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Structure and dynamics of concentrated dispersions of polystyrene latex spheres in glycerol:
Static and dynamic x-ray scattering
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X-ray photon correlation spectroscopy and small-angle x-ray scattering measurements are applied to char-
acterize the dynamics and structure of concentrated suspensions of charge-stabilized polystyrene latex spheres
dispersed in glycerol, for volume fractions between 2.7% and 52%. The static structures of the suspensions
show essentially hard-sphere behavior. The short-time dynamics shows good agreement with predictions for
the wave-vector-dependent collective diffusion coefficient, which are based on a hard-spheréGnddel.
Beenakker and P. Mazur, Physical®6, 349(1984)]. However, the intermediate scattering function is found
to violate a scaling behavior found previously for a sterically stabilized hard-sphere suspdhsinSegre
and P. N. Pusey, Phys. Rev. Lett, 771(1996]. Our measurements are parametrized in terms of a viscoelas-
tic model for the intermediate scattering functigdil. Hess and R. Klein, Adv. Phy82, 173(1983]. Within
this framework, two relaxation modes are predicted to contribute to the decay of the dynamic structure factor,
with mode amplitudes depending on both wave vector and volume fraction. Our measurements indicate that,
for particle volume fractions smaller than about 0.30, the intermediate scattering function is well described in
terms of single-exponential decays, whereas a double-mode structure becomes apparent for more concentrated
systems.

PACS numbes): 82.70.Dd, 05.40-4a, 83.10.Pp

I. INTRODUCTION experimentally[8,14] for the prototypical hard-sphere sys-
tem of polymethyl methacrylate(PMMA) spheres, steri-

Dispersions of spherical particles with effectively hard- cally stabilized with a grafted layer of pdlyydroxy steric
sphere interactions are the simplest complex fluids. Indeedcid (PHSA), and suspended in decalin/tetralin mixtures
one may hope to build understanding of more complicated15]-
soft matter on the behavior of colloidal dispersions. It is Because of the refractive index differenogs—ng, be-
therefore notable that after more than 20 years of researdieen polystyrene ps=1.59) and glycerol ifg,=1.47),
[1-4] the dynamics of colloidal particles with hard-sphere OUr Suspensions are milky in appearance, as a result of strong
interactions are still not fully understood. The ability to pre- Multiple scattering of light. Consequently, it would be very
pare colloidal suspensions, composed of nearly perfectl ifficult to carry out Ilght.scatterlng. stud_|es of the dyngmlc
spherical, highly monodisperse nanoscale particles dispers ode structure and static correlations in any of the highly

in a liquid [5—7], enables experiments on accurate realizg.foncentrated samples considered, even using the two-color

tions of hard spheres. Moreover, because colloidal particle%eChmque[E;]' Instead, we have applied the emerging tech-

. nique of x-ray photon correlation spectroscopyPCS),
are much larger than atoms and molecules, a variety of e q y P P PIPCS

. ) . ) .~ “hich employs the principles of dynamic light scattering, but
perimental methods can be applied, which permit detaile ses x-ray photons from a high-brilliance synchrotron rather

studies of the structure and dynamics on the length and timg,5 |aser ligh{16—23. To characterize the system’s static
scales relevant to individual particlg8—13). _ structure, simultaneous small-angle x-ray scattet®@§xs)
In this article, we present static and dynamic x-ray scatmeasurements were performed. Multiple scattering of x rays

tering measurements of the structure and dynamics of corsceurs only for unusually strong scatterers, and was of no
centrated colloidal suspensions of charge-stabilized polystyconcern for the present study.

rene(P9S spheres dispersed in glycerol for volume fractions
from a few percent up to the crystallization limit. Our goal is
to elucidate how particle diffusion is modified as the motions
of the particles become increasingly constrained by the pres- PS spheres in glycerol, a polar solvent, constitute a pro-
ence of neighbors, as necessarily occurs at large volume fratetypical colloidal system. Their interactions, the so-called
tions. Insofar as their static structure and phase behavior Berjaguin-Landau-Verwey-OverbeelOLVO) interactions,
concerned, these dispersions show essentially hard-sphere e representative of a large class of colloids, consisting of a
teractions. However, their dynamics appear to present sigscreened electrostatic repulsion between charges at the
nificant differences from the dynamical behavior observedspheres’ surfaces, plus a longer-ranged, attractive van der
Waals componenf5-7]. Frequently, colloidal particles in-
teracting via DLVO interactions are taken to have effectively
*Present address: Departments of Physics and Applied Physickard-sphere interactiod0]. This hypothesis has found re-
Yale University, New Haven, CT 06520. cent support in elegant experiments demonstrating that

A. Interactions and phase behavior
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screened, charged polystyrene colloids behave according teithin a transient equilibrium state, as well as a long-time
the hard-sphere equation of std@4]. For PS spheres in relaxation mode due to the decay of these large-scale con-
glycerol, SAXS measurements, described below, demonfigurations.
strate that the interactions between spheres are indistinguish- In a colloidal dispersion, each particle experiences the
able from those of hard spheres. effects of the fluid flow caused by neighboring particles, in
In hard-sphere systems, temperature plays no role for thaddition to random thermal motions. This hydrodynamic in-
static properties, and the phase behavior depends only deraction plays an important role in the particle’s diffusion,
volume fraction[25]. For volume fractions up to 0.494, the although it does not affect the static structure. The principal
equilibrium phase is a colloidal fluid, while above volume obstacle preventing a detailed theoretical understanding of
fractions of 0.545 one finds a colloidal crysfdl. Between diffusion in hard-sphere colloidal suspensions remains the
volume fractions of 0.494 and 0.545, one expects coexistdifficulty of fully treating near-field many-body hydrody-
ence of the liquid phase at the freezing density of 0.494 andamic interactions, which are especially relevant to the dy-
the solid phase at the melting density of 0.545. Within thisnamics of particles that may approach each other closely,
range, it has been found experimentally that the liquid phaseuch as sterically stabilized colloids and charge-stabilized
is metastable for volume fractions up to 0.58; beyond aboutolloids with short screening lengths. Beenakker and Mazur
0.58, large-scale diffusion ceases, corresponding to the apvaluatedD¢(Q) for hard-sphere diffusion, taking into ac-
pearance of a colloidal glass phd$€g. The effect of a size count many-body hydrodyamic interactiof29]. Recently,
distribution, i.e., polydispersity, on the fluid-solid transition Segre and co-workers carried out simulations of hard-sphere
of hard spheres has been considered in R&6-2§, for  diffusion based on a fluctuating lattice Boltzmann method
example. For polydispersities up to about 0.025, correspond8]. For charged suspensions, where the particles are well
ing to the system studied here, there is little effect. For largeseparated, an effective hydrodynamic pair interaction suf-
polydispersities, however, both the freezing and melting denfices[30,31].
sities increase while the difference in their densities de- In Ref.[8], Segre and co-workers presented comprehen-
creases. sive measurements &ig(Q) for hard-sphere colloidal par-
ticles: PMMA spheres of 178 nm radius, sterically stabilized
B. Dynamical behavior with PHSA in decalin/tetralin. They report excellent agree-
ment between these measurements of the short-time diffu-

In a dilute colloidal suspension, the d|ff_us!on equation cangi,, cefficient and their own simulations, both presented in
be expected to provide a good description of the low-

frequency dynamics, predicting that density fluctuations re Ref.[8]. The most striking feature of these and earlier results

lax exponentially in time. Similarly, the normalized interme- [32-34 is the strong wave-vector dependence about the

diate scattering function mav be described by a sinaleV2Ve vector corresponding to the peak of the static structure
. 9 . y D¢ Zy Y€ actor. Specifically, the inverse of the diffusion coefficient
exponential decay with a relaxation rafe= D,Q<, where

) . . R -~ displays a peak that mimics the peak in the static structure
Do is the free-particle Stokes-Einstein diffusion coeffiCient, ¢, o “rhis informs us that low-free-energy configurations
and Q the scattering wave vector. In denser colloidal sys !

. “signaled by a peak in the static structure factor, are also long
tems, the wave-vector dependencelofs modified through lived, signaled by the corresponding peak in the inverse of

the efft_act of intgrparticle correlatio_ns,. and_ the intermedigtqhe diffusion coefficient. This link between structure and dy-
scattering function may not retain 1ts S|n.gle—exponenualnamics is well known35-39. In fact, our results for the
form. Fort su(cj:h cazes tlfj'lf? s_en&bleﬁ?o_ def'nf aAltl'rge' an@hort-time wave-vector-dependent diffusion coefficient are
wavg-wla_c ?r' ept_en e? thl usmtn coe t'ﬁ'MQ’ Z q y- thi similar to those of Ref[8]. They agree quite well with the
namical information of the system 1S then contaned in ISpredictions of Ref[29], especially for low and intermediate

uantity, which simplifies to a constant in the dilute limit ; ~ -
‘[114] Fgr PS s hereps in alvcerol. our measurements indeev lume fractlons. Me.asurements f_S(Q) in several other
: P gly ’ oncentrated dispersions are described in Hdf3-42.

ShOV_V that density relaxatiqn via a single-exponen_tial decay We do not know of any theoretical prediction for the full
persists up to volume fractions of about 0.30. At higher voI-time dependence @(Q,t). Tokuyama and Oppenheifa3]

!ng frr]acnons, \l/)ve é).?fserwta a more ipTglix d.ecayz CEar?Cteﬁ'ave presented calculations of the short-time and long-time
1zed, however, by difierent exponential behavior at Short anGq ¢ i sjon coefficients, including hydrodynamic interac-
long times. It is convenient, then, to introduce short-time and; <\ hich can be expected to be comparable to our mea-
long-time _ diffusion  coefficients Dg(Q)=D(Q.,0) and surements at wave vectors where the static structure factor is

I:)LI(nQ t)hi:s[?éga;:;).our results are qualitatively similar to thoseunity' We are, however, unaware of any calculations or
P - . imulations of D for concentr har heres. For
of Ref. [14]. One simple model giving rise to a double- simulations ofD,(Q) for concentrated hard spheres. Fo

.~ well-separated, charged colloids, the effective hydrodynamic

eﬁair interaction can be sensibly employed to predi¢tQ)
&44]. Long-time diffusion in systems of the latter sort was
[udied experimentally in Reff45,46.

may form a “cage” about a given particle. For sufficiently
short times, the system would then appear to be in a transie
equilibrium state, in which every particle would occupy a
potential minimum formed via the interactions with its
neighbors. On this time scale, whose upper limit is given by
the configurational relaxation time, the fluid would exhibit a  The first detailed experimental study of the wave-vector-
certain degree of rigidity. Accordingly, one might expect adependence of long-time diffusion of hard-sphere colloids
fast relaxation mode due to collective diffusive behaviorwas carried out for PMMA particles of 178 nm radius, sta-

C. Proposed scaling forms
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bilized with PHSA by Segre and Pusgl4]. They suggested Il. EXPERIMENTAL METHODS

a remarkable scaling property obeyed DYQ.1), offering The technique of XPCS applies the well-known principles

the promise that the dynamics O.f stron gly Interacting hard,¢ dynamic light scattering to x-ray scattering patterns. In

spheres could be tremendously simplified. Specifically, theyenera| a dynamic sample illuminated by partially coherent
found that the wave-vector-dependent short-time diffusionigny gives rise to a time-varying speckle pattern. Time auto-

coefficientDg(Q) was accurately proportional to the long- correlation of the speckle pattern then yields the characteris-
time diffusion coefficientD  (Q) over the entire range of tjc relaxation times of the sample. Specifically, the intensity-

wave vectors studied frolQR=1 to QR=7. For wave vec- intensity time autocorrelation functiag,(t) is defined by

tors greater than abo@R=2.5, they also observed that the

ratio of the time- and wave-vector-dependent diffusion coef- (HO1(0))e

ficient D(Q,t) to the short-time diffusion coefficier ¢(Q) 92(1)= _<|>2 ' @
displays no significant wave-vector dependence. Conse- £

quently, the functional fornD(Q,t)/Dg(Q), plotted versus wherel(t) is the detected photon count rate at tilend
time at different wave vectors, will collapse onto a time-(---)g denotes an ensemble average. This quantity can be
dependent master curve. A similar collapse, or “scaling,” isrelated to the intermediate scattering function of the sample
observed for the normalized intermediate scattering functio®(Q,t) via

itself if the foer*ZDgl(Q)In f(Q,t) is plotted versus delay

time t. Even more remarkably, Segre and Pusey were able to go()=1+A[f(Q,H)]% 2

show that the quantity [D(Q,1)—Di(Q))/[Ds(Q) wheref(Q,t)=3(Q,t)/S(Q) is the normalized intermediate
—D(Q)] is a scaling form that appeared to be invariantg ,ering ’functig)n.' %hse(qaantiS(QFS(Q,O) denotes the

under change of both wave vector and volume fraction. Ifgiatic structure factor, and refers to the speckle contrast.

plotted versus delay time for wave vectors larger @R  For 4 colloidal suspension
=2.7 and volume fractions in the range 038<0.494,

this functional form collapses onto a time-dependent master 1 NN .

curve. It should be noted that at a fixed wave vector the ratio QY=g 21 '21 (e QIO ®3)
D<(Q)/D(Q) varies considerably over this range of volume e

fractions. wherer;(t) is the position of particlé at timet.

In the pres'ent artiCle, however, we will show that the Performing XPCS measurements requires an experimen_
proposed scaling appears to be quite delicate, even in ostefy setup capable of producing speckled scattering images,
sibly hard-sphere suspensions. Specifically, we do not obhat is, a beamline allowing for a nonzero optical contrast
serve proportionality between the wave-vector-dependenyioreover, one must devise a data analysis technique that is

short- and long-time diffusion coefficients. Consequently,syitable for reducing sequences of speckled scattering im-
the intermediate scattering function cannot exhibit the scalages to correlation functions as defined in Ex.

ing observed by Segre and Pusey. The discrepancies between
the earlier measurements on PMMA spheres in decalin/
tetralin and our measurements on PS spheres in glycerol in-
dicate that the dynamical behavior in sterically stabilized The measurements described in this article were carried
systems is distinct from that of charge-stabilized systemsput at beamline 8-ID of the Advanced Photon Source. De-
even though differences in the static structure are negligibldails of the setup are presented elsewHd@. Briefly, we
In this regard, it may be pertinent to recall the observatioremployed x rays of energy 7.66 keV produced by a 72-pole
[15] that the low-shear-rate viscosities of “hard-sphere dis-undulator. The undulator has effective Gaussian source sizes
persions” appear to fall into two bands. The higher-viscosityof 0,=350 um ando,=50 um in the horizontal and ver-
band includes the results of several measurements performédal directions, respectively. Radiation originating in the un-
on PMMA-PHSA dispersions; the lower-viscosity band in- dulator subsequently passes through an aperture with a diam-
cludes measurements on PS and silica suspensions in batter of 300 um, followed by a set of adjustable slits. These
aqueous and nonaqueous liquids]. two elements minimize cooling requirements on the down-
This article is organized as follows. In Sec. Il A, we de- stream optics without reducing the useful brilliance of the
scribe the experimental setup employed for the measuresource. In addition, they limit the effective horizontal source
ments presented in this article, the synchrotron beamlinsize as viewed from the sample.
8-1D at the Advanced Photon Source in Argonne, IL. Section A silicon mirror and a germanium monochromator then
II B details how time-resolved x-ray scattering data are re-select a relative full width at half maximum energy band-
duced to intensity time autocorrelation functions. The samplavidth of 3x10°%. A set of precision crossed slits, 55 m
preparation is described in Sec. I C. In Secs. Il A and 11l B, from the undulator source and 40 cm upstream of the sample,
we present the theory for and the measurements of the statitetermine the spatial dimensions of the beam illuminating
X-ray scattering cross section, respectively. A theoreticathe sample. For the measurements reported here, we em-
framework for interpreting measurements of the intensity auployed two different slit sizes, 2QumXx50 um and
tocorrelation function of concentrated suspensions is de4d0 umXx50 um in the horizontalX vertical dimensions.
scribed in Sec. IV A. The dynamic measurements themselved/ith the smaller slit setting, the partially coherent x-ray
are described in Sec. IVB. In Sec. V, we summarize outbeam delivered to the sample at 8-ID contains about
results. 2x 10 x rays per second at a synchrotron ring current of

A. Beamline layout



PRE 62 STRUCTURE AND DYNAMICS OF CONCENTRATED. ... 8261

100 mA. Scattered x rays are detected 4.85 m further dowrto slow down the dynamics, permitting time-resolved mea-
stream using a two-dimensional charge-coupled devicsurements of the x-ray speckle pattern using the CCD detec-
(CCD) detector. tor [18,50. A further benefit of choosing to study PS spheres
The quantity measured in XPCS experiments is the norin glycerol is that the density difference between polystyrene
malized intensity autocorrelation function, triangularly aver-and glycerol is close to 0.2 gcm, corresponding to an
aged over the accumulation time, and coarse-grained ovélectron number density difference of 6 electrons'Am
the pixel area. The effects of both averages, as well as th€his electron number density difference is about four times
coherence properties of the beamline, are modeled in Rel@rger than that between polystyrene and water, making the
[48]. For the parameters appropriate to the present eXperﬁcattered intensity for a PS-glycerol system 16 times larger
ment, we expect a contrast of order0.10-0.20, depend- than that for a comparable PS-water system. We may also

ing on the settings determining the effective source size an ote that, because the refractive index of glycerol is C'OSGF to
the illuminated sample area at of PS than to that of water, the van der Waals attraction

between particles is expected to be three times smaller for PS
spheres in glycerol than for identical spheres in water.

To prepare the samples, an aqueous suspension containing

Dynamical properties of the suspensions were charactePRS latex particles with a nominal radius of 71 nm was pur-
ized via autocorrelation of sequences of CCD images_ Areghased from Duke Scientific. The nominal colloidal volume
detectors can expedite the study of slow dynamics in thdraction was 0.10. The relative standard deviation in radius
regime of short data batches, defined as measurements wha¥@s guoted to be 0.025, which was found to be consistent
total duration does not significantly exceed the coherenc¥ith dynamic light scattering measurements performed at
time of the sample under study. The latter is the regime if¥IT on & very dilute sample. By using colloidal particles
which our XPCS measurements are carried out. The dete(‘f‘-"th. this rel'at|v'ely small pondlspgrsw, we ma'y.hop('a to
tion scheme by means of a two-dimensional CCD allow avoid complications due to a size distribution of finite width.
data to be acquired from many speckles simultaneously, an nown weights of the as-received suspension were mixed

offers the possibility of mitigating the difficulty posed by the with known weights of glycerol. The water was then re-

small photon count rates encountered in XPCS measuré‘jov{ad by evaporation, under vacuum, leaving the PS
ments[18,21,23. Combining this advantage with the ben- spheres suspended in glycerol. Samples were manufactured

efits of the azimuthal information afforded by a two- with sphere volume fractions ab=0.027, 0.13, 0.28, 0.34,

dimensional detector, it becomes clear that the use of an aré)a49’ fand.0.52,fdﬁterm|ned on Ijhe basis qf thanom;]naI vol-
detector in XPCS measurements enables a fundamental i€ raction of the as-received suspension. For the X-ray

provement in data quality over what would be possible b);neasurements, the samples were mounted in the evacuated,
use of a single detector channel. temperature-controlled sample chamber and cooled to a tem-

Employing a data reduction procedure described in RefPerature of-5 °C. We estimated the temperature §tability to
[48], we were able to probe intensity autocorrelation func-[ie beotter thant0.03°C, and the absolute precision to be
tions for delay times from 30 ms to more than 100 s. The— 0.2°C.
calculational procedures for reducing sequences of speckled

scattering images to correlation functions, as defined in Eq. ll. STATIC STRUCTURE

(1), have been implemented in a code er'tten in the INter- This section will present the static characterization of our
pretedYORICK language[49]. The code provides a simulta- ¢ nigal system by means of SAXS. We will introduce the

neous evaluation of the correlation functiga(Q;,t) on a  topic by summarizing the most relevant theoretical expecta-
set of detector subregions with mean scattering wave vectaons, and will continue with a description of our experimen-

Q, . For an isotropic sample, such as the colloidal suspensiotal data. The section will close with a discussion of the static
discussed in the present case, the azimuthal degree of fredata.

dom in reciprocal space allows one to determine an absolute

value for the normalized correlation function from data sets A. X-ray scattering cross section: Theoretical background

that cover only a fraction of the coherence time of the The scattering cross section per unit voluB#Q) is de-
sample. Similarly, this detection scheme provides a direct. . 9 lon p
ned in terms of the rate of incident x rays,, and the rate

measure of the statistical uncertainties in the measured cot- )
relation functions. All error bars on the dynamic measure-Of scattered x raysjs, via
ments presented in this article are ultimately based on this n
experimental determination of statistical uncertainty. The —“=3SWAQ, 4
statistical noise performance of different estimators for Eq. n
(1), as well as the bias occurring in estimating the correlatio

function mean, are discussed in Ref8].

B. Data reduction

NwhereW denotes the sample thickness along the beam and

AQ the solid angle over which the rate is detected. We

_ _ may focus on the case pertinent to the present article,

C. Suspensions of polystyrene spheres in glycerol namely, a collection oN nearly identical spherical particles

Polystyrene latex spheres suspended in glycerol, which isuspended in a fluid. If all of the particles are treated as

a polar solvent, constitute a prototypical system for whichidentical, then the cross section may be expressed as

the DLVO interactions are representative of a large class of )2

colloids[5]. Glycerol was chosen as the suspending medium 2 =03p rgu¢P(Q)S(Q), 5
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where 8p is the difference in electron number density be-
tween the particles and the fluid. Moreoveg, denotes the
Thomson radiusp the volume of a colloidal particleg
=Nuv/V the overall particle volume fractioR(Q) the par-
ticle form factor, and

1 N N
Q=g 2 2 (e
i=1j=1
4 o sinQr
:1+—%gkdn%mm—L]Q? (6)

the static structure factor. The quantigyr) refers to the
radial pair correlation function.
A closed-form expression for the static structure factor of FIG. 1. CCD image showing the scattered intensity from PS
a system of spheres interacting via hard-sphere interactiontex particles in glycerol at a particle volume fraction ¢f
So(Q), is available based on Percus-Yev|dK closure rela- =0.49.
tions:
the expected isotropy of the sample. In particular, there are
apparently no streaks of scattering that could be associated
with parasitic scattering from the slits. Several broad rings of
high intensity may be seen in the image, concentric with the
24 direct beam position. The rings at larger wave vectors are the
u intensity oscillations that are characteristic of uniform, or
nearly uniform, spheres. The innermost ring, however, origi-
nates in interparticle correlations.
' To determine the scattering profiles as accurately as pos-
7) sible, we measured the scattered intensity with the sample in
the scattering position and also with the sample removed. To
with u=2QR. The quantityR denotes the hard-sphere ra- minim_i;e subtra_ction errors, any Iocalizgd_regions of high
dius, a=(1+24)2(1—¢) % and b=—2¢(p+2)%(1 pgrasn!c scattering on the CCD were ellmlnated from con-
—)~*. In fact, using a Percus-Yevick closure, it is possibles'deraf['on' Next, the background scattering patt_erns—those
to calculate the cross section for a collection of spheres witfor Which the sample was absent—were appropriately scaled
radii distributed according to a generalized exponential disto account for the.absorlptlon Of. the sample and, fmally, sub-
tribution [51,52. However, the structure factors of monodis- racted from the intensity obtained with the sample in the

perse spheres and spheres with a relative polydispersity Seattering position. The resulting circularly averaged x-ray
0.025 in radius are very similar. scattering cross sections are displayed in Fig. 2 for samples

The small-wave-vector limit of the static structure factor
of a suspension of monodisperse particles is related to the ;
osmotic compressibility; via 10+F

S(0) = pkgTkr. (8)

For monodisperse hard spheres in the Percus-Yevick ap-
proximation, it follows from Eq. (7) that Sy(0)=(1

— )M (1+2¢).

1 2
— =1+ %ﬁ'a(sinu—u cosu)

S(Q)

i

+b >

(2 1 +2si 2
2 ucosu+2sinu— -

6\ 12 24
+4|1— —|sinu— 1_F+F u cosu

e

1043

1 0+2

3 [em™)]

B. X-ray scattering cross section: Experiment

Static x-ray scattering measurements are carried out by
collecting scattering patterns with a two-dimensional CCD
area detector. Figure 1 shows a typical gray-scale image ob-
tained at 8-ID of the scattering from PS particles with a
diameter of 66.5 nm, suspended in glycerol. The region of 100
reciprocal space probed covers only a quadrant of the
scattering—the direct beam would occur just beyond the top
left corner of the image. The smallest wave vector measured
(0.02 nm*) corresponds to the top left corer of the image  FiG. 2. Circularly averaged scattering cross section per unit vol-
and the largest one (0.2 nrh) to the bottom right corner. umeS.(QR, ¢) for several different volume fractions of PS latex
The intensity varies smoothly everywhere and shows circulaparticles in glycerol. The cross sections are plotted ve@sBon a
symmetry about the direct beam position, in accordance witlogarithmic scale.

10+1




PRE 62 STRUCTURE AND DYNAMICS OF CONCENTRATED ... 8263

FIG. 3. Interparticle structure factodB(QR,¢) for PS latex FIG. 4. Interparticle structure factdB(QR,¢) for PS latex
spheres in glycerol for the particle volume fractions indicated. Thespheres in glycerol for the particle volume fractions indicated. The
solid line is the expected static structure factor for particles with asolid line is the expected static structure factor for particles with a
mean radius of 66.5 nm and a relative polydispersity in radius ofmean radius of 66.5 nm and a relative polydispersity in radius of
0.025, distributed according to a Schultz-Zimm distribution. The0.025, distributed according to a Schultz-Zimm distribution. The
structure factors are plotted versQ®RR on a linear scale. structure factors are plotted versQR on a logarithmic scale.

of different volume fractions and for wave vectors from spheres. By contrast, colloidal particles with significant long-
QR=1 to QR=15. The resolution of our setup correspondsranged Coulomb repulsions can be expected to exhibit a
to the separation between neighboring data points in Fig. Z2larger mean separation, so that the first peak of the structure
At large wave vectors, the shape of the scattering curvefactor would occur at smaller wave vectors, with a greater
appears independent of volume fraction and, as noted aboveegree of ordering at lower volume fractions. The solid lines
shows the intensity oscillations that are characteristic of uniin Figs. 3 and 4 correspond to the model structure factor for
form spheres. The solid line in Fig. 2 shows the best fit of gparticles with a mean radius of 66.5 nm and a polydispersity
model function to the data at a particle volume fraction ofin radius of 0.025, distributed according to a Schultz-Zimm
¢=0.027. The model describes the scattering of hardlistribution [52]. This model was fitted to the measured
spheres with a volume fraction of 0.027 and a relative poly-structure factor, varying only the volume fraction for each
dispersity in radius of 0.025. The sole fitting parameter waglata set.
the mean particle radius, resulting in a best-fit value of 66.5 Evidently, the hard-sphere model provides a good de-
nm, in fair agreement with the manufacturer’s value. Thescription of the experimental structure factors at all volume
model provides a good description of the data for wave vecfractions, in particular reproducing the position of the prin-
tors below about 0.06 nmt. However, it evidently fails to  cipal peak accurately. Gratifyingly, the best-fit values for the
properly describe the behavior at the minima of the crossolume fractions of the different samples are indistinguish-
section. We ascribe the discrepancy to small departures afble from the nominal volume fractions. It is, in addition,
the colloidal particles from spherical symmetry. Similar be-especially notable that the behavior of the measured structure
havior was observed in Ref53]. factor at small wave vectors is reproduced well by the model.
At smaller wave vectors, a pronounced peak develops &8his informs us that the osmotic compressibility of PS latex
the volume fraction increases, corresponding to increasingpheres in glycerol is well described by the hard-sphere
interparticle correlations. This behavior is illustrated in Fig.equation of state. In this regard, two remarks are pertinent.
3. The figure shows the static structure factor, obtained b¥irst, if there were significant attractive interactions between
dividing the measured scattering for different volume frac-particles, we would expect increased scattering at small wave
tions by the particle form factor. The latter was determinedvectors[54], especially for the samples of lower volume
from the data aip=0.027, after applying a small structure fraction. Second, according to R¢E2], a relative polydis-
factor correction. To make clear the behavior at small waveersity of 0.025 can be expected to increase the scattering of
vectors, where the structure factor is small, Fig. 4 shows hard-sphere suspension at small wave vectors by less than
these data on a logarithmic scale. They are analogous to ti#%6, compared to the scattering from monodisperse spheres.
liquid structure factor of an atomic fluid. The principal peak  We view the agreement between the model and measured
of the structure factor approach@R=3.5 at large volume structure factors at small wave vectors, as well as the agree-
fractions, consistent with what may be expected for hardnent between the measured and predicted positions of the
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principal peak in the structure factor, as convincing evidencavell as wave-vector-dependent mode amplitugesnda, .

that PS spheres in glycerol behave as hard spheres. It /& theoretical treatment applicable to the system considered
apparent, however, that the structure factors measured fdrere is provided by Hess and Klein in R§60]. We show
particle volume fractions of 0.49 and 0.52 differ somewhatbelow how in the context of this theory the parameters ex-
from the model. We believe that this may reflect shortcom-racted from a double-exponential decay can be related to
ings of the analytic model for the structure factor of hardmore physically defined hydrodynamic properties of the fluid
spheres at high volume fractions. Simulations of hardsuch as the friction coefficient and the rigidity.

spheres at high volume fractions do reveal discrepancies Some insight may be obtained by calculating the Laplace

with the Percus-Yevick fornj55,56]. transform of the intermediate scattering functidfQ,z).

mﬁ.dﬁl forgs=0.34 a(tj the flrcsjt p;}eak of thet_struti)tlure tfr?Ctoc;.’fgiven byz=—T;, it follows that the intermediate scattering
which we do not understand, the most noticeable other 'flénction in the time domain is given by

ference is that the measurements exhibit a broader secon
peak than the model. The broader peak may plausibly be .

interpreted as two broad, closely spaced peaks, occuring at f(Q)=2> ae 't 9
QR=6.0 andQR=6.7. The “fourth” peak occurs aQR !

=9.2, which is at a somewhat smaller value @R than  The mode amplitudes; can be derived from the residues of
pre(.:h.cted by the mqqel. The obsgryed ratios of t_hes<_—:~ peatl];]e poles az=—T, via aizFi’lResz:_p,T(Q,z).

positions to the position of the principal peak, which is lo- i i ,

cated aQR=3.5, are 1.7, 1.9, and 2.7, respectively. Similar In pa_rtlcular, for concentrated colloidal suspensions, Hess
ratios are observed for the structure factor of amorphous efnd Kléin have shown that the Laflﬁceftransform of the in-
emental metallic glasses, prepared by vacuum evaporatidfi’mediate scattering function is of the form

onto cooled surfacefb7,58, although it should be empha- 1

sized that the metallic glass peaks are narrower and more 1(Q,2)=
[ ' ' 2kgT/ '
intense than those found here. In the case of metallic glasses, Z+QB—mS(Q)
it has been suggested that these peak posit?on ratios may z+7(Q,z)/m
indicate locally icosahedral structurg9]. Alternatively, ran-

dom close packing yields similar peak position rafi6g]. where 7(Q,z) is a wave-vector- and Laplace-frequency-
dependent friction coefficief60]. The difference between a
IV. DYNAMICS simple liquid and the colloidal suspension considered in the

. . — present case enters into E@LO) through the quantity
In the following, the dynamical characterization of our -~

system will be discussed. After a theoretical introduction tog(Q’z)'. Colloidal suspensions differ from simple fluids n
the expected phenomena, our experimental findings will béhat.nelth'er the momentum nor the energy qf the colloidal
presented. Specifically, the data will be discussed in light Oparthles |s_conserved, becausv_e 9f the co_u_pllng to the sus-
Refs.[8,14], where the dynamical properties of a prototypi- pending fluid. As a result, the friction coefficient in E40)

cal hard-sphere system were found to exhibit the specifi ppro_ach_es a constant valuz_a at small wave vectors, and for
scaling behavior already described in the introduction. Ac-"¢ dlfqu,lonaI processes of interest yve may negrecbm-
cording to Segre and co-workei®,14], the ratio of the time-  Pared tof(Q,z) in the second denominator of EQL0). In a

and wave-vector-dependent diffusion coefficient to the shortsimple fluid, by contrast, the friction coefficient varies@®

time diffusion coefficientp (Q,t)/D«(Q), is independent of  for sma_lll wave vectors, and thedependence in the second
wave vector, for wave vectors larger than ab@R=2.5. In  denominator cannot be neglected. o _
addition, their data suggest that the functional form The equilibrium position of each particle in a colloidal
[D(Q,t)— D, (Q)]/[Dg(Q)—D (Q)] not only collapses fl_wd is not fixed, so that appllc_anon of a ste_)ady force causes
over a similar wave-vector range, but also falls onto the sam¥iscous flow. However, for a given particle in a concentrated
master curve for a finite range of volume fractions. TheséSUSPension, one may envisage a transient “cage™ of neigh-
findings require that the ratio between short-time and longbors, limiting, as it were, the particle’s motional degree of
time diffusion coefficientD<(Q)/D, (Q), be constant over freeo_lom, and thus imposing partial spatial confmem_ent. Dy-
at least the same wave-vector range. This prerequisite for tHz@mically, such a cage structure would be characterized by a

proposed scaling behavior could not be confirmed with outength-scale-dependent configurational relaxation time. Over
measurements. time scales shorter than such a typical configurational relax-

ation time, an equilibrium position of these partially confined
particles is established temporarily. If a force is rapidly ap-
plied in this situation, the suspension behaves transiently like
This section aims to present the theoretical frameworlkan elastic solid, exhibiting an instantaneous rigidity. To de-
within which the results of our dynamical measurements willscribe approximately the response to an applied force, vis-
be discussed. At high particle volume fractions, the intermecoelastic theory interpolates in a simple fashion between
diate scattering functions we observe exhibit single-fluid-like, viscous flow behavior at low frequencies and sol-

exponential behavior both at short and at long delay timesdiike, elastic behavior at high frequencies. Specifically, the
The functions are thus naturally characterized by means Gfiction coefficient is taken to be of the form

least-squares fits to a weighted double-exponential decay, 5 5 5
with wave-vector-dependent relaxation ralgs andI'| as £(Q,2)=¢(Q,»)+A(Q,z). (11

(10

A. Intensity autocorrelations: Theory
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Here we use

_ R(Q)—Q%gT/S(Q)

z+1'5

AL(Q,2) (12

and

9

_Ru(Q)~Q%sT/S(Q)
UQ0-1(Q,»)

Equation(10) may then be written

3 (13

1.1

Q2= ———, (14 ‘o

z+71, t[s]

. ~ FIG. 5. Intensity autocorrelation functiong,(QR,t) for PS
— N2 _
with I's=Q%gT/S(Q)¢(Q,) and  I';=[R.(Q) spheres in glycerol with a volume fraction @f=0.28, at a tem-

—Q%kgT/S(Q)1/Z(Q,»), where R.(Q) is the high- perature of—5 °C, and for wave vectors given @R=1.5, 3.5,
frequency rigidity. Physically, the variablE; denotes the and 6.0. Lines are the results of least-squares fits to a model for the
strain relaxation rate, whil€', quantifies the extent of cou- intermediate scattering function consisting of a single-exponential
pling between stress and compositional fluctuations. Converdecay.
tionally, one introduce,=Q?kgT/67 7R, which is the
diffusion coefficient of identical particles in a dl|l.£{e suspen-gFrom Eq.(17), it is apparent thaF s is the initial, short-time
sion, and H(Q), which is given by [(Q,®) decay rate, so that one may introduce a corresponding short-
=6m77»R/H(Q), and which accounts for hydrodynamic in- time, wave-vector-dependent, collective diffusion coefficient
teractions between the particles. In their absertd€Q) Ds=I"5/Q?. MoreoverI',/I'gis the normalized second cu-
would take the value unity. Combining these expressionsmulant of the decay rate distributi¢f1]. This indicates that
one obtaind’s=H(Q)D,Q%/S(Q). I', is a measure of the width in the decay rate distribution.
According to Eq(9), the normalized intermediate scatter-  Equation(16) has a number of interesting limits. First, if
ing function corresponding to E@14) is a weighted sum of T,=0, it follows thatI'| =I's, I'r=I'3, a,=1, and ar

two exponential decays, =0, i.e., one observes a single-exponential decay. This result
it ot informs us thatl'g is the relaxation rate of compositional
f(Qt)=are F+ace 'L, (15 fiuctuations in the absence of coupling to stress. Second, for

I's+Iy+T3>Tgl'5, one finds thal g =T"g+T',+1'5, ',
=Dgl's/(I'st+T5+T3), ag=Ig/(I'stI'>+I'3), and a

1 1 =(I,+T'3)/(I's+I',+1'3). Third, as noted in Ref46], the
FFZE(FSJr I,+I5)+ E\/(FS+ I,+T3)?—4lgl s, limit of ';=0 corresponds to an entirely elastic response,
i.e., a crystal, a glass, or a gel. In this case, it follows
that T'p=T'g+I',, I'| =0, ag=I'g/(I's+I',), and a_

with

1 1
=5 (Fs+Ty+Tg) E¢(rs+r2+r3)2—4rsr3, =I'3/(I'st1).
Fe—(T5+T5) B. Intensity autocorrelations: Results
P Te-Iy Representative intensity autocorrelations for delay times
from 30 ms to 300 s, obtained for the samples with
a (Pt —T, (16) =0.28 and¢=0.52, are shown @®R=1.0, 3.5, and 6.0 in
L Te-T Figs. 5 and 6, respectively. It is clear that the solid lines in

Fig. 5, corresponding to single-exponential decays, describe
In writing this, we describe the overall decay of the dynamicthe data at¢=0.28 very well. More generally, for the
structure factor as due to two contributions: a fast decay witlsamples with volume fractions @f=0.027, 0.13, and 0.28,
relaxation ratel'r and mode amplitude:, as well as a a single-exponential decay provides a good description of the
long-time decay with relaxation ral§ and mode amplitude intensity autocorrelations versus delay time, and hence of the
a_ . As expected, we find that the mode amplitudes sum tantermediate scattering function, at all wave vectors studied.

unity. In addition, it follows thatl's=agl'e+a, '\, I'; By contrast, ath=0.52, a single-exponential form for the
=aFa_L(FF—FL)2/FS, and I';=I"¢I', /T's. It is also in- intermediate scattering function does not provide a good de-
structive to note that, for short times, scription of the intensity autocorrelations, as can be seen in
1 Fig. 6. Nevertheless, we observe that, at both short and long
_ b T 24 . times, Inf varies linearly with delay timd, in agreement
INfQU=Tg ~t+ 5T+ ' @D it Eq. (15). Accordingly, following Segre and Pusey, we
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FIG. 6. Intensity autocorrelation functiong,(QR,t) for PS
spheres in glycerol with a volume fraction @f=0.52, at a tem-
perature of—5 °C, and for wave vectors given lyR=1.5, 3.5, ob——
and 6.0. Lines are the results of linear least-squares fits within the
time ranges at short and long times for which the logarithm of the QR

intermediate scattering function is accurately linear. FIG. 7. The open squares display the fitted short-time inverse
diffusion coefficient after normalization by the Einstein-Stokes dif-
may introduce corresponding short-time and long-time diffu-fusion coefficientD,/Ds, plotted versuQR for several volume
sion coefficientsDs and D, , respectively. We determined fraction§¢ of PS _spheres in glycerol. Th_e solid lines represgnt the
Ds and D, by linear least-squares fits over time ranges a{nodel discussed in the text. The open circles show the static struc-
short and long times, respectively, within which fjrversus  U'€ faCtorS(QR. ¢).
delay timet does not deviate significantly from a straight ) ) )
line. In Fig. 6, the solid lines illustrate the correspondingPonentially at long times as well as at short times. As noted
model autocorrelation functions over the time ranges irAbove, one of the principal results of REf4] is thatDs/D,.
question, where they clearly describe the data well. The aus independent of wave vector. For example, ¢or 0.465, a
tocorrelations for the samples with volume fractionsgpf ratio of Ds/D =4.3 is reported. The scaling behavior found
=0.34, 0.49, and 0.52 are not well described by a singleby Segre and Pusey requires the proportionalitypefand
exponential form forf(Q,t). D, . Figure 8 shows the ratio of long-time to short-time dif-
For each of the different samples, the open squares in Figusion coefficientsDs/D , for samples with particle vol-
7 display as a function of wave vector our measurements dfme fractions of¢=0.28, 0.34, 0.49, and 0.52, plotted ver-
Do/Ds, which were obtained from the slope offlmt small ~ SUsQR. For all samples with particle volume fractions larger
times. The most striking feature of these and earlier result§han 0.28, there is a significant wave-vector dependence.
[33,34,40,4]1 is that the inverse of the diffusion coefficient

e

displays a peak that mimics the peak in the static structure — T T T T T T T T T T
factor, itself illustrated as the open circles in Fig. 7. This 155 ;Da o $=052 7
informs us that low-free-energy configurations, signaled by a i o % ¢ ¢=049 ]
peak in the static structure factor, are also long-lived, sig- "m s $=034 ]
naled by the corresponding peak in the inverse of the diffu- i ”D o J
sion coefficient. In the absence of hydrodynamic interac- 10F ﬁﬁ# o ° ¢=028 |
tions, the wave-vector dependence of the inverse diffusion o L 2 " i
coefficient would result entirely from the static structure fac- % - * %, O a™?, o A
tor [60]. Since it is clear from Fig. 7 thdd,/Dg and S(Q) a r L ;hﬂ## “o" ope 7§
are not identical, significant hydrodynamic interactions are - *oe° Toet 1
indicated. Moreover, sind®,/D s> S(Q), we may infer that 5 Z 3= a® T
hydrodynamic interactions inhibit diffusion at all wave vec- i To s, %) i
tors. [ 4 i
Analytic calculations of the wave-vector dependence of Aﬁ?%“o’ﬁf o © % °°
D,/Dg for hard spheres, taking into account many-body hy- ol I M B 1 L.
drodynamic interactions, have been carried out by Beenakker 0 2 4 6
and Mazur[29]. Their predictions, shown as the solid lines, QR

are compared to the present measurements in Fig. 7, showing
quantitative agreement. FIG. 8. Ratio of short-time to long-time diffusion coefficients,

At long times, only the slow component of E@.5) sur-  Dg/D,, plotted versusQR for several volume fractiong of PS
vives, so that the intermediate scattering function decays expheres suspended in glycerol.
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0 0-0.13
1ok FIG. 10. Ratio of decay rates and mode amplitudes for the
double-exponential model discussed in the tExt/I", andag/a, .
20k %’ & Also shown are the relaxation rat€s andI';. All quantities are
PSR W S R S SR T plotted for the indicated volume fractiongs as a function oQR.
0 % 0 =0.027
10} samples. Specifically, we show data for volume fractions of
0.34, 0.49, and 0.52, plotted versQRR. Let us first consider
20 F

the ratio between the respective amplitudes of the two modes
contributing to the decay in Eq15). The bottom row of
panels in Fig. 10 shows this rate:-/a, . Across all three
volume fractions, we find a distinct drop at a value@R

FIG. 9. Logarithm of the intermediate scattering function afterCIOSe to th"’_‘t of the principal peak 'n _the Stat'c structure fac-
normalization by the short-time relaxation rafbgllnf for PS tor. Accprdlngly, the ,IOCUS of the minimum & /a, appar-
spheres in glycerol at the indicated volume fractignplotted ver-  €Ntly shifts toward slightly smaller values QfR for smaller
sus delay time. The solid lines represent single-exponential fits tyolume fractions. The fact that we observe a minimum in
the long-time behavior. ag/a, at those wave vectors signifies the dominance of the

. ) ) long-time decay for the long-lived, low-free-energy configu-
Therefore, our results do not scale in the fashion discovereghtions of the sample. In terms of the intuitive physical pic-

for sterically stabilized PMMA spheres in decalin/tetralin.  tyre introduced earlier, one might reason that the slow con-
To further examine the extent to which the described scalfigyration relaxation of a transient “cage” structure
ing behavior is violated for PS spheres in glycerol, we plotjominates over faster relaxations due to viscous, localized
I's*Inf versus delay time and volume fraction in Fig. 9. For flow of particles partially confined by their neighbors.
¢$=0.027 and 0.13, the data evidently collapse to a single The impact of such caging effects on the relaxation spec-
straight line with a slope of-1, as expected for the single- trum of a sample would be expected to decrease for smaller
exponential form of the intermediate scattering function atparticle volume fractions. For in less concentrated systems,
these volume fractions. For the data obtainedpat0.28,  the partial confinement of single particles imposed by their
there appears to be a slight deviation from linear behavioneighbors should be less significant, and viscous flow pro-
with a slope of-1 at times beyond 5 s. For the samples withcesses should gain more importance for the relaxation of
volume fractions ofp=0.34, 0.49, and 0.52, there is a clear equilibrium fluctuations. In fact, in the extreme limit of a
deviation from a slope of- 1. With increasing volume frac- dilute suspension, caging effects have no significance what-
tion, this deviation actually occurs at progressively earliersoever. We may qualitatively follow this behavior by consid-
scaled timesD¢Q?t. (Data not shown.At later times, at ering the ratiol'r /', between the two decay rates in Eq.
each value oQR, there is a crossover to a new linear be-(15), as shown in Fig. 10. With decreasing volume fraction,
havior. The long-time slopes differ from one value@Rto  the two decay rates become more commmensurate. This
the next, corresponding to different values»f/Dg at dif-  might be interpreted to imply that the distinction between a
ferent values 0QR. It is apparent that the data do not reducelong-time decay corresponding to the relaxation of fluctua-
to a single curve, so that the proposed scaling behavior iBons in a transient cage structure on the one hand, and a fast
violated. decay corresponding to processes of partially confined diffu-
For completeness, we collect in Fig. 10 the results forsion on the other hand, becomes less clearly defined. As was
ar/a, , I'e/T' , T',, andI';, deduced from least-squares discussed earlier, for particle volume fractions smaller than
fits to the measurements on our three most concentratembout 0.30, we observe a single-exponentional decay in the

50 100
t[s]

(=]
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intermediate scattering function, and the above distinctiorality between short- and long-time diffusion constants, nor
becomes meaningless. Interestingly, the datdfefl’, ex-  scaling behavior. The discrepancies between the results of
hibit a smooth decrease wit@R for particle volume frac- Ref. [14] and our measurements may be an indication that
tions of 0.52 and 0.49. At a volume fraction of 0.34, by the dynamical behavior in sterically stabilized systems is dis-
contrast, the ratid'/T"| appears to reflect the local extre- tinct from that of charge-stabilized systems, even though dif-
mum in the static structure factor. ferences in the static structure are negligible. In this regard, it
In the discussion of Eq(16), it was pointed out that the may be pertinent to recall the observatidrd] that the low-
limit of I';=0 describes the regime of an entirely elastic shear-rate viscosities of “hard-sphere dispersions” appear to
response. Considering the data By presented in Fig. 10, fall into two bands. The higher-viscosity band includes the
we find that the measured values 0y are largest at the results of several measurements performed on PMMA-
lowest volume fraction consideredy=0.34, for all wave PHSA dispersions; the lower-viscosity band includes mea-
vectors probed. We note that the linhig— 0 is most closely ~surements on PS and silica suspensions in both aqueous and
resembled by the data from systems with larger particle volnonaqueous liquids.
ume fractions. This would agree with the expectation that a
solid-like, elastic response is most likely to be observed in ACKNOWLEDGMENTS
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