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Viscosity and Structural Relaxation in Suspensions of Hard-Sphere Colloids
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Viscometry and dynamic light scattering (DLS) were used to study suspensions of colloidal particles
which interact like hard spheres. The rate of “structural relaxation” of microscopic density fluctuations,
indicated by the long-time diffusion coefficient measured by DLS at the peak of the static structure
factor, was found to vary with particle concentration quantitatively like the inverse of the low-shear-
rate viscosity. Sample concentrations were calibrated with respect to the thermodynamic “freezing”
transition of the suspension.

PACS numbers: 82.70.Dd, 83.10.Pp

By viscometry and dynamic light scattering (DLS) we fluid coexistence to bebr = 0.494. Addition of cis-
have studied suspensions of colloidal particles, whictdecalin gave more dilute samples, the concentrations of
interact like hard spheres, in the range of volume fractionsvhich were calculated using literature values for the den-
0 < ¢ < 0.494. Sample volume fractions were calibrated sities of PMMA andcis-decalin. The hard-sphere volume
directly with respect to the thermodynamic hard-spherdractions¢ calculated by this procedure are accurate near
disorder-order transition atr = 0.494 [1], where the ¢ = 0 and¢ = 0.494 and have a maximum uncertainty
suspension freezes to a colloidal crystal. The low-sheamf =0.006 around¢ = 0.3, arising from the uncertain den-
rate viscosity of a suspension at freezing was found to bsity of the slightly solvated particles. Particles of mean
~50m0, wheren, is the viscosity of the solvent. Diffusion radii R = 178 and 301 nm were used for the light scat-
was studied using the new technique of two-color dynamidering. The viscometry was performed with the particles
light scattering, which gives good discrimination againsthavingR = 301 nm. The polydispersity of the particles
multiple scattering (so that complications associated wittwas abou.05 in each case.
the use of solvent mixtures for refractive index matching Measurements of the viscosity were made using a
are avoided). We found that the rate of relaxation ofconcentric-cylinder arrangement of the type described first
microscopic density fluctuations (“structural relaxation”) by Zimm and Crothers [4]. The inner cylinder floats in
scales like the inverse of the viscosity for all volumethe suspension and stress is applied through the action of
fractions studied up to freezing. To be specific, our resulta rotating magnetic field on eddy currents induced in an

show that aluminum disk fixed to the cylinder. The shear stress can
Do n be shown [5] to be proportional to the differ'en(_:e between
D,(0,) = % (1) the angular speeds of the rotating magnetic field and the
Here D, is the low-concentration (Stokes-Einstein) dif-
fusion constant of the particle®); (Q,,) is the diffusion 100
coefficient describing the long-time decay of density fluc- _ ig-_ X '
tuations that have wave vectd,, corresponding to the S 30k 0°Q'¢_- S
main peak of the suspension’s static structure factor, and E | ysh ono;?: 7] 8% «]
7 is the low-shear-rate viscosity of the suspension. While ~ op_" v . & :
structural relaxation and inverse viscosity might be ex- Q 10} 038 042 046 050 2 '3
pected to showimilar dependences on concentration, what 5 «° .
is unexpected, and suggestive, about our findings is the g o’ ]
identity, to within relatively small experimental uncertain- = o ® '
ties, expressed in Eq. (1) and displayed in Fig. 1. 10— ¢ : . , L
The particles used in these experiments comprised cores 06 01 0z 03 04 05
of polymethylmethacrylate (PMMA) stabilized by thin lay- Volume Fraction ¢

ers of poly-12-hydroxystearic acid. They were suspendegh 1. viscosity and inverse structural relaxation rate versus
in cis-decalin. Previous work on similar systems hasyolume fraction¢ of suspensions of PMMA spheres. The
shown that the interaction between the particles is welbpen circles are values of/n,, the filled circles represent

termination of the volume fraction of suspensions of this/Mcérainty in both measurements. Inset. Upper curve: same

