydrodynamichydrodynamic pair mobility. 
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Figur ee 4.12: Hydrodynamic function for silica colloids in a mixture of wa-
terter and glycerol, (a) non-deionized and (b) deionized. The volume fraction 
00 = 0.149 in both cases. CCDLS (squares) and DXS (diamonds) results are 
shown.shown. The dashed curves represent calculations with the theory by Beenakker 
andand Mazur. The solid lines represent calculations with a screened effective 
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Figuree 4.13: Hydrodynamic function for silica colloids in a mixture of 
ethanolethanol and benzyl alcohol, (a) <f>  = 0.078 and (b) 0 = 0.259. DLS (squares) 
andand DXS (diamonds) results are shown. The dashed curves represent calcu-
lationslations with the theory by Beenakker and Mazur. The solid lines represent 
calculationscalculations with a screened effective hydrodynamic pair mobility. 
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0.0899 and 0.149, the hydrodynamic interaction behaves qualitatively similarly 
too hard-sphere-like systems [61]: H(q) is smaller than 1 for all wave vectors, 
indicatingg a hydrodynamic hindrance of diffusion. This effect is largest at 
smalll  q. For the lower volume fraction of <p = 0.05, the maximum value of 
H(q)H(q) for the deionized case is slightly above 1, in contrast to a hard-sphere 
system.. The experimental curves are compared to the fluctuation expansion 
[47]]  (dashed lines), taking the measured structure factor as input for the 
calculations.. For the non-deionized samples, reasonable agreement with the 
theoryy is found. However, small systematic deviations are apparent: H(q) 
showss less structure than expected from the calculation. As the samples are 
deionized,, these deviations become large, revealing two essential differences 
too the hard-sphere case: the maximum value of H(q) is much smaller and 
thee q dependence substantially less pronounced than theoretically expected 
[figs.. 4.10(b)-4.12(b)]. We will show below that the flattening of H(q) can 
phenomenologicallyy be described as hydrodynamic screening. 

Figuree 4.13 shows the hydrodynamic function for two suspensions in an 
index-matchingg mixture of ethanol and benzyl alcohol. As has been demon-
stratedd in section 4.4.1, these samples are closest to the hard-sphere case 
ass far as the structure factor is concerned. For relatively low volume frac-
tionss [fig. 4.13(a), </>  = 0.078)], the data are in good agreement with the 
hard-spheree theory. At large volume fractions the maximum value of H(q) 
becomess much smaller than expected from the Beenakker and Mazur theory, 
similarr to the deionized samples [fig. 4.13(b)]. This effect is known from 
hard-spheress at very large volume fractions of about <f>  > 0-35 [61], where 
thee Beenakker and Mazur theory becomes inadequate to describe the data 
ass far as the absolute value is concerned. The q dependence remains how-
everr almost unaltered with respect to the fluctuation expansion theory for 
thee ethanol/benzyl alcohol samples, which is again similar to the behavior of 
hardd spheres at large <j>  [61]. 

4.4.2.33 Effective hydrodynamic screening 

Sincee the fluctuation expansion theory cannot describe our data sufficiently 
inn the case of deionized suspensions, we now resort to a phenomenological 
descriptionn in terms of a screened effective pair mobility. 

Thee strong q dependence of H{q) in the case of hard spheres (dashed lines 
inn figs. 4.10-4.13) is predominantly due to the Oseen term in the effective 
hydrodynamicc pair mobility (eq. 4.9). To elucidate this point, we show a 
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Figuree 4.14: Simplified calculation of the Oseen contribution (solid line) 
andand dipole contribution (dashed line) to the hydrodynamic function. 

simplifiedd calculation of the Oseen- and dipole contributions to the hydrody-
namicc function in fig. 4.14, according to the expressions given by Cichocki 
andd Felderhof [46]. These authors crudely approximate the pair distribution 
functionn g(r) by a unit step function, g(r) — 1 for r > 2aeff and zero oth-
erwise,, to perform the ensemble average. Here, ae// is an effective particle 
radius,, which is a rough measure for the range of the direct interaction. It 
iss natural to choose ae/f = n/qm. The calculations are done for the example 
<j)<j)  = 0.089 and qm = 0.0386 nm~\ corresponding to the sample shown in 
figs.figs. 4.8(b) and 4.11(b). As is evident from fig. 4.14, the Oseen contribution 
exhibitss a strong wave vector dependence, whereas the dipole contribution 
iss almost flat. In particular, the Oseen contribution becomes dominant for 
smalll  q, which is expected due to the long range of this term in real space. 

Thee simplified consideration given above suggests a possible description 
off  the observed flattening of the hydrodynamic function in terms of effective 
hydrodynamicc screening [7, 54, 55, 56, 57, 58, 59, 60]. A reduction of the q 
dependencee of the hydrodynamic function is achieved by screening the long-
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rangee Oseen contribution, as will now be shown. 
Combiningg eqs. 4.7 and 4.9, one obtains 

H(q)H(q) = ^ 6 7 ^ (1 + p k ƒ d  ̂ ' A ( q , ) ' q [ 5 ( | q " Q , |) " 1 ] ) ' ( 4-1 3) 

wheree q is a unit vector. In the hard-sphere theory, A(q) is given by [47, 72] 

A(«oo = H ( l - M ) [ ^ - J + 0(fl»)]. (4.14) 

Thee first term in the square brackets in eq. 4.14 is dominant for q ->  0 and 
representss the long-range Oseen term in real space. The following terms rep-
resentt the dipole contribution (ex l/R3). Eqs. 4.13 and 4.14 are the starting 
pointt for describing our data. In analogy to porous media [56] and station-
aryy hard-sphere suspensions [59], we introduce screening into the model by 
substituting g 

_ L __ _> - (4.15) 
(aq)(aq)22 (aq)2 + (a/lscr)

2 

inn eq. 4.14. This substitution leads to a sum of exponentially screened terms 
andd a dipole-like interaction in real space (see below), with screening length 
herher [73]. In order to adjust the absolute value of H(q), we take the q = oo 
limi tt of the effective mobility, /i* , as a free parameter. The solid lines in 
figs.figs. 4.10-4.13 represent numerical calculations according to eq. 4.13 with 
thee screened form of A(q). Again, the measured structure factor has been 
usedd to perform the ensemble average. Screening clearly leads to a flatten-
ingg of the hydrodynamic function, in good agreement with the experiment. 
Forr the non-deionized samples and the samples in ethanol/benzyl alcohol, 
hydrodynamicc screening is weak (screening length lscr « 10a). Furthermore, 
wee find fi*6nr]a  « 17/77(0) for these samples up to <p « 0.2, where 7/(0) is 
thee viscosity of a hard-sphere suspension at volume fraction (j>  [66, 74] (see 
sectionn 4.4.2.4). We conclude that the data for non-deionized samples are 
welll  described by particles interacting by a slightly screened effective hydro-
dynamicc pair interaction in a fluid of viscosity r/(0), which is still close to the 
behaviorr of hard spheres. The essential difference to hard spheres and to pre-
viouss results on slightly charged, non-deionized systems [51] is however the 
introductionn of effective hydrodynamic screening. Strikingly, hydrodynamic 
screeningg is much more pronounced for the deionized samples, as is evident 
fromm figs. 4.10(b)-4.12(b). In order to describe the flattening of the data 
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ass compared to the hard-sphere theory, a screening length of about 3 parti-
clee radii is needed [solid lines in figs. 4.10(b)-4.12(b)]. The hydrodynamic 
screeningg length has been chosen to fit the data at small q, where screening 
iss expected to be important. Then, the agreement of the screened hydrody-
namicc function with the data appears to become worse for q > >  qm, which 
seemss quite reasonable: wave vectors q > qm correspond to distances smaller 
thann the mean interparticle spacing, where screening cannot be effective. 

Hydrodynami cc screening length The hydrodynamic screening length 
ll $cr$cr is a phenomenological parameter that quantifies the deviation of the ef-
fectivee hydrodynamic function from the hard-sphere case. In fig. 4.15(a) we 
showw the hydrodynamic screening length for both non-deionized and deion-
izedd samples as a function of volume fraction. At all volume fractions, the 
screeningg length becomes substantially shorter as the samples are deionized. 
Thiss result indicates a strong dependence of hydrodynamic screening on the 
staticc structure, i.e., the pair distribution function. For the sake of compar-
ison,, the solid line in fig. 4.15(a) shows the hydrodynamic screening length 
foundd in simplistic effective-medium theories for porous media [56, 60]. The 
situationn in a porous medium is comparable to a system where the particles 
remainn fixed. If hydrodynamic forces act on a given particle in such a system, 
aa counter-force is needed to keep the particle at its position. This mechanism 
leadss to a force term in the equations of motion that is proportional to the 
velocityy [55], giving rise to the screening properties [56]. The substitution 
4.155 leads to an effective mobility given by 

.ft.ft * 3 / a r 0RR, ae-**  RR, 

[ i - ^ ll  + T ^ r l 1 - 3 ^ ] ) ' (4'16) 
ZRZR22 L R2 J Z2R3 L R2 

wheree £ = l~£. [73, 56]. For £ = 0, fieff/fx* reduces to the unscreened Oseen 
tensor.. In the case of porous media at low volume fractions, lscr = l/y/4.b(f> 
[solidd line in fig. 4.15(a)]. It is seen from eq. 4.16 that in the presence of 
hydrodynamicc screening, the leading far-field term in the mobility has a l/R3 

dependencee instead of the 1/R behavior of the unscreened effective mobility 
[eq.. 4.9]. As was shown quite recently, this result also holds for suspensions 
withh regular arrangements of particles and remains qualitatively valid at all 
physicallyy allowed volume fractions [60]. These calculations considered the 
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Figur ee 4.15: (a): hydrodynamic screening length for suspensions of silica 
colloidscolloids in water/glycerol, non-deionized (circles) and deionized (squares). 
ForFor comparison, the solid line represents the hydrodynamic screening length 
foundfound in simplistic effective-medium calculations for porous media, (b): in-
verseverse of the hydrodynamic screening length for suspensions of silica colloids 
inin water/glycerol, non-deionized (circles) and deionized (squares), and in 
ethanol/benzylethanol/benzyl alcohol (triangles). The data are plotted against the number 
densitydensity of colloids. 
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frictionfriction tensor, which is the inverse of the mobility. In the friction tensor, 
hydrodynamicc interactions are via a suspension of fixed particles [56]. It 
appearss that the hydrodynamic screening length found in our experiments 
approachess the porous-medium result as the samples are deionized and the 
directt interaction becomes more important, whereas screening vanishes in 
thee hard-sphere limit . 

Ass was pointed out already by Beenakker and Mazur [47], the effective 
pairr mobility is unscreened only if the the particles can move freely. This 
suggestss the following interpretation: the strong Coulomb interaction in the 
deionizedd systems prevents the particles from moving freely in response to 
thee hydrodynamic field, leading to an effective screening similar to porous 
media.. A microscopic theory for the hydrodynamic interactions in concen-
tratedd charge stabilized suspensions, which is not available at present, will 
havee to capture these features. 

Figuree 4.15(b) shows the inverse of the hydrodynamic screening length for 
alll  samples as a function of the number density of colloids. For hard spheres, 
l/ll/l scrscr = 0. Again, it is seen that the non-deionized samples in water/glycerol 
andd in ethanol/benzyl alcohol are rather close to the hard-sphere limit , with 
ann average hydrodynamic screening length of 11 particle radii. In the pre-
viouss experiment of Philipse and Vrij [51] on slightly charged silica, where 
noo hydrodynamic screening was found, the number density was significantly 
smallerr than in our experiment (ncoll < 5  10"8 nm"3). Since hydrodynamic 
screeningg concerns the Oseen contribution to the hydrodynamic interaction, 
whichh describes the fluid velocity disturbance of a point particle, it is conceiv-
ablee that the number density rather than the volume fraction is the decisive 
parameterr for determining the screening length. However, the discrepancy 
betweenn the two experiments is more likely due to differences in the direct 
interaction.. In the Philipse and Vrij experiment, the samples were not deion-
ized.. We note that for their system, also the absolute value of H(q) did not 
deviatee from the theory of Beenakker and Mazur, suggesting that their sam-
pless behaved dynamically still hard-sphere like, similar to our non-deionized 
samples. . 

4.4.2.44 Dynamics at specific wave vectors 

Moree insight into the physical effects governing the dynamical behavior may 
bee gained by looking at the volume fraction dependence of the hydrodynamic 
functionn and the collective diffusion coefficient in specific limits. It is clear 
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thatt H(q) and D{q) are basically determined by their values at q = 0, q = qm 

andd q = oo. The q = 0 limi t is associated with the effective hydrodynamic 
screeningg discussed above. The other limits will be considered in this section. 

Th ee q = oo limi t of the effective mobilit y 

Thee quantity /i*  in eqs. 4.9 and 4.13 is the q = oo limit of the effective mo-
bility .. Since S{q -> oo) = 1, it follows from eq. 4.6 that H{q = oo) = Da/D0, 
wheree Ds = D{q = oo) is the short-time self diffusion coefficient [9]. The 
short-timee self diffusion coefficient describes the diffusive motion of a sin-
glee particle (in the presence of other particles). As noted by Cohen and de 
Schepperr [75], a generalized Stokes-Einstein relation of the form 

DDss/D/D00 « vhW (4-17) 

holdss approximately for the self diffusion coefficient of hard spheres. Equa-
tionn 4.17 is a generalization of the Stokes-Einstein relation 

DDee = £ £ , (4.18) 
671-770 0 

validd at infinite dilution. The Stokes-Einstein relation expresses a coupling 
off  mass transport (as characterized by the diffusion coefficient) to the trans-
versee momentum transport (as characterized by the shear viscosity). The 
correspondencee between D$/DQ and r//r?(^), though not exact, as pointed 
outt by Weitz and Ladd [76] and discussed by Beenakker [77], has the advan-
tagee of being intuitively appealing: a particle diffuses through an effective 
mediumm of viscosity ry(0). Banchio et al. [66] recently examined the valid-
ityy of generalized Stokes-Einstein relations in more detail and also found it 
too be approximately valid for the self-diffusion coefficient at not too high 
volumee fractions; up to 0 « 0.2, the deviations from eq. 4.18 are rather 
smalll  (< 15%). Moreover, many attempts have been made to arrive at vi-
rall  expansions for the short-time self diffusion coefficient of hard spheres 
[47,, 50, 78, 79, 80], with slightly differing results. The accepted value for the 
firstfirst viral coefficient is that first obtained by Batchelor [50], 1.83. 

