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Structure and short-time dynamics of polydisperse charge-stabilized suspensions
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In this work we investigate the equilibrium structure and short-time dynamics of moderately concentrated
suspensions of polydisperse charged silica particles immersed in a nearly optically matched solvent. We
measure the static structure fac&y(q) and the first cumulant of the intensity autocorrelation function with
static and dynamic light-scattering techniques. From these two quantities we obtain the hydrodynamic function
Hy(g) containing the configuration-averaged effects of the hydrodynamic interactions on the short-time dy-
namics. The experimental results fds,(q) compare favorably with theoretical calculations based on recent
work by Naele et al. [Phys. Rev. E47, 2562 (1993; Phys. Rep.(to be publishef]. We show that both
hydrodynamic interactions and polydispersity significantly affect the short-time dynamics even at small vol-
ume fractions. At small wave numbers hydrodynamic interactions slow the initial decay of the intensity
autocorrelation function, whereas near the position of the principal pe8j@f) the decay rate is enhanced.
[S1063-651%96)09807-9

PACS numbsgs): 61.20.Gy, 61.20.Lc, 82.70.Dd, 83.10.Pp

I. INTRODUCTION Hls, H(g) becomes the Stokes diffusion coeffici&y of an
isolated sphere and(q) is due toS(q) only. When His are
Well characterized colloidal suspensions are excellenimportant,H(q) becomes explicithg dependent. Intuitively,
model systems to understand the influence of interparticlene expects that His always lead to a slowing down of the
interactions on the structure and dynamics in complex fluidsparticle density relaxation, e.d4(q)/Dy<1 should hold for
A considerable amount of theoretical and experimental worlall wave numbers. Nonetheless, both experimégig and
on suspensions of hard sphefés-7] and charged spheres theoretical prediction§18,8,19,2( show thatH(q)/D, can
[8—14] provides information about how interactions deter-exceed 1 around the principal peak$(fy). The peak value
mine liquidlike and ordered structures and how these strucof H(q)/Dgincreases with increasing volume fractignthis
tures influence the suspension dynamics. Two types of intelhehavior differs from that of hard spheres, where the peak
actions can be identified: direct interparticle interactions ang,zjye never exceeds one and decreases with incregsing
indirect hydrodynamic interactior($ils) due to the velocity All of the studies mentioned above assume that the sus-
field generated in the supporting fluid by the particle mo-pensions were monodisperse. In the process of synthesizing
tions. single-component suspensions, a certain degree of size poly-

A prtl_maryft(t—:;:hmque for stpdylng tlheh?tatlct?nq dyTam'cdispersity is unavoidable and even required in some applica-
Ewr(c))regtriilsese?se sﬁiee?\iisgr?:?#)enzt;icIgtrucStE?e?g?t%r (n tions. In general, the size distribution is broader for suspen-
P b q sions of smaller particles. In charged particles, the size

is the modulus of the scattering vectaman be determined . . . : ; . :
from measurements of the angular dependence of the megﬁ)lymspersny often gives rise to an assoc_:lated polydispersity
scattered intensity, provided that the mean interparticle spaérJ. the su rface charge. As a re_sf“'?' both size and charge poly-
ing is comparable to the wavelength of light. The peaks in¢sper5|ty may'affect the equilibrium structure and diffusion
the structure factor indicate spatial correlations among thd! the suspensions. _ o
particles due to the direct forces. Due to the complexity of polydisperse systems, little is
Since Coulombic forces keep highly charged particles faknown about their dynamical propertig2,22—-23. A num-
apart, the effects of the short-range hydrodynamic interacber of experimental investigations have apped2€s-2§ on
tions in diluted suspensions of these systems are frequentBolydisperse charge-stabilized suspensions at low volume
neglected9,11,12,16,1F% however, recent theoretical calcu- fractions, where the influence of His has been ignored in the
lations [18,8,19,20 have demonstrated the importance ofanalysis of the experimental data. No reported experimental
Hls particularly in charged suspensions. The apparent diffuwork on polydisperse systems has encompassed a suffi-
sion coefficientD(q), defined as the ratio of the hydrody- ciently large particle concentration for His to be important
namic function to the static structure factd(q)/S(q), pro-  over an extended range of wave numbers. The primary limi-
vides a measure of the short-time dynamics. For negligibleation has been the occurrence of multiple scattering, which
invalidates the assumption of single scattering, underlying
the conventional interpretation of dynamic light-scattering
*Present address: Chemistry Department, Stanford UniversityDLS) data.
Stanford, CA 94305-5080. In this work, we investigate the combined effect of Hls
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and polydispersity on the short-time diffusion in polydis- wherep(c;o,s) denotes the probability distribution for the
perse suspensions of charged silica spheres. In order to elinparticle diameter andI'(t) is the gamma function. The only
nate complications from multiple scattering, we nearlytwo parameters that characterize this distribution are the
matched the refractive index of the spheres with that of anean diametetr and the relative standard deviatisnThe
mixed organic solvent. The static and dynamic properties ofatter is related to the width parameteby

the suspended silica particles are investigated using static

and dynamic light-scattering techniques. We limit our stud- [<02>_;2]1/2
ies to the short-time dynamics where the correlation times s= —

are very large compared to the momentum relaxation time,

but very small with respect to the structural relaxation of the o .
particles. We apply the method of cumulants to evaluate thd "€ moments of the Schulz distribution are given by
dynamic scattering and are able to measure the hydrody-

namic function by combining the DLS measurements of the n * no,— (n+t)!

first cumulant with static light-scatteringSLS) measure- (o7)= fo do o"p(050,8) = {ryn O ©)
ments of the structure factor. The measured static structure

factor is compared with theoretical calculations derived from .. 51 5 The important features of the Schulz dis-
the hypernetted-chaifHNC) approximation for colloidal tribution are its skew symmetry towards larger sizes and its

mixtures[29]. We model the size polydispersity by a histo- approach towards a Gaussian distribution for very small val-

g{gmiéi%;egsgatat'on of the unimodal continuous Schulz d'sl]es ofs. This skewness allows for good fits of the experi-

mentally determined size distribution in many sorts of col-

“ef:‘lgc?t'meociﬁl thi’,s;ie%a[gf]rticlzs_riz P::\:;d spbhe;es g?gﬂgdan)idal suspension$18,24,3Q. While other choices for the
WV arg and Interacting oy a scr size distribution function exist, the detailed shape of this dis-

Coulomb  repulsion of the Derjaguin-Landau-Verwey- tribution is not critical for sufficiently smalé. The continu-

Overbeek(DLVO) type [29,33. The relation between par- ous Schulz distribution can be used directly in the calculation

ticle size and effective charge is unknown; we explore S€Vot static or dynamic correlations in very diluted systems of

ocomen e e ot e o aaraCLEalyroniractng paricl480]orplycispere
9 P phere mixtures, where one can exploit the analytic expres-

. . eff
4 size-independert ©. We model the measurable hydrody- sion for the partial structure factors with the Percus-Yevick

namic functionty (q) with a pairwise-additivity approxima- approximation[33,34]. For charge-stabilized suspensions,

tion for the hydrodynamic interactidri8,8]. : : A . -
We show that the short-time diffusion is significantly af- we approximate the continuous distribution with a histogram

fected by Hls even at low particle concentrations. The ex-
perimental results foH,,(q) confirm the theoretical predic-
tion [18,§] that, when properly normalized, this function is
greater than 1 in the neighborhood of the first peak in the
static structure factor. We further show that size polydisper
sity reduces the oscillations &f,,(q) and that this effect is
particularly strong for the measurable structure factor at sho
wave numbers and in the region of the principal peak.

The paper is organized as follows. In Sec. Il we briefly
describe the polydispersity model and the effective interac-
tion potential used in our calculations. In Sec. Il we sum- 2 X, (o) =(a")
marize the SLS and DLS relations for polydisperse suspen- = e '
sions, relevant to our study. There we emphasize the

d!fference betwee_n scattering from monodllsperse and pOIW\/e solve these equations via the equivalent Gauss-Laguerre
disperse suspensions. In Sec. IV we describe our scheme f

lculatingS dH We di th | Rlethod. The numbem of subcomponents needed depends
caicuiating m() an m(a). We ISCUSS th€ Sample prepa- , , y,q value of. Three subcomponents are sufficient for the
ration and experimental methods in Sec. V and present th

. . . . N€alculation of the static structure fact8y,(g) in a suspen-

gxpen\r/rlnlental and thepreuchal r_esults In Sf_e%._ VI I;mally, Msion of polydisperse hard spher¢35] and polydisperse
ec. we summarize the important findings from ourcharged suspensiofi85,29 with s<0.3. A minimum of five

work. components is required for the calculationtd; (q) whens

is 0.3. In this work withs=0.15, three subcomponents are

sufficient to calculat&y,(q) andH,(q) within the range of

our experimentally probed wave numbers, we find no im-

The size distribution of a one-component suspension oprovement when we increase up to 12.
colloidal particles can be conveniently represented by a con- The effect of the van der Waals interaction between silica

=[t+1]" Y2 2

p(0)= 2 X80 0,) @

consisting of a small numben of subcomponents. The mole
fraction x, and the diameterr, of each subcomponent are
"Yetermined by equating the firs2moments of the histo-
gram and the continuous Schulz distribution, i.e.,

m

1=0,1,2...,2m—1. (5)

Il. MODEL OF POLYDISPERSITY
AND INTERACTION POTENTIAL

tinuous unimodal Schulz distributidi29,30 particles suspended in a nearly index-matched solvent is
41 . minimal. Thus we neglect the van der Waals forces and de-
— (1 g t+1 scribe the effective pair potential,,z(r) between two par-
p(o;0,8)= exp — o| (t>0), .
ri+1) ticles of subcomponents and B, as a hard sphere plus

(1) screened Coulomb potential of the fof®
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r (0ot 0p) A. Static scattering relations
% 2 Extending the scattering relations for a monodisperse sys-
U, (1) Ko 4l2 exopl2 |\ g« tem to a polydisperse system NWfparticles distributed im
BT Lgzefzef different components, we obtain the average scattered inten-
kgT BRa " 1+ ko, 2]\ 1+ kogl2] 1’ sity P ' 9
(o-a+ O-B)
>—
{ 2 ) m N, o 2
() @)= 2 2 ful@e?™] ), (10

wherelLz=e?/ekgT is the Bjerrum lengthe is the elemen-
tary charge, and is the dielectric constant of the suspending
medium.Z¢™ denotes the effective chargim units of e) of
particles in subcomponentsand the equation

where we have assumed that single-scattering events domi-
nate the signal. In this expressidR{* denotes the position
vector of thelth colloidal particle in componeng, which
consists ofN,, particles so thaE ]_;N,=N, and( ) denotes

an equilibrium ensemble average. The modutu®f the
wave vector is related to the scattering anglethe solvent
refractive indexvy, and the wavelengthh of the incident
light in vacuo byqg=(4mv¢/\)sin6/2. For homogeneous
defines the Debye_T—hke' Screening paramete«r In Wr|t|ng Sphel’es in a nearly refractive index-matching SOIVent, the
Eq. (7), we assume that the counterions are monovalent angayleigh-Gans-Debye condition

n is the overall number density of colloidal particles, related

m
K*=4mlgn >, X, |28+ k2, 7)
a=1

to the total volume fractiorp according to 2_7" o (ﬁ_ 1) <1 (11)
NN v
6¢
n= m- (8 is satisfied and the scattering amplitude ofcatype particle

is described by

The screening parameter is determined by dissociating coun-
terions and by the possible presence of added salt. Since we
use h|gh-pur|fty organic solventg, we wil assumrgnzo._ where v, is the refractive index of all the particles with di-
The effective charges entering the .DLVO potential areameteraa and the form amplitudé(qo,/2) of an a-type
typlc_ally smaller than the bare ongl]. Since we have_ N8  particle is given byb(x)=3j.(x)/x, where j,(x) is the
priori knowledge of th? form of charge polydlspersny, W€ spherical Bessel function of first order. In E¢50)—(12) we
assume that the effective charge of the subcomponest allow for a size-dependent refractive index. From Egs.

related to its sizer, by (10)—(12), the average intensity can be written[48,8]

fo(A)=(vo— vs)oob(qo,/2), (12

_ I 2 .

zefi_ zeﬁ(“__a) © 1(q)=Nf(q=0)P(q) Su(q), (13

a o 1
L where

where Z¢™ denotes the mean effective charge. In principle,

one could determine the exponetby comparison of the —
: i ()= 2 X.fi(a) (14)

experimental and computes),;(q). In previous work on la- = el

tex particleq 24,25, the valueu=2 was used. Here we test

the valuesu=0,1,2 and, as explained in detail in Sec. VI, we js the second moment of the distribution of the scattering
find ©=0 to be sufficient. amplitudes _andx, the partial mole fraction. The average

We neglect any possible influence due to electroviscougorm factor P(q) is defined, in analogy with monodisperse
effects on the short-time diffusion. These effects arise fromyyspensions, as

the distortion of the mobile cloud of counterious around a

m

colloidal particle. The electroviscous effect gives rise to a _ 2(q)
somewhat increased friction experienced by an isolated col- P(q)= = (15
loidal particle only when the double-layer thickness is com- f%(q=0)

arable to the particle radiy86]. . .
P P Us6] The so-called measurable static structure fagfpfq) in Eq.

(13) is a weighted superposition af(m+ 1)/2 partial struc-

I LIGHT SCATTERING ture factorsS, 5(q) according to
FROM POLYDISPERSE SUSPENSIONS

m
In this section we briefly summarize those relations of the _ 1 1/2
theory of light scattering relevant to our interpretation of SM(q)_f_Z(q) a%‘il (XaXp) ™1 a(A)T5(Q)Sap(A)-
static and dynamic light-scattering data from polydisperse (16)
samples. More detailed explanations and derivations can be
found in Refs[8,37]. We start with the relations for SLS and The partial static structure factors are related to the partial

then proceed with those for DLS. radial distribution functiong,, 5(r) by
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vl s is the Fourier component of the microscopic density fluctua-
Sep(A)= SaptN(XaXp) f d°r 97[gap(r)—1]. (17)  tions of component. HenceS, 4(q,t) is a correlation func-
tion betweena- and B-type particles.
Here g,4(r) is the relative probability of finding #-type In this work, we are concerned with the dynamics in the
particle a distance from a particle of typea. Slightly dif- ~ Short-time limit. Specifically, we consider the time domain in
ferent definitions 08, 4(q) exist in the literatur¢29,38, but which the hydrodynamic interactions are instantaneous while
our definition[39,4q ensures thaB,,(q—*)=4,, inde- the appreciable change in the particle configuration due to
pendent of the mole fractions, and thatSy,(q—w=)=1. ~Many-body diffusion does not yet occur. Dynamic light-
Also with this definition Sy (q) reduces ta(q) for a mono-  Scattering experiments measure the dynamics of colloidal
disperse system. From E€L6), it is apparent that the mea- Particles in this time interval, which falls between the mo-
surable structure factdBy(q) in polydisperse systems de- Mentum relaxation times = M/(37 7¢)] and the structural
pends on the scattering properties; this dependence contragfdaxation time f, =o/D (o] for an isolated silica sphere
with monodisperse systems whesgg) is a purely statistical ©f massM and diametew, immersed in a solvent of shear
mechanical quantity. Indeey(q) contains information on  ViSCOsity », to diffuse with its translational diffusion coeffi-
both the interparticle and intraparticle properties. cientD (o) =kgT/(3770). In this regime, the fluid exert-
We extractedSy(q) from our SLS measurements by di- ing friction forces on the particles is incompressible and the
viding the scattered intensitfq;n) of the concentrated sys- €quilibrium configuration space-time correlation functions

tem by that of the dilute suspension, wh@gs(q;ng)~5,5 '€ governed by Smoluchowski equation. _
for all'g. Hence The initial decay ofSy(q,t) is then conveniently ana-

lyzed in terms of the cumulant expansion

Sy(q) = HoLaD) (18) (—
m(d) = =, -
nl(d:No) SM<q,t>=sM<q>exp[§O T IW@) @23
wheren andn, are the number densities in the concentrated
and diluted system, respectively. This division procedure isith the cumulant of ordel given by
only valid when the size, shape, and scattering properties of
the particles are unchanged by dilution. We have assumed " . J
that the particles are optically homogeneous and that they all Fy(a=(-1) |lfT:) S N Su(a, b}, (29)
t*}

have the same refractive index, regardless of their size. As a
consequence of this hypothesis, it follows from Es})— ) ]
(16) that P(q) and Sy,(q) should be independent of the re- Where t—0 should be interpreted ag<t<7, . Consider

fractive index differencev,— v between particles and sol- first a polydisperse suspension of noninteracting homoge-

vent. This assumption is discussed in Sec. VI. neous spheres. Assuming that the sizes are distributed ac-
cording to the unimodal Schulz distribution, we obtain the

. . _ following result for the long-wavelength limit of the first and

B. Dynamic scattering relations the second cumulant:

The key quantity in the analysis of polarized DLS experi-

ments is the electric field autocorrelation function, given by . I‘fv,l)(q) D% o) 0 — )
[37] (:Iino & 15 D (01-587, (29

1(g,t)=Nf2(q=0)P(q)Syu(q,t) (19

'@ (q) 2
. . . v (d S )
for a polydisperse system. The measurable dynamic structure lim TR 1+487 ~s%, (26)
factor Sy (q,t) is defined, similar to the static case,[837] -0 Lt M
1 m where the last approximate equalities are generally valid for
Sw(a.t)== (XaX)"f o( @) 5(0) Sl 1), small relative standard deviatian The limit ¢—0 is practi-
f4(q) «p=1 cally realized whergo<0.5. We used Eqg25) and(26) to

(20 obtain an estimate of the mean particle diametesnd the
degree of polydispersitg from DLS on a dilute suspension.

ensuring thatSy(q,0)=Sy(q). Here the scattering ampli- At higher concentrations when interactions between par-
tudef,(q) is calculated in Eq(12) and them(m+1)/2 par-  ficles become important, the first cumulant $§,(q,t) is
tial dynamic structure factors are used to define a measuraliedependent diffusion coeffi-
L cientDy,(q) by
= @ B
Saﬁ(q,t) W(n,q(O)nq(t)% (21) rgvjf)((])
Dm(a)= e (27)

where

N,, The function Dy, (q) is related to the measurable, and
na:z eld-R! (22) scattering-amplitude-dependent, hydrodynamic function
= Hyv(q) as[18,8]
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Hm(a) form-amplitude-weighted superposition of tracer-diffusion
Dm(Q)=S—(); (28)  coefficients in the large-wave-number regime. For strong
mid His, D$<D? due to the instantaneous hydrodynamic hin-
this is the polydisperse equivalent of drance associated with the motion of neighboring particles
around ar-type particle. The effect of HIs on the short-time
H(qg) tracer-diffusion coefficient is negligible in the case of suffi-
D(a)= % (29 ciently diluted but strongly interacting charge-stabilized sus-

pensions, whereD$~D% and Hy(q)/H$(q)~1 for
known for monodisperse systerfis6]. The measurable hy- qg>q,,; however, even for this case strong hydrodynamic
drodynamic function can be written §%8] interactions persist for intermediatg~q,,) and, particu-
larly, for0 small values of q (q<q,). The ratio
1 Hw(g)/H y(q) is independent of the viscosityand reduces
(q) aﬂE:l (XaXp) " (@ g(DHap(), (B0 ¢ H(q)/D° when all particles are identical. This ratio is thus
an indicator of the relative importance of hydrodynamic in-
where the configuration averaged effect of the HI is conteractions. When Hlis are negligible, this ratio equals 1, as in
tained in the partial hydrodynamic functiois, z(q). This the n_10nod|sper_se case, and this implies th_at the relaxation of
follows from the application of the generalized Smolu- density fluctuations is influenced by the direct double-layer
chowski equation, leading to the expressjas] forces only. On the other hanH,(q)/H y(q) becomes sig-
nificantly q dependent when the indirect hydrodynamic
. o forces also contribute. We have tested this experimentally by
Haﬁ(Q)=(NaNﬁ)_UZIZl (G-DiP(RN)- ge'v LR R, measuring the static structure fact®y(q) using SLS and
- 31) the first cumulanfi.e., D,(q)] using DLS.

m

Hu(q)=

Ny Npg

whereg=q/q. In this expression, thB {*(R") are the trans-
lational diffusivity tensors, describing the hydrodynamic in-
teractions. In general, the diffusivity tensors depend on the On the basis of the polydispersity model explained in Sec.
configurationR" of all N particles; this renders a full ac- ||, we calculated the partial radial distribution functions
counting of His a difficult task. The quantitfl,5(q) is  g,,(r) and the partial static structure fact@g,(q) with the
known exactly only for vanishingly small hydrodynamic in- HNC approximation[29,38. The functionsSy(q) is ob-
teractions. In this limiting caset,z(q)=D 0,5, Where  tained fromS,;(q) according to Eq(16). In order to calcu-
D9=D%a,) is the Stokesian diffusion coefficient of a par- |ate H,,(q), we need to specify the diffusivity tensors
ticle with diameters,. Then, the measurable hydrodynamic Di‘}ﬁ(RN). In principle, these tensors can be obtained by solv-
function is simply given by an expression ing the stationary Stokes equation fir hard shperes im-
1 mersed in an unbound quiescent fluid with appropriate
0, \_ 2 0 boundary conditions. Unfortunately, this is an extremely dif-
H(a)= f_2(q) a,ﬁzﬂ Xafo(d)Dy (32 ficult task and important advances towards practical numeri-
cal results have been achieved only recei.
that depends on quantities that can be determined by light- At sufficiently small volume fractions and low amount of
scattering experiments. Equati¢B2) is still valid for inter-  excess electrolyte, it is reasonable to assume pairwise addi-
acting particles providing that HI are negligible. Further-tivity of the HI and to approximate the many-body transla-
more, HY(q) becomes stronglyg dependent at larger tional diffusivity tensors by42]

IV. CALCULATION OF Sy(Q) AND Hyu(Q)

m

polydispersity.
It is instructive to separat#l ,5(q) into a self-part and a m N,
distinct part[18] Dio]fB(RN): 5{}’3 D%1+ 21 lZl’ A*Y(R*-Rf)
byl
Hop(0) = 8, sD5+ HE4(a), (33
b b s +(1- 55)B*B(RE—R?), (36)
where the self-part
DS —(§- DZ(RY) - q) (34) where 5{}'3:0, whenever the indiceise « andj € 8 refer to

different spheres, andli*=1. The prime indicates the exclu-
is the short-time tracer-diffusion coefficient of artype par- ~ Sion of the termsy=+y andi =1 from the double sum. Here,
ticle, DS and the distinct part is given by we used analytic expressions for the far-field expression of
the hydrodynamic tensoss*? andB* including terms up to
d 2 Sap) , ~ BNy A iq (RE—RE r % These tensors are expressed as integrals over the partial
Hap(@)=(NaNg)™ 1— 5= [{(4-D1z(RY) - e 1772, radial distribution functionsg,s(r) [18]. The only input
“ (35) needed to calculatél,z(q) and henceHy(q) is g,4(r),
determined from the HNC approximation. Contrary to sus-
where a representative pair of particlee & and 2= 8 has  pensions of hard spheres, wherg;(r) attains its maximum,
been selected. The distinct part becomes vanishingly smadit contact, the radial distribution functiong,g(r) for
for g>q,,, whereq,, is the position of the principal peak of charged spheres remain zero for separations comparable to
Su(q). Hence, according to Eq30), H,(q) is given by a the screening length, due to the electrostatic repulsion.
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Therefore, rapid convergence is expected for the series dhe particles were invisible at dilute concentrations; however,
integrals in the expressions for$ andH iﬁ(q), whereas for the measurements &, (q) and the observation of ordering
hard-sphere suspensions it is necessary to retain many terras a volume fraction of 0.12 convince us that our TPM-
in the inverse distance expansion&f® andB®®. The effect coated spheres are charged in the mixed solvent. We esti-
of HIs onD $, is expected to be smaller for charged colloidal mated the effective surface charge from comparison of the
particles than for uncharged ones due torthéleading term  acquiredSy,(q) with the theoretical calculations.
in A%%(r): this term remains small for separations where The seed silica spheres synthesized fromb&itp Fink,
d.ps(r) is nonzero. On the other hank,,(q) at smallg is  and Bohn’s recipe are known to be optically isotropic but
mainly determined by gﬁ(q) and is strongly influenced by slightly optically inhomogeneous. For the silica spheres
His due to ther ~! leading term inB**(r). Indeed, explicit coated with TPM, the inhomogeneity is greater than for the
calculations show that the effect of Hls &hy,(q) is most bare particles due to the difference in the refractive indices of
pronounced folg=<q,, [1]. In the following we will demon- the silica core and the TPM layer. In fact, Philipse, Smits,
strate that the qualitative behavior f,(q) expected from and Vrij [52] found that, for a silica sphere of 83 nm core
these calculations is consistent with the experiments. radius with 6-nm TPM coating thickness, the refractive index
Our calculations oH,(q) are based on the assumption difference was on the order ob@0 3+2x10"3,
of pairwise additivity of HIs. In monodisperse systems, the We followed the work of Tracy and Pecdré7] to match
results for H(q) assuming pairwise additivity have been the refractive index of the spheres with their environment
compared with the lowest-order form of the so-calléd and measure the index of refraction of the spheres. They
expansion[43—44. In this more elaborate method, devel- were able to minimize turbidity from highly scattering
oped so far only for monodisperse systems, many-body corspheres suspended in DMF at high concentrations by adding
tributions to the Hlis are included in an approximate way bypyridine. To determine the index-matching condition, we
a partial resummation of higher-order correlations. The rechecked for the absence of multiple-scattering events within
sults for H(q) obtained from thedy expansion agree well the sample. For this purpose, we measured the depolarized
with those obtained assuming pairwise additivity for volumecomponent of the scattered light with a FabryrdRénterfer-
fractions below 0.0918,8,19,20. Hence, we assume that ometer. Since the light source was polarized, any depolarized
pairwise additivity is also a good approximation for the cor-component was an indication of multiple scattering. We used
responding polydisperse charge-stabilized suspensions tite apparatus described in Reff§3,54 to detect the depo-
moderate volume fractions. larized components of the light scattered from the suspen-
sions at 488-nm wavelength. If the spectra indicated depo-
larized scattering, we adjusted the solvent refractive index by
adding DMF or pyridine. The matching refractive index was
calculated from the final solvent composition.

V. EXPERIMENT

A. Particle characterization and sample preparation
1. Particle characterization 2. Sample preparation

We used silica spheres coated with 3-trimethoxy-silyl- We prepared a dust-free suspension in a 2.54-cm-diam,
propyl-methacrylat§ TPM) as our model charged spheres. cylindrical, quartz light-scattering cuvette cell as follows.
The same batch of spheres was studied previously and thehe cuvette cells were first placed in a solution of 30% hy-
detailed synthesis was reported elsewhgté]. The seed drogen peroxide and 70% sulfuric acid overnight. We then
silica spheres were produced according to the method ef Staused a peristaltic pumgB875A SAGE instrumentto filter
ber, Fink, and Bohfi48] and followed by the seeded growth deionized, distilled water into the cell continuously for 2
procedure of Bogush, Tracy, and Zuko$kB]. Finally, the  days. A Millipore disposable polytetrafluoroethylef®T FE)
particles were coated according to the procedure of Philipsélter with 0.01 um-pore size was used. After that we cleaned
and Vrij [50]. The spheres were originally suspended in eththe cells with 20 ml of filtered absolute ethanol and 20 ml of
anol and the ethanol was later replaced with dimethylformafiltered DMF consecutively. To ensure that the cell was dust
mide (DMF) (Aldrich, HPLC Grade. free, we placed it in the laser beam and checked for scatter-

Previous experimen{$1] have shown that the silica par- ing from dust by observation of the scattering volume with a
ticles suspended in alcohol carry a surface charge. Th&X lens.
charges originate from the surface silanol groups, which are We prepared a dilute suspension of volume fraction
relatively acidic in the presence of ammonia, a reactant in the)=10"* for particle characterization by diluting a concen-
synthesis. Once the particles are coated with organic chaingated sphere suspension in DMF with filtered solvent. We
such as polgl2-hydroxystearic acidor (TPM), and sus- used a 0.45tm PTFE filter to add the sample to the dust-
pended in a less polar solvent, the charge density drops dréee cell. Before the sample was added, we cleaned the filter
matically[6,21]. In some cases, the coated silica particles leftoy passing 10 ml of DMF through it. We collected about 1
with a negligible surface charge provide a model for hardml of the dilute suspension and kept the sample in a desic-
sphered6]. In other cases, a small charge remains on theator overnight. The concentrated samples for the dynamic
surface because of the incomplete reaction of the silanolstudies were prepared by concentrating a stock solution with
For example, the estimatefi potential of the TPM-coated ¢#=0.02 in DMF-pyridine. In order to make a dust free sus-
spheres suspended in ethanol is 200 mV, while the potentigdension of greater particle concentration, we filtered about 4
in 70% by volume of toluene-ethanol solvent is 60 iAd]. ml of the stock solution in to a dust-free cylindrical light-
We could not measure thgpotential of our spheres in the scattering cell prepared as described above. We then centri-
mixed solvent of DMF-pyridine with electrophoresis becausefuged the cell at 1000 rpm for 30 min at room temperature
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with an SS-3 SORVALL centrifuge. When most of the par-the scattered light with a photomultiplier tub@MT)
ticles settled for form a gel-like sediment at the bottom of themounted on a Brookhaven Instruments BI200 photogoniom-
cell, we withdrew the clear supernatant. Then the cuvette cekter.
was shaken by a shakéurrell model 75 until the particles In static light-scatteringexperiments, we collected mean
were completely resuspended. After that, we added anotheriatensities as functions of the scattering angles in the range
ml of the filtered stock solution and repeated the contrifuging?0°< #<130°. We used the largest pinh@&000.m) before
and resuspending process. When we had collected abouttA® PMT to increase the scattering volume, thereby reducing
ml of the dense suspension, we withdrew the supernatant arife effects of reflections from the glass wall. Since the align-
measured the suspension weight and calculated the volunfRent of the goniometer is the critical factor in the angular
fraction of the sample by considering the sediment volumélePendence of the intensifg6], we tested the alignment of
fraction to reflect random close packing=0.64[55], and our appz_iratus W'.th an aqueous suspension of _well-
taking 0.9546 g/ml as the matching solvent density and 1. .harac.terlzed COHO'da.I polystyrene parUcI[é‘s?], and veri-

X i ) ied this form factor with Mie scattering theory.
g/ml as the particle densi§0]. The suspension was step- According to the discussion in Sec. Il A, the static struc-
wise diluted for static and dynamic light-scattering experi- : ’

o7 . . : ture factorSy,(q) is the ratio of the mean intensities col-
ments. We performed the dilution with slightly different sol- lected from a concentrated sample to that measured after

vent compositions as described below in order to eliminatgyj tion, where interactions between colloidal particles can
multiple scattering completely. be neglected. The scattering from_our indexed-matched sus-
pension was insufficient to measuréq) in the absence of
interparticle interactions. We therefore calcul&éq) as-
B. Methods suming Rayleigh-Gans-Debye scattering from spheres hav-
Three techniques allowed us to independently determinég a Schulz distribution of diameters.
the particle size and the particle size distribution from a di- In dynamic light-scatteringxperiments, we measured the
lute Suspension: transmission electron microsc@WM), IntenSIty autOCOFre!atlon function a..s a function O.f Scatter"':]g
dynamic light scattering, and static light scattering. We used€ctor. The analysis of the fluctuations was carried out with
a suspension in ethanol for the microscopy study and a diluté Brookhaven BISOOOAT digital correlator. Unlike the SLS
suspension in DMF and matching pyridine-DMF for light- setup, DLS requires the area of the detector pla_ced in _the far
scattering studies. The light scattered from concentrated sufi€!d to be equal to one coherent afd%]. We fulfilled this
pensions contains information on both static and dynami€riterion by using the smallest pinhole size 5. The mea-
properties of the system. The static information can be exSurable dlﬁUSlo(q)coeﬁ|C|gnDM(q) was obtained from the
tracted from the intensity and angular distribution of the scatfi'St cumulant”j;’(q) as discussed in Sec. Il B. A study of
tered light, while the dynamic information is contained in its @ dilute suspension in DMF and in the index-matched
spectral analysis. Therefore, we employed SLS to obtaiRyridine-DMF provided the values of t(r)]e_average_ free-
Sy(q) and performed DLS to acquil@,,(q) of the suspen- particle translational diffusion coefficien3"(o) according
sions in the index-matching solvent. We used depolarized® Eds.(25) and(26). We then calculated the average hydro-
light scattering with interferometry to confirm that single dynamic radius Ry) according to the Stokes-Einstein rela-

scattering was dominant in our samples. t|o(£1). We(l)took2 the normalized second cumulant
' (0)/[T4(0)]° as another measure of the degree of
1. Transmission electron micrographs polydispersitys.

Transmission electron micrographs were obtained from
particles retained on copper 400 mesh electron microscope
grids. We put two drops of a dilute suspension on each grid. While preparing a concentrated suspension in a index-
After the ethanol had evaporated, the particles left on thénatching DMF-pyridine mixture, we also observed ordering
carbon-coated Formvar films were photographed. Fifteen difin the transparent sample. At a volume fraction larger than
ferent areas from three grids were photographed with a$=0.2, the suspension was very viscous and gel-like and
electron microscope Philips EM 400 operating at 100 KV atbubbles were trapped inside for more than 2 days. The time-
a magnification of 17 000 calibrated with a diffraction grat- averaged correlation functions measured from this sample
ing. Then we magnified the recorded pictures so that thavere nonergodic and never decayed to the base line. When
particle radii could be measured within0.001um. Assum-  the sample was diluted t¢=0.1-0.2, the correlation func-
ing that the particles had a spherical shape, we measuré'tg)ns decayed to the base line but varied with the location of
diameters of 486 particles to determine a number-averagei@e scattering volume under investigation. This is another

particle radius and a histogram of the size distribution. ~ feature of nonergodic medium, in which the scatterers are
localized in a restricted region of phase spHs@).

Within these suspensions, the incident light was reflected
from some bright speckles, presumably faces of crystallite or

Both dynamic and static light-scattering experiments usedrystalline defects. The speckles reappeared under the laser
a Lexel argon lasetModel 95 operating at 250 mW at ei- beam a few hours after being shaken. With room light, the
ther of the two lines: 457.9 and 514.5 nm. The verticallytransparent liquid looked blue at certain viewing angles. This
polarized incident light passed through the index-matchingbservation is similar to that of an ordered suspension of
fluid (v=1.452 in which the sample cell was immersed. The monodisperse TPM-coated Si@h an ethanol-toluene mix-
temperature was controlled at 25.02Q.1 °C. We detected ture[50]. Although our suspensions are polydisperse, we be-

C. Order-disorder transition

2. Light scattering
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TABLE I. Mean particle radii and size distribution widths as

measured by three techniques. 500 a)

Average radiusRelative standard 400
Technique Solvent (nm) deviations

300
TEM dried from ethanol 54.0 0.7
DLS DMF 60.0 0.1% 200

DLS 31.8% pyridine-DMF 62.0 0.f5

100

3 rom the fit of the experimental histogram with a unimodal con-

tinuous Schulz distribution.
bFrom the normalized second cumulant.

0

b)

140

lieve a crystal-like structure is formed due to the long-range 120

electrostatic repulsion. Previous researchers have reported
the crystallization of polydisperse suspensions of highly
charged polystyrene particl¢S9].

100

Amplitude (arbitrary unit)

80

60

VI. RESULTS AND DISCUSSION 40

20

i — Vi we A A A N A A
Table | summarizes our results for the average radiizs s 750 200 550 500

and the relative standard deviatier{*polydispersity”), de-

rived according to three different methods: TEM and DLS. Frequency Channel

The mean radius determined by TEM is smaller than that

obtained from DLS, as already noted in previous work on G, 2. Spectrum of depolarized scattered light from Fabry-

various types of coated silica particld$1,60,6]. The  paot interferometry:(a) suspension with volume fractiop=10"3

smaller radius obtained from TEM is probably due to thejn pure DMF andb) suspension witlp=7.1x 1072 at nearly index-

shrinkage of particles after desolvation and radiation dammatching conditions in a 29.7% pyridine-DMF mixture.

age. On the other hand, the hydrodynamic particle radius

e il e Somevt! I40Eksbutons ovaned o bothexpermental techniues are

molecules at the surface. consistent indicates that there are no large aggregates. The

The relative standard deviatianis a measure of the in- P'egree of po_!ydispersity is consistent .With th? work of Phil-
trinsic width of the size distribution. In our TEM measure- 'PS€ and V.ru [50], who repc_)rted an increasing degree of
ment,s was determined by fitting the two-parameter continu-pOIVd'SPerS'ty for smaller silica pgrtlcle_s. These researchers
ous Schulz distribution to the experimentally determinedf(_mnd’ |n<_jeed, a value of pplydlspersm/:0.16 _for ba_re
histogram of particle sizes. The best fit yiel§s0.17, as S|I_|_ca par_tlcles of average radius 60 nm, synthesized with the
shown in Fig. 1. Stdber-Fink-Bohn method.

We also determined from a cumulant analysis of our
DLS measurements. From this method we obtsin0.12
and 0.15, respectivelysee Table )|. The fact that the size Figure 2 shows two spectra from the Fabr’y.@q}nterfer-

ometry experiments. In Fig(8 we show the spectrum gath-

ered from a cloudy suspension of volume fracti¢r 103
0.20 S in pure DMF(see Table Il). On the same scale as FigaR
| Fig. 2(b) illustrates the spectrum obtained at the same wave-
length from silica particles withp=0.071 suspended in a
29.7% pyridine-DMF mixture. After performing SLS and
DLS experiments on this sample, we diluted the suspension
to a volume fraction of$=0.057 by adding a solution of
31% pyridine-DMF. In order to minimize the depolarized
component of the scattered light, the pyridine concentration
was enhanced. The sample at concentratigs®.071 and
0,00 ) 0.057 were index matched at both 488- and 514.5-nm wave-

f ' f f lengths while the sample @=0.039 was index matched at
s 488- and 457.9-nm wavelengths. The matching solvent com-

positions did not vary with different wavelengths.

FIG. 1. Comparison of the measured particle size distribution Measuring the refractive index of the matching solvents

p(o) obtained from TEM(histogram, with the continuous Schulz using an Abbe refractometéBausch and Lomb we were

distribution (dashed lingevaluated forr=108 nm ands=0.17 (cf. unable to detect any difference in refractive index among
Table ). them. For this reason we have estimated the refractive index

A. Particle size distribution and form factor

B. Single-scattering indication and index matching

0.154
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TABLE II. Histogram representation of the continuous Schulz size or polydispersity, we simultaneously adjﬁff and ¢ to
distribution for s=0.15 ande=124 nm. The number of compo- fit the data with our HNC approximatio®,(q). The height
nents in the histogram is 3. The diameters and the mole fractions aff the principal peak is mainly affected by the former, while

each subcomponent are displayed. the peak position is controlled by the latter. The computation
was repeated for each of the three proposed size dependences

Subcomponent Relative Mole for the effective charge polydispersitg.=0,1,2.

diameterso, (A) diametersos,/o fractionsx, In Fig. 3, we show the structure factoBg(q) from the

7,=976.2 0.787 0.249 measqred (g) divided by our calculqtecP(q). They agree

o,=1277.1 1030 0.646 well with the HNC structure factors with=0. We report the

parameters from our fits in Table IIl. The adjusted valggs
for the volume fraction compare well with the experimen-
tally estimated valuesp,,,. The mean effective valency

of each sampléTable 11, as a function of solvent compo- Z°" suggests that the particles carry a large surface charge.

sition, employing the empirical Gladstone-Dale equation It should be noted that our use of the HNC approximation,
[62] although legitimate for this fitting procedure, might lead to

an overestimate of about 20% for the valueZsf, in com-
Dy parison with what one would obtain by fitting the same data
n_py (vpy—1), with a Monte Carlo simulation or a more accurate approxi-
(37 mation[63]. Hence we estimate that the actual effective va-
lencies of our system are lower than those obtained from our
whereW, is the weight fraction of componentin the mix-  fits. In any case, our particles are strongly charged and this
ture. greatly influences the structure of the suspension.

We made no attempt to improve on the particle surface
charges since we only aim to get a reasonable fit to obtain
the partial radial distribution functions and partial structure

The parameters entering the polydispersity modelfactors necessary to determine the dynamic properties. Al-
namely, the average particle size and the standard deviatidhough we have supposed in our calculations thgt=0, a
of the particle size distribution are summarized in Table I. Insmall amount of residual salt still provides a consistent fit,
our HNC calculation, we took 62 nm as the average particlavith a slightly larger mean effective charge.
radius ands=0.15 as the standard deviation. The mole frac- In Fig. 3 we also include a comparison of the size poly-
tions and the sizes of the three subcomponents employed tlisperse modegls=0.15 with a corresponding monodisperse
the discretized Schulz distribution are shown in Table Il.  system of the same average diameter and the same effective

Among the other parameters entering the effective poteneharge at each concentration. The effect of the intrinsic size
tial, the Bjerrum length_g can be determined from the bath polydispersity is to broaden the principal peak in the struc-
temperaturg25 °C) and the dielectric constant of the solvent ture factorSy,(q), to reduce its height, to slightly shift its
mixture, evaluated as a weighted average of the dielectritbcation to smaller wave numbers, and to strongly increase
constants of the pure componefgee Table Ill. The values the value observed at smajl These trends can be under-
reported for the Bjerrum length varied slightly with the stood by examining how the partial structure factSgg(q)
sample concentration, but this is not critical and we couldof each subcomponent contribute to the averggéq), fol-
adopt an average value without any significant difference inowing a similar analysis given by D’Aguanno and Klein
the results. Since we have ra priori knowledge of the [29].
effective charge®" and the experimental uncertainty in vol- ~ For this purpose, we also show our HNC results for the
ume fractione is much larger than the error in the averageS,4(q) of sample(c) in Fig. 4. Note thatSy(q) is a

03=1634.1 1.318 0.105

1 W,
e O e e

C. Static structure factor

TABLE Ill. Comparison of the particle volume fractions obtained from sample preparaiign and
Su () calculationsgy; . The solvent compositions in each sample, their dielectric constants, and their refrac-
tive indices are displayed. The mean effective chatieand the Bjerrum lengthg used in the calculations
are reported.

Volume fraction Solvent Solvent  Lg Solvent  z° A

Sample Bexpt Piit” composition €? A) P (HNC)  (nm)
€ 0.039 0.033 31.7% pyridine-DMF 28.97 19.34 1.453 220 457.9
(b) 0.057 0.048 30.3% pyridine-DMF 29.31 19.32 1.452 220 514.5
(© 0.071 0.063 29.7% pyridine-DMF 29.46 19.28 1.451 220 514.5
(d) 1074 31.8% pyridine-DMF 28.94 19.35 1.453 457.9

100% pyridine 12.30 45.53 1.508

100% DMF 36.71 15.25 1.428

% rom the Gladstone-Dale equation.
bDensity-weighted values.
°From the best fit of the experimentd},(q), using the HNC approximation.
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a)

Sople)

'——312(Q) b)
o 2 - s] 3(Q)
E-é ...... S,5(a)
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FIG. 4. HNC partial static structure facto8,(q) for sample
(c) in Table Ill; ¢g=0.063,2°%=220, v=124 nm,s=0.15, and
u=0. The corresponding partial diameter and mole fraction of each
subcomponent are reported in Table Il. Top panel: average structure

cq/2 factorS,(q) and like componenta= B. Bottom panel: unlike com-
ponentsa# g.

FIG. 3. Comparison of the measurable static structure factor
Su(q) obtained froml (q) divided byP(q) for the Shulz distribu-  fined in Eq. (6), arising from the geometrical factors
tion of spherical particles with the calculated one from the HNCe*”«?/(1+ ko ,/2). In contrast tay,s(r), the corresponding
approximation. Filled circles, SLS results; full line, INC approxi- ordering ofS,(q) is also explicitly affected by the partial
mation, assumings=0.15 size polydispersity; dash-dotted line, mole fractions, through the factors (x ;)" as written in Eq.
HNC approximation withs=0. The polydispersity model intro- (17),
duced in Sec. Il was used, with=124 nm,m=3, k=0, and As an illustration of the influence of charge polydispersity
©=0 (no charge polydispersity The three panels correspond to o the structure, Fig.(8) displays the influence on the width
samples at different volume fractions@) ¢ey,=0.039, (b) of Sy,(q) from varying u only, keeping all the other param-

bexp=0.057, and(c) ¢bey,=0.071. See Table Il for the values of oo fixed as in Table I1l. Only the peak height and the small
the wavelengthh used in the experiment and the values of the

parameters giving the best fit, i.e., volume fractiyp and effective
chargez®f, from the HNC calculations. 3.0 . T : T T =

== Qy4(r}

weighted sum of partial structure factors, where each sub- 2.5
component is weighted by a factor of}/?f_(q), which
scales, in the case of optically homogeneous spheres, like the  ,,|
diametero, to the third power. According to Fig. 4 and

Table I, the largest contribution t8y,(q) at low q arises Eg 15k
from the largest particles. Moreover, one can see that the six &
S.5(Q) are to some extent out of phase causing the lowering oL
and broadening of the principal peak $f(q). '
From the physical point of view, it is more instructive to o

consider the corresponding partial radial distribution func-
tionsg,4(r), related toS,4(q) by Eq.(17). For illustration,
the threeg,, (1) for the like subcomponents are displayed in 0.0
Fig. 5. Note that the large particles exhibit stronger spatial
correlations, i.e., a somewhat larger peak height shifted to a
larger distance. This is due to a similar ordering in the FIG. 5. Partial radial distribution functiorg,,(r) for sample
strength of the particle potential;(r)<u,x(r)<uss(r) de-  (c) in Table Il

[/
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FIG. 6. Test of the sensitivity of the computes|,(q) (top
pane) andH(q)/D%(a) (bottom panelto the proposed size de-
pendence of charge polydispersity, represented by (Byg. for
sample(c) of Table Ill. The parameterg®”, ¢y, are fixed as given
in Table IIl. Full line, ©=0; dotted line,u=1; dash-dotted line,

n=2.

5q/2

FIG. 7. Inverse of the normalized measurable diffusion coeffi-
g value ofSy(q) are affected. The value &y (0) decreases cient D,,(q)/D°(w). Comparison of the DLS measureméfilied
as a consequence of larger charge polydispersity and thgrcleg with the theoretical results for a size polydispersity0.15
peak height decreases. This can be attributed to the differegtil lines) and, for comparison, also fer=0 (dashed lines Param-
contributions of each subcomponent to the scattered light. eters for samplega), (b), and(c) are as summarized in Table Il
Here D%(o) =kgT/(3770), with c=124 nm.
D. Short-time dynamics

As discussed in Sec. IV, our model fdd,,(q) and there as normalizatioB°(o) is the Stokes diffusion coeffi-
Hy(q) are based on the pairwise-additivity approximation ofcient evaluated for a mean diameter of 124 nm. The experi-
the hydrodynamic mobility tensors, where we have considmental data forD,,(q) are obtained from a first cumulant
ered terms up to order ! in the reciprocal interparticle analysis of the autocorrelation functi¢af. Eq. (27)]. Note
distance. The strong electrostatic repulsion keeps the pathat D°(o)/Dy(q)=Su(q)[D°(o)/H\(q)] reduces to the
ticles well separated, such that contact configurations arstatic structure factoB(q) in the limiting case of a mono-
very unlikely. This fact is illustrated in Fig. 5, whegg,,,(r) disperse system with negligible His. The theoretical results
is practically zero up tod =1.60,, where its peak is rather for s=0.15 andu=0 are also included in Fig. 7.
pronounced. Thus the integrals over the far-field mobility The experimental peak height and position are well repro-
tensors converge rapidly. The partial radial distribution func-duced in sampléa), but this agreement becomes worse on
tions g,4(r) are the only input needed for calculating increasing the volume fraction. Moreover, the width of the
Hu(q). These functions were obtained in the HNC calcula-principal peak in the experiment&8®(a)/D,(q) is consis-
tion of Sy,(q) while fitting the experimental structure factors. tently underestimated in the calculations. The agreement be-
In order to be consistent with static calculations, all particlesween theory and experiment may be improved by taking
were assumed to have the same refractive index. The systeimto account many-body Hls at the highest two volume frac-
parameters used in calculatifiy,(q) [andg,(r)] are sum-  tions ¢=0.063 and 0.048. Previous work on monodisperse
marized in Table Ill. Once the static properties have beersystems indicates some improvement of Hh@y) obtained
fitted to the experimental results, there are no adjustable pdrom pairwise additivity by calculating the multibody hydro-
rameters in the calculations of the short-time dynamics.  dynamic functionH(q) with a 8y expansio{18-20. Even

Our experimental and theoretical results for the inverse ofvithout precise quantitative agreement the overall trends are
the normalized measurable diffusion  coefficientwell reproduced by our model, namely, the growth and the
Du()/D%(o) are displayed in Fig. 7. The quantity used shift towards larger values aj of the principal peak, on
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FIG. 8. Measurable hydrodynamic functithy,(q) normalized
with D%(o) for samplega), (b), and(c) in Table Ill. Comparison of
the experimental data obtained from DLS and Sfifled circles
with the theoretical results with constant effective chayge 0) for
polydispersitys=0.30 (dotted ling, s=0.15 (full line), and s=0
(dash-dotted line Other parameters are as in Table Il

J. K. PHALAKORNKUL et al.

54
1.5
! ! sample C
©
o~
-~
—
o
3 0.5 -
[}
X
0.0 . 1
0 1 2 3
Gql2
1.5 T T
sample C
—~
L=
o=
X
-
—
g
=
I
0.0 I 1
0 1 2 3

G q/2

FIG. 9. Hydrodynamic function without hydrodynamic interac-
tion H(q)/D°(o) and calculated measurable hydrodynamic func-
tion Hy (q)/H $(q) for sample(c) in Table I1l. H % (q) denotes the
hydrodynamic function in the absence of hydrodynamic interac-
tions. Dotted line, polydispersity=0.30; continuous line, polydis-
persity s=0.15; dash-dotted line, monodisperse casd). Other
parameters are as in Table IIl.

creasing particle concentrations. We further notice that there
is a qualitative similarity between the peak position and the
oscillatory behavior oH,(q) and Sy (q). The oscillations

of bothH,(q) andSy,(g) become enhanced with increasing

increasing the volume fraction. This behavior is due to thep. This enhancement in the case ldf,(q) is particularly
buildup of interparticle correlations with increasing concen-manifest at smalfj<q,,, whereq,, denotes the peak position

tration.

of Sy(q). The qualitative behavior ofly,(g) noted above

Polydispersity effects can be appreciated by comparinggrees qualitatively with the theoretical results $5¢0.15.
the theoretical results for the monodisperse system witlOne should keep in mind that there is a certain degree of
those fors=0.15 in Fig. 7. The influence of polydispersity is uncertainty in the experimental data feiy,(q) since it in-
more pronounced at small wave numbers, where it slows theolves the division of two experimentally determined quan-
initial decay of the field auto-correlation functions, produc-tities. At low g, the theoreticaH,,(q) with polydispersity

ing a substantially smalleb,,(q) relative to the monodis-

merges with that for the monodisperse ckige]). The effect

perse suspension. This arises from the fact that the increasé polydispersity becomes visible only for values @hear

of Hy,(q) at smallg, on enlargings (Fig. 7), is overcompen-

sated by a larger increase §f;(q), as one can see from Fig.

3.

We obtain the measurable hydrodynamic functityp(q)
by combining the DLS data dby,(q) with SLS measure-
ments of Sy (q) according to Eq{(28). We showH,(q),
normalized byD°(o), in Fig. 8 together with the corre-
sponding theoretical results for polydisperse=0.15 and
monodispers¢s=0) suspensions. The fits &f(q) are better
than those foD°(a)/Dy,(q) due to a fortuitous cancellation
of errors. In a manner similar t8,,(q) andD°(a)/Dy(q),
the principal peak in the experimentd),(q) becomes more
pronounced and moves towards larger values dbr in-

the main peak, where it reduces,,(q), relative to the
monodisperse case.

To highlight the influence of Hls, it is necessary to con-
sider the ratioH,(q)/H %(q) instead ofH,,(q)/D% o) as
shown in our theoretical findings fdf,(q)/H $(q) (with
s=0, 0.15, and 0.30in Fig. 9. We have pointed out in Sec.
Il B that this ratio indicates the importance of Hls and that it
is the analog ofH(q)/D° for monodisperse particles. The
quantity Hy(q)/H $(q) equals 1 when His are negligible,
whereasH,,(q)/D°(o) is q dependent fos>0 even in this
limiting case. When Hls are importarti,,(q)/H %(q) be-
comes explicity g dependent. The features of
Hu(a)/H$(q) that we observe from Fig. 9 are characteris-
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tic of charge-stabilized suspensions. We first mention thapendence only for large polydispersifye., s=0.3). In prin-

the effect of HIs is most pronounced af~0, where ciple, one should be able to determidd,(q)=D $,(q) from
Hu(a)/H % (q) is substantially smaller than 1. For monodis- light-scattering experiments performed on sufficiently dilute
perse suspensions, this can be attributed to the slowing dowsamples. Her® $,(q) denotes the measurabiedependent

of the particle density relaxation induced by the instantadiffusion coefficient in the interaction-free case, where
neous HI. Alternatively, we may identify IiErLOH(q)/D0 as  SY(q). If it were practical, this would allow for an alterna-
the sedimentation coefficie65,64], at low enough densi- tive characterization of the amount of size polydispersity.
ties for only two-body Hls to be relevant. The sedimentationUnfortunately, the experimental uncertainty due to low pho-
coefficient is the ratio of the average sedimentation velocityton counting statistics becomes very large for highly diluted,
of a colloidal particle in a homogeneous suspension to itsndex-matched systems. The fact tivéf,(q) varies signifi-
value at infinite dilution. Charged particles repel one anothecantly with q for largers accounts for the differences be-
when sedimenting, thus reducing the shielding of solventween H % (q)/D°% o) and Hy(q)/H Y(q) observable, re-
backflow. This amounts to a strongly reduced sedimentatiogpectively, from Fig. 9 for the most concentrated sample in
velocity, i.e., a valueH(0)/D° significantly smaller than 1, our study. As we noted in our discussion of Fig. 8, the effect
particularly compared to suspensions of uncharged particless size polydispersity orHM(q)/DO(F) is very small for

at the same volume fractio4]. Very recently, a remark- q<q,,. This feature persists for a polydispersity as large as
able.nonanalytical vol_ume fraption depe_nden_ce has peen dg=0.3, as shown in Fig. 8, bottom panel; however, due to the
termined for the sedimentation coefficient in experiments,ariation ofH 9,(q) with s, there is a strong dependence of
with charge-stabilized suspensions of silica spheres, in accoy, (q)/H %,(q) on's even for small wave numbers. In fact,
dance with theoretical predictiori§4]. A similar statistical  the overall behavior ok,,(g)/H %(q) as a function of is
mechanical identification of = the ~smajl- limit of  gimilar to that ofSy(q). In both cases, the modulationsdn
Hw(a)/Hy(g) is not possible for polydisperse systems gre progressively reduced with increasing polydispersity. Fi-
since the scattering amplitudes occur in the defining expresyg|ly, we remark that, contrary td,(q)/H %(q), the quan-
sions Eqgs(30) and (32). Considering Fig. 9 we notice fur- ity 'H 9 (q)/D°%a) becomes smaller than one at large poly-
ther that HM_(CI)_/H?A(CI) attains values larger than one gispersity (Fig. 8, bottom pangl This illustrates again the
around its principal peak and that the peak height increasegct that H,,(q)/H %(q) is the correct generalization of

with increasing¢ [18]. This behavior is quite typical for H(q)/D° to a polydisperse system and riéf,(q)/D°(o).
charge-stabilized suspensions, where the most important

hydro-dynamic contribution tély,(q) arises from the lead-
ing far-field contribution ta*#(r) [18,8]. This contrasts with
hard-sphere suspensions, where the maximal value of In this paper we have presented experimental and theo-
H(q)/D° in the monodisperse suspensions never exceedetical results for the equilibrium structure and short-time
one and moreover, decreases on increagihgs]. Hence we  diffusion in polydisperse suspensions of strongly charged
can conclude that the effect of Hls is to slow down the initial silica spheres, dispersed in a nearly index-matched solvent.
decay of the field autocorrelation function, at small waveWe determined the form amplitude averaged static structure
numbers, whereas for charge-stabilized suspensions of lofactor Sy (q) via static light scattering normalized on the
salinity the decay rate is enhancedjatq,,. Up to this point  theoretical form factor. We measured diffusion coefficient
all calculations ofHy,(q) and Dy (q) were performed for Dy (qg) with dynamic light scattering. Combining SLS data
fixed particle charge, i.ey=0. of Sy(q) with DLS data ofDy,(qg) provided the measurable
The additional effect of size-related charge polydispersityhydrodynamic functioH,(q). This latter function contains
on Hy(q) is depicted in Fig. @) for s=0.15 withu=0, 1,  the configuration and form amplitude averaged effects of the
and 2. The behavior dfl,(q)/H 3 (q) on varyingu is quali-  HI on the short-time dynamics. With this study, we eluci-
tatively the same as observed 8y;(q) in Fig. 6@). For the  dated the influence of direct electrostatic forces and indirect
polydispersity used here, there is only a weak dependence bfls on the structure and short-time dynamics of charge-
Hu(g)/H%(q) on the amount of charge polydispersity, asstabilized suspensions with a moderate degree of intrinsic
guantified by the value ofu. The values assumed by size polydispersity. We also tested an existing theoretical
Hu(a)/H%(q) at g=~0 and q~q,, decrease only slightly description for the hydrodynamic functions of polydisperse
when u is enlarged from zero to two. charged suspension&8,8]. This description is based on the
So far we have considered a polydispersitysef0.15 to  pairwise-additivity approximation and far-field expansion of
be consistent with our experimental findings. Now, we investhe hydrodynamic mobility tensors, in conjunction with a
tigate the importance of size polydispersity in more detail, byhistogram representative of the Schulz distribution as a
varying s from 0 to 0.3 while keepingu fixed at 0. To model of intrinsic size polydispersity. The partial static cor-
calculateH,(q) for s=0.3, we have used a histogram ap- relation functions needed to determihig,(q) were calcu-
proximation to the Schulz distribution witlh=6 subcompo- lated from the HNC approximation, with system parameters
nents; fors<0.15, three subcomponents are sufficient. Con-obtained from fitting the HNC structure factor to that deter-
sider first the behavior of the measurable hydrodynamienined experimentally. In our calculations, all particles were
function without HisH $,(q). According to Eq(32), H %(q) assumed to have the same refractive index.
is simply a form factor weighted superposition of Stokesian Despite the well-known difficulties in measurirgy,(q)
diffusion coefficients. Figure 9, top panel, displays our re-and D,(q) for polydisperse and moderately concentrated
sults for H(q)/D°(o), obtained by using the continuous suspensions, we believe that our experimental data are in
Schulz distribution. This function exhibits a significapte-  reasonable qualitative agreement with the theoretical predic-

VIl. CONCLUDING REMARKS
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tions. In particular, the experiments confirm the importantsity of s=0.15; however, for larger values sf our theoreti-
trends described by the theory. For example, the strong incal calculations lead to noticeably different predictions for
fluence of Hls on the short-time dynamics has now beers,,(q) andH,,(q) when the charge-polydispersity parameter
established for polydisperse charge-stabilized suspensionis.varied from 0 to 2. Finally, we should emphasize that the
For smallg, Hls tend to slow down the initial temporal de- size polydispersity of our samples is by no means particu-
cay of the electric field autocorrelation function, whereas thdarly large; it is smaller than the polydispersity of many other
decay rate is enhanced near the positignof the principal  charge-stabilized suspensions. Therefore, a clear implication
peak of Sy(q). ThusHy(q)H $%(q) becomes significantly of this work is the importance of polydispersity for a full
smaller than one fog~0 and attains values larger than one quantitive description of these systems.
aroundq, .
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