. . as main plot. Lower curve: open squares, normalized values
type is complicated by the core-shell structure of the Paryt the long-time self-diffusion coefficientD, /Dy, measured

ticles. Thus, as in previous work, we take the volumeopn spheres of mean radius = 247 nm (in an index matched
fraction of the fluid phase in a sample showing crystal-solvent).
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inner cylinder. The main advantage of this arrangement Dynamic light scattering measurements were made us-
is that extraneous sources of friction are minimal, so thaing a two-color DLS (TCDLS) equipment which has been
the effect of very small stresses can be studied. Thus thdescribed in detail elsewhere [8]. Briefly, by cross corre-
low-shear-rate Newtonian regimes of systems that shedating the light scatteredt the same scattering vectar,
thin at high shear rates can be investigated. from laser beams of different colors, single scattering is
The viscometer was calibrated using water anst  selected and multiple scattering is suppressed. The tech-
decalin as standard liquids. Figure 2 shows plots of stressique has several advantages compared to conventional
against strain for PMMA suspensions of various concenDLS. Moderately turbid samples, such as PMMA parti-
trations. At the higher concentrations, linear regions ofcles incis-decalin, which give strong single scattering and
the plots, whose slopes give low-shear-rate viscositiesappreciable multiple scattering, can be studied directly.
are followed by curvature indicating some shear thinningThus complications associated with using a mixture of
of the samples. Figure 2 shows the relative Newtonianwo liquids to match the refractive index of the particles
viscosity n/mo of the suspensions as a function of con-and minimize multiple scattering, as in previous work,
centration; we estimate experimental uncertainties in thare avoided. Furthermore, the strong scattering dominates
measurements of to be =3%. that from dust and sample cell walls. These factors com-
Our results for the viscosities of hard-sphere suspenbine to make the collection of high-quality data possible.
sions can be compared with those of others. Marshall DLS measures the normalized intermediate scattering
and Zukoski [6] have plotted the results of a number offunction f(Q 7) = F(Q,7)/F(Q,0), where F(Q,7) =
studies. The valuesyr, of n at a nominal concentration - lz DY 1<exp(zQ [7;(0) — F«(7)])) and the static
of ¢ = 0.494 provide a sensitive comparison. Various structure factor iS(Q) = F(Q,0) (see, e.g., [2])NV is the
factors could contribute to the very wide range of valueshumber of particles in the scattering volume, assumed to
found in the literature18 < nr/mo < 400. Itis possible pe large, and;(r) is the position of particlg at time .
that not all the systems studied can be modeled accuratelye have measureﬂ(Q ) for a wide range of scattering
as hard spheres, and that significant polydispersity has agectors which span the positiad,, of the main peak in
effect. The true low-shear-rate regime may not have beeg(Q) [9]; first we discuss measurements made at the peak,
reached in all cases. The most likely cause of the discrepy = ,,. In a dense fluidlike assembly of hard spheres
ancies is uncertainty in the determination of suspensio@at ¢ < ¢, the dominant structure, which gives rise to
volume fractions. Since varies strongly withg at high  the peak inS(Q), is the short-ranged ordering, or “cage,”
concentrations (Fig. 1), small errorsdntranslate to large  of particles surrounding a given particle. Thus it can be
uncertainties ing. We emphasize that our measurementsargued that the decay ¢fQ,,, 7), the intermediate scatter-
which give nr/no = 50, appear to be the only ones in ing function measured a@ = Q,,, reflects thedominant
which particle concentrations are calibrated directly to thestructural relaxationof the system [10].
hard-sphere freezing transition. In many previous studies, Figure 3 shows plots of I(Q,,, ) agalnstDoQ + for
use is made of the known low-concentration predlCthWamous suspension concentrations. For a dilute suspen-
for hard spheres [7ly = no[l + 2.5¢ + 6.2¢> + ---],
to convert measured weight fractions to volume fractlons.
With this method extremely accurate measurements of
must be made at low concentrations to obtain reliable es-
timates of¢ (see, e.g., [3]).
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o ot 020 030 FIG. 3. Intermediate scattering functioff$Q, 7) of PMMA
Strain Rate (s ) spheres suspended @is-decalin versus scaled (to free diffu-