Inn fig. 4.16(a) we show //, multiplied by the Stokes friction coefficient 
67T7?a,, for the water/glycerol samples as a function of volume fraction. The 
solidd line represents the viscosity ratio 77/77(0) for hard-sphere suspensions 
[66].. It is seen that within experimental error, the data for the non-deionized 



Results s 89 9 

1.0 0 

CO O 

CO O 
* * 
3 .. 0.6 

0.000 0.05 0.10 0.15 

<t> > 

6 6 

e e 

r-- 2 

0.00 0.1 0.2 0.3 

<l> > 

Figuree 4.16: (a): the q = oo fo'm  ̂o/ £/ie hydrodynamic function for silica 
colloidscolloids in water/'glycerol, non-deionized (circles) and deionized (squares). 
TheThe solid line represents the inverse of the viscosity of hard-sphere suspen-
sions.sions. The dotted line represents the predicted behavior of charged colloids 
atat low volume fraction. The dash-dotted line represents the viral expansion 
result,result, 1 - 1.830. (b): the inverse of H{q = oo) for non-deionized samples in 
water/'glycerolwater/'glycerol (circles) and ethanol/benzyl alcohol (triangles). The solid line 
representsrepresents the viscosity of hard-sphere suspensions. The dash-double-dotted 
lineline represents the hard-sphere pair distribution function at contact. The 
dasheddashed line represents the function 1.2/(1 - 4>/<f> p), with </>p = 0.39. 
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sampless follow the hard-sphere viscosity ratio and lie only slightly below the 
virall  expansion result for hard spheres (dash-dotted line). This confirms 
againn that the hydrodynamic interaction in these samples behaves approx-
imatelyy hard-sphere-like. By contrast, y* clearly deviates from the hard-
spheree behavior in the case of dionized samples. For <\>  > 0.089, fj,*6nr}a 
fallss substantially below the hard-sphere viscosity ratio and remains almost 
constant,, i.e., it decouples from the volume fraction. This behavior indicates 
thatt the volume fraction alone is not the appropriate parameter for describ-
ingg the self diffusion in these deionized systems (see below). For <p = 0.03 and 
0.05,, the data for the deionized systems lie above the hard sphere values. This 
behaviorr has been predicted by Watzlawek and Nagele [81], who calculated 
numericallyy the self-diffusion coefficient of salt-free suspensions by taking 
intoo account hydrodynamic terms up to /T2 0 (where R is the interparticle 
distance).. These authors predict 

^^ = 1 - 2.59013 (4-19) 

forr <f>  < 0.05. Equation 4.19 is represented by the dotted line in fig. 4.16(a); 
itt is in agreement with the data on the deionized samples only at the lowest 
volumee fractions. 

Figuree 4.16(b) shows l/6nr]afj,*  for all non-deionized samples as a function 
off  volume fraction (water/glycerol and ethanol/benzyl alcohol). The solid 
linee represents TJW/7!

 f o r h a rd spheres. It is evident that the ethanol/benzyl 
alcoholl  data follow the hard-sphere viscosity up to <j>  « 0.2 and then rise 
steeply,, which is probably due to the vicinity of the freezing transition. Brady 
[82]]  has inferred from computer simulation data that for hard-spheres, the 
short-timee self diffusion coefficient behaves as 

^ °° ~ 1 2 (4.20) 
DDss 1 - </>/0P 

inn the vicinity of the random close packing volume fraction (j)p = 0.64 [83]. 
Thee dashed line in fig. 4.16(b) represents eq. 4.20 with 4>p = 0.39, which 
iss consistent with our observation that the ethanol/benzyl alcohol systems 
solidifyy at about 0 = 0.35 - 0.4. The data are well described by eq. 4.20 
att high volume fractions. We can again conclude that the dynamics of the 
sampless in ethanol/benzyl alcohol and of the non-deionized samples in wa-
ter/glyceroll  is qualitatively similar to that of hard spheres. 
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HydrodynamicsHydrodynamics or direct interaction? At this point it should be noted that 
ann alternative description for transport properties of colloidal suspensions 
hass been proposed, that is entirely based on an analogy to atomic liquids 
andd does thus not incorporate hydrodynamic interactions (in the sense in 
whichh this term is used in colloid science) [74, 84, 85]. In this theory, trans-
ferr of momentum and energy between the colloidal particles is due to direct 
interactionss only. In this approach, the short-time self diffusion coefficient is 
givenn by 

DD = — (4-21) 

wheree xW i s t n e equilibrium radial distribution function of two hard spheres 
att contact. Expression 4.21 is analogous to the Enskog theory for dense 
molecularr gases [86]. The factor xW accounts for the increased collision 
frequencyy of molecules in a dense fluid as compared to a dilute gas. In the 
Carnahan-Starlingg approximation, x(4>) is given by 

1 -0 .500 ( j 
XcsXcs ( 1 - 0 )3 

Thee dash-double-dotted line in fig. 4.16(b) represents xcs, which is almost 
indistinguishablee from the normalized hard-sphere viscosity ri(<f>)/r]  at small 
too moderate volume fractions. At high volume fractions, xW has the form 
off  eq. 4.20 [82], i.e., this alternative description remains valid. In view of this 
discussion,, it should be recalled that the experimentally determined hydrody-
namicc function H(q) must be seen as an effective hydrodynamic interaction, 
too which possible effects resulting from direct interactions, if not captured 
byy the structure factor in eq. 4.6, will contribute as well. 

Inn addition to the molecular-fluid analogy and the Beenakker and Mazur 
theory,, there is a large body of other theoretical work on the dynamics of 
hard-spheree suspensions [78, 79, 80, 87]. The theory by Tokuyama and Op-
penheimm [87], for instance, who derive a generalized diffusion equation for the 
particlee number density starting from the fluctuating Navier-Stokes equation, 
iss valid at all volume fractions. However, most of these theories consider only 
thee self diffusion coefficient or the q region around the structure factor peak. 
Byy contrast, the theory by Beenakker and Mazur is valid at all q and has 
beenn tested extensively, in the whole q range available, by computer simula-
tionss and experiments [61, 62, 88]. Therefore, we have compared our results 



92 2 Dynamicss of charged colloids probed by coherent x rays 

8 8 
ii i 
CT T 

0.88 -

0.4 4 

water/glycerol,, deionized 
•linearr fit 

8 8 

-1/3 3 
n̂ „ ""  / (aflfl -a) 
"coll l 

Figur ee 4.17: The q = oo limit of the hydrodynamic function for deionized 
samplessamples of silica colloids in water/glycerol as a function of the parameter 
^  ̂ _ n~^l3/(aeff - a). The straight line is a linear fit to the data. 

forr H{q) with the hydrodynamic theory of Beenakker and Mazur. 

DeionizedDeionized samples Here we report some interesting experimental observa-
tionss on the deionized samples, which may help to interpret the data. Figure 
4.177 shows the q = oo limi t of the effective hydrodynamic function for the 
deionizedd samples as a function of the parameter V = n  ̂ /(o-eff - a). The 
reasonn for choosing this parameter is that we intuitively expect the potential 
energyy of the system to be determined by the ratio of the average geometri-
call  distance (oc nj j / 3) to the distance between the surfaces of two particles 
(occ aeff-a). Interestingly, H(q = oo) decreases linearly with increasing ip for 
thee deionized samples, as is evident from fig. 4.17, suggesting that ip is the 
appropriatee parameter for describing self diffusion in these systems. Since 
ipip is related to the direct interaction only, this discussion suggests that the 
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Figur ee 4.18: Longitudinal sound velocity for deionized samples of silica 
colloidscolloids in water/glycerol as a function of volume fraction. The straight line 
representsrepresents the average sound velocity at large <fi,  where it levels off. 

directt interaction is of great importance for the motion of a single particle 
inn the deionized suspensions. In this context, it is also instructive to report 
thee following finding. Figure 4.18 shows the longitudinal sound velocity cL 

off  the deionized colloidal suspensions as a function of volume fraction. The 
soundd velocity is given by 

CLCL = 
ricouMcoiiXTricouMcoiiXT1 1 

(4.23) ) 

wheree McoU is the mass of a colloidal particle [70]. As can be seen from fig. 
4.18,, the sound velocity initially increases linearly with <t>  and then levels 
off2.. The leveling-off occurs at the same volume fraction at which the self-
diffusionn coefficient becomes constant (see fig. 4.16). Assuming that the self 

22 We note that Griiner and Lehmann [70] found that the longitudinal sound velocity 
off  colloidal crystals is independent of particle concentration, whereas it increases with 
concentrationn in the fluid phase. However, at the liquid-solid phase transition a clear jump 
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diffusionn of the deionized samples at higher volume fractions is predominantly 
determinedd by the direct interaction, we may speculate that self diffusion is 
coupledd to the longitudinal sound mode of the suspensions via direct inter-
actions.. In other words, a single particle experiences the compressibility, 
orr elastic response, of the surrounding suspension. It appears that at short 
timess (or large frequencies) the deionized samples show at least in part al-
readyy an elastic or solid-like behavior. This may be related to the fact that 
thee effective hydrodynamic interaction at small wave vectors appears to be 
screenedd (see section 4.4.2.3), in analogy to porous media, where the particles 
remainn fixed. It is well established theoretically that hydrodynamic interac-
tionss in a suspension are screened, in precisely the way introduced in section 
4.4.2.3,, under the condition that the velocity of each of the particles vanishes 
onn average [59]. This condition is distinct from the Beenakker and Mazur 
theory,, where the particles are allowed to move freely, but is obviously met in 
aa solid'. It seems likely, therefore, that the effective hydrodynamic screening 
observedd in the deionized samples arises from the importance of the direct 
interactionn that leads to a partially solid-like behavior at high frequencies (or 
shortt times). 

Hydrodynami cc function in the peak 

Thee fact that the hydrodynamic interaction in charge stabilized colloidal 
suspensionss can behave qualitatively differently from the hard-sphere case 
wass first noticed in connection with H(qm), the hydrodynamic function at 
thee location of the peak of the static structure factor. Obviously, qm de-
finess a characteristic structural length scale of the system. It was found in 
earlierr studies that H(qm) could become larger than 1, in contrast to hard 
spheress [51, 52, 53]. From an effective-medium point of view, this result 
seemss counter-intuitive, since the effective viscosity of a colloidal suspension 
iss always larger than that of the suspending fluid and one naively expects 

DD oc l/r?(0). 
Numericall  calculations [66] and experiments [53, 61] show that 

H(qH(qmm)) = 1 - 1.35c/) (4.24) 

inn the sound velocity occurs, which is not seen here. Furthermore, from the dynamical 
measurementss we know that the intermediate scattering functions decay to zero for all 
samples,, indicating that the "cages" of particles eventually break up, as in a colloidal 
liquid. . 
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Figur ee 4.19: Hydrodynamic function at the peak position of the static struc-
tureture factor for suspensions of silica colloids in water-glycerol (a) and in 
ethanol-benzylethanol-benzyl alcohol (b). The samples in water-glycerol are non-deionized 
(circles)(circles) and deionized (squares). The dotted line represents the hard-sphere 
behaviorbehavior and the dashed line the behavior of highly charged colloids. 
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forr hard spheres up to the freezing transition, whereas 

forr strongly charged systems at very low volume fractions. As a qualitative 
explanationn for the different behavior of hard spheres and dilute strongly 
chargedd systems, Nagele et al. [43, 66] have suggested the following reasoning. 
Thee hydrodynamic hindrance of diffusion in the peak [H(qm) < 1], that is 
characteristicc of hard-sphere systems, can be understood in terms of near-
fieldfield hydrodynamic interactions (lubrication forces). In hard-sphere systems 
thesee lubrication forces are of great importance, since configurations of nearly 
touchingg spheres are highly probable {2n/qm = d). By contrast, near-field 
effectss do not play a role in dilute highly charged systems, as the probability 
off  finding particles closer together than the effective diameter deff > d is 
practicallyy zero. As a consequence, far-field effects become dominant. At a 
lengthh scale 27r/gm, density fluctuations decay predominantly by the motion 
off  neighboring particles in opposite directions [48]. This motion is supported 
byy the far-field backflow effect of displaced fluid, leading to a hydrodynamic 
enhancementt of diffusion at qm [H(qm) > 1]. 

Figuree 4.19(a) shows H{qm) for the water/glycerol samples. The non-
deionizedd systems follow the hard-sphere behavior (eq. 4.24, dotted line) 
ratherr closely, which is expected on the basis of the previous section. The 
deionizedd systems behave quite differently: H{qm) is larger than 1 at the 
smallestt volume fraction of </> = 0.03, then decreases with increasing vol-
umee fraction, falls below the hard-sphere line and eventually coincides with 
thee hard-sphere value at the largest </>. This volume fraction dependence is 
qualitativelyy similar to that of H(q = oo) [see fig. 4.16(a)]. H{qm) for the 
deionizedd samples not only deviates from the hard-sphere case, but also from 
thee behavior of dilute strongly charged systems (eq. 4.25, dashed line); how-
ever,, it approaches this behavior at small volume fractions. In fig. 4.19(b) 
wee show H(qm) for the samples in ethanol/benzyl alcohol as a function of 
volumee fraction. For these systems H(qm) follows the hard-sphere behavior 
upp to 4> « 0.2 and then falls substantially below the hard-sphere results. This 
volumee fraction dependence is qualitatively similar to that of H(q = oo) [see 
fig.fig. 4.16(b)], suggesting that it is largely determined by the self-diffusion 
coefficient. . 

DeionizedDeionized samples Again we report an interesting experimental finding on 
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Figur ee 4.20: Hydrodynamic function at the peak position of the static struc-
tureture factor for suspensions of silica colloids in a deionized mixture of water 
andand glycerol (squares) and the product S(0)S{qm) (triangles) for the same 
samples. samples. 

thee deionized samples. In section 4.4.2.4 we argued that the direct inter-
actionn plays an important role for self diffusion in these systems. We also 
conjecturedd that a given particle initially experiences the elastic response of 
itss compressible environment. This means that the self-diffusion mode of 
thee system couples to the longitudinal sound mode, as characterized by the 
compressibility.. H(qm) shows a similar volume fraction dependence as the 
self-diffusionn coefficient, suggesting that comparable arguments hold here. 
Too elucidate this point, fig. 4.20 shows H(qm) for the deionized samples in 
water/glyceroll  along with the bilinear product S(0)S(qm). Strikingly, the 
volumee fraction dependences of these two quantities are almost identical. 
Thee reason for comparing H(qm) and S(0)S(qm) is that the coupling of dy-
namicall  modes is described by bilinear products of slowly varying dynamical 
variabless [89]; the slowly varying dynamical variables of interest here are the 
densityy fluctuations. Thus, S(0)S(qm) describes the coupling of the modes 
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representedd by 5(0) and 5(gm), and we therefore expect H{qm) to be linked 
too this product if the reasoning given above is correct. With this in mind, 
wee see from fig. 4.20 that the (at first sight rather unusual) volume frac-
tionn dependence of H(qm) for the deionized samples might be explained by 
aa mode-mode coupling argument. 

Diffusionn in the peak 

Inn this section, we discuss D(qm), the short-time collective diffusion co-
efficientt at the peak position of the structure factor. We discuss D(qm) here 
too highlight differences between charge stabilized and hard-sphere systems. 
Recently,, Banchio, Nagele and Bergenholtz [66] showed theoretically that for 
hardd spheres, a generalized Stokes-Einstein relation holds approximately for 
D(qD(qmm): ): 

DD((((irn)irn)  _ _V__ (4 2 6) 

DoDo i / W 

Thiss relation is correct to within 10 % up to 0 « 0.4. By contrast, eq. 4.26 
wass found to be violated by at least a factor 2 in the case of dilute strongly 
chargedd systems. 

Inn fig. 4.21, we show D{qm)/D0 for all samples. The solid line repre-
sentss a calculation for hard spheres according to D(qm)/D0 = H(qm)/S(qm). 
Here,, the hydrodynamic function in the peak was calculated according to eq. 
4.244 [66], and S(qm) was determined using the Verlet-Weiss correction to the 
Percus-Yevickk approximation [90]. The high frequency limiting viscosity for 
hardd sphere suspensions is represented by the dotted line [66, 74, 84]. It is 
evidentt that the diffusion coefficient at qm deviates from the hard sphere re-
sultt for all samples, the deviation being largest for the deionized samples. In 
particular,, D(qm) for the deionized samples is much smaller than in the hard-
spheree case. This decrease of the diffusion coefficient with respect to hard 
spheress indicates that these systems are, similar to the static properties, dy-
namicallyy effectively more dense than the nominal volume fraction suggests. 
Forr example, D{qm)/D0 « 0.25 for the deionized samples at <f>  = 0.149. In 
aa hard-sphere suspension, this value of D(qm) occurs at <p « 0.39; interest-
ingly,, this equivalent hard-sphere volume fraction is almost identical to the 
onee inferred from the osmotic compressibility (see section 4.4.1.1). The be-
haviorr of the deionized samples is qualitatively similar to that of strongly 
chargedd systems, where a comparable decrease of D(qm) with respect to the 
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Figuree 4.21: Short-time collective diffusion coefficient in the peak of the 
staticstatic structure factor for silica colloids in ethanol/ benzyl alcohol (trian-
gles)gles) and water/'glycerol, non-deionized (circles) and deionized (squares). 
TheThe solid line represents the hard-sphere behavior. The dotted line repre-
sentssents the inverse of the viscosity of hard-sphere suspensions. The dashed line 
inin (a) is a linear fit to the ethanol/benzyl alcohol data. Figure (b) shows 
thethe ethanol/benzyl alcohol data plotted against the scaled volume fraction 
(Pscaled(Pscaled = 0  0 .495/0.36. 
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hardd sphere case is predicted [66]. Banchio et al found D(qm)/D0 « 0.35 
forr strongly charged systems in the range 0.03 < 0 < 0.1, which is rather 
closee to our results on deionized suspensions at about 0 = 0.1. Considering 
thee strong deviation of H(q = oo) and H{q = qm) from the results for highly 
chargedd systems [see figs. 4.16(a) and 4.19(a)], however, this correspondence 
off  the absolute value of D(qm) with the calculations by Banchio et al at 
largerr volume fractions is probably coincidental. 

Forr the samples in ethanol/benzyl alcohol, D{qm) shows an almost linear 
volumee fraction dependence, whereas the 0 dependence is clearly non-linear 
forr the deionized samples. By fitting a straight line to the ethanol/benzyl 
alcoholl  data, we can obtain a volume fraction at which D{qm) formally be-
comess zero, which is the case at 0*  = 0.36  0.02. As can be seen from 
fig.. 4.21(a), D(qm) for hard spheres also decreases linearly, up to 0 w 0.3. 
Extrapolatingg the hard-sphere curve in the linear regime to D(qm) - 0, anal-
ogouss to the ethanol/benzyl alcohol data, we find 0 = 0.495. In fig. 4.21(b), 
thee ethanol/benzyl alcohol data are plotted against the renormalized volume 
fractionn (j> $caled = 00.495/0*. It is seen that the data can roughly be scaled 
ontoo the hard-sphere calculation by this transformation, confirming that the 
ethanol-benzyll  alcohol systems are qualitatively similar to hard-spheres. 

4.4.2.55 Tempera tu re dependent measurement 

Thee hydrodynamic function H{q), as defined in eq. 4.7, is expected to be 
independentt of the viscosity of the suspending medium. H(q) remains un-
changedd upon a change in the background viscosity, since all particles are 
affectedd in the same way. That H(q) will be independent of 77 (within certain 
limits)) can be seen as follows. A hydrodynamic disturbance diffuses through 
thee suspending fluid with the kinematic viscosity v = rj/pf as the diffusion 
constant,, where pf is the density of the fluid. Typically, u « 1 mPascm3/l g 
== 10"6 m2/s. On the other hand, D0 « 10"12 m2/s«: 1/, which means that 
hydrodynamicc interactions can be considered to act instantaneously on the 
timee scale of colloidal diffusion, within all the physically reasonable range of 
v.v. Only at time scales t < a2/i/, where hydrodynamic interactions build up, 
wil ll  the suspension viscosity play a role. 

Too check whether our results are indeed independent of the suspension 
viscosity,, we prepared a sample of silica particles (a = 54.9 nm as before, 
00 = 0.312) in a mixture of water and 70 wt% glycerol. The viscosity of this 
mixturee depends strongly on temperature [91]. Figure 4.22 shows D0/D(q) 
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Figuree 4.22: Inverse of the short-time collective diffusion coefficient 
(squares)(squares) and static structure factor (circles) for silica colloids in water/ 
1010 wt% glycerol. The volume fraction <t>  = 0.312. The diffusion coefficient 
isis scaled by that of a dilute suspension, D0. The open symbols are data at a 
temperaturetemperature T = 22.5 °C, the solid symbols at 52.5° C. The crosses are the 
x-rayx-ray data at the higher temperature multiplied by 0.85. The dashed lines 
representrepresent Percus- Yevick hard-sphere calculations for the structure factor. 

andd the static structure factor at two different temperatures, T = 22.5 °C 
andd 52.5 °C. The shear viscosity of the suspending fluid at these tempera-
turess is 20.1 mPas and 6.1 mPas, respectively. It is evident that the light 
scatteringg data (small q) are independent of T (to within about 5 %), whereas 
thee x-ray scattering data at the higher temperature lie systematically about 
155 % above the data at the lower temperature. This systematic difference is 
probablyy due to a deviation of the actual temperature of the sample from the 
nominall  value, which translates into a corresponding deviation in the scaling 
factorr D0. In the x-ray setup, the sample is located in an evacuated cham-
berr where the thermal contact to the sample holder is only provided by the 
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Figuree 4.23: Hydrodynamic function for silica colloids in a mixture of wa-
terter and 70 wt% glycerol (T = 22.5 °C). The volume fraction <p = 0.312. 
CCDLSCCDLS (squares) and DXS (diamonds) results are shown. The dashed curve 
representsrepresents a calculation with the theory by Beenakker and Mazur, the dotted 
lineline represents the hard sphere calculation multiplied by a constant factor. 

(poor)) thermal conductivity of the glass capillary and thermal radiation. The 
systematicc difference between the x-ray data at different temperatures can 
bee explained by assuming T = 48 °C instead of 52.5 °C for the higher tem-
perature,, which seems reasonable considering the setup. The static structure 
factorss at different T are completely indistinguishable at small q. Around 
thee peak S(q) seems to be somewhat lower at the higher temperature, which 
mightt be due to reduced structural correlations as the thermal motion be-
comess stronger. The dashed line in fig. 4.22 represents the hard-sphere 
structuree factor at 0 = 0.312. It is evident that the structure factor does 
nott differ very strongly from the hard-sphere case for this sample. In par-
ticular,, the peak position is within the experimental resolution unchanged 
withh respect to the hard-sphere structure factor, indicating that the range 
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off  the direct interaction is rather small. On the basis of the previous results 
(sectionn 4.4.2.2), we therefore expect the dynamical behavior to be similar 
too that of hard spheres. 

Inn fig. 4.23 we show the hydrodynamic function for the sample in wa-
ter/700 wt% glycerol (T = 22.5 °C). The experimental curve is again com-
paredd to the fluctuation expansion theory of Beenakker and Mazur [47]. It 
iss seen that the absolute value of H(q) is significantly smaller than predicted 
byy the fluctuation expansion, while the q dependence is well described. This 
behaviorr is indeed similar to the hard-sphere case at high volume fractions, 
ass discussed in section 4.4.2.2. Since the behavior of the hydrodynamic func-
tionn for this sample is entirely consistent with our previous results, we will 
nott further elaborate on it here. 

4.55 Summary 
Inn this chapter, we have applied the novel combination of multiple-scattering 
freee techniques described in chapter 3, cross-correlated dynamic light scat-
tering,, dynamic x-ray scattering and small-angle x-ray scattering, to charge 
stabilizedd colloidal suspensions. The techniques used allowed us to determine 
thee hydrodynamic function H(q) purely experimentally, without taking re-
coursee to any theoretical model beforehand. For non-deionized silica suspen-
sions,, where the direct electrostatic repulsion between the colloidal particles 
wass relatively weak and short ranged, the hydrodynamic function could be 
describedd reasonably well with an unscreened effective hydrodynamic pair 
interaction.. In the case of deionized samples with strong interparticle struc-
turing,, we observed a flattening of the hydrodynamic function. We showed 
thatt this flattening could phenomenologically be described as hydrodynamic 
screening,, similar to porous media. We interpreted the appearance of an 
effectivee hydrodynamic screening by a strong influence of the direct electro-
staticc interaction that prevents the particles from moving freely in response 
too the hydrodynamic field. 