sion) delay times. All measurements were mad@atalues
FIG. 2. Shear stress versus strain rate for several concentratedrresponding to the main (first) peak of the structure factor
PMMA suspensions. At low rates of strain (or stresses), the5(Q). The volume fractions are as indicated, with= 0.494
points in each case lie on a straight line (shown), the slopéeing a colloidal fluid in coexistence with a colloidal crystal.
of which is the low-shear-rate viscosity. All of these lines For all volume fractionsp, the long-time behaviors are fitted
extrapolate through the origin to within experimental error. Inwell by f(Q,larger) « exp(—D.(Q,)Q27) yielding a long-
the samples ap = 0.45 and0.48, deviations from linearity are time diffusion coefficientD,(Q,,). The inset shows the struc-
observed. This is the beginning of shear thinning. ture factor for a hard-sphere fluid &t = 0.494.
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sion [2], f(Q, 1) = exp(—DyQ?7), which would give a [just beyond the main peak 6{Q) atQ,,R ~ 3.4] where
straight line of slope—1 in Fig. 3. At higher concen- S(Q) ~ 1; hereR is the particle radius. Values db;
trations much slower, two-stage, decays are observedvere extracted fromf(Q,larger) « exg—D; Q%] by
Qualitatively, the initial decays of (Q..,7) can be as- the samesprocedure as was used®@fQ,,). The results
sociated with local motions of the particles within their for D,/D; at high volume fractions are shown in the
neighbor cages. The (larger amplitude) longer-time deinset of Fig. 1. At freezingDo/D; ~ 30, significantly
cays reflect substantial rearrangement of the cages, @ss that the factor-50 found for structural relaxation.
structural relaxation. Since these are observed to bRloreover, andD; do notscale in the same fashion as
roughly exponential, as is also found to be the casehat found in Eq. (1).
for atomic fluids [11], we fit them byf(Q,,, larger) = The “generalized Stokes-Einstein” relation
exd—D.(Q,)Q2%7] and identify D;(Q,,) as the long- kT
time diffusion coefficient describing structural relaxation. D} = B (2)
We estimate experimental uncertaintieslip(Q,,) to be CmnR
+5%. In Fig. 1, Do/D.(Q,,) is plotted againsip). A  provides a useful framework in which to discuss the re-
strong slowing down of the rate of structural relaxations idationship between viscosity and long-time self-diffusion
observed, particularly at the higher concentrations, whickat arbitrary suspension concentration. The experimental
corresponds to tightening of the neighbor cages surroundralues of the parametef, calculated from Eg. (2) us-
ing the particles. ing measured values db; and values ofy interpolated

We see further from Fig. 1 that the rate of structuralfrom the measurements, are plotted in Fig. 4. In the dilute
relaxation decreases by a factor 6650 as the suspen- limit, ¢ ~ 0, D; [as well as all the diffusion coefficients
sion concentration increases from dilute to the freezingd(Q)] approaches the valu®, = kgT /67 R, corre-
point [12]. Our viscosity measurements show that thesponding to using a stick boundary condition in the solu-
low-shear-rate viscosity increases by essentially the sant@sn of the Stokes equation for the flow of a liquid around
factor. Moreover, the relative inverse structural relaxatioran isolated sphere [16]. With increasing volume fraction,
rate, Do/D.(Q,,), and the relative viscosityy/no, are, C decreases froms to about4 at freezing (Fig. 4). The
within experimental uncertaintiethe same at all inter- finding C = 4 could be interpreted as arising from the so-
mediate concentrationslt is not surprising that the two lution of the Stokes equation for a colloidal particle in an
quantities show similar trends: The processes of simpléeffective medium” formed by the other particles of the
shear flow and local structural rearrangement both involvelense suspension usingséip boundary condition [16].
the relative motions of neighboring particles. Further-A low value, C ~ 3, was reported by Imhoét al. [17]
more it has been suggested that the structural relaxatian suspensions of charged colloidal particles which inter-
and viscosity of simple liquids are coupled, particularlyact through a softer, screened Coulombic interaction and
in the vicinity of the glass transition [13]. However, the freeze at concentrations significantly belatv= 0.494.
apparentdentity of the two quantities [Fig. 1 and Eq. (1)] In addition, a valueC ~ 4 has been observed for simple
is surprising. Indeed Green-Kubo relationships [14] giveatomic and molecular fluids [18].
apparently different expressions, the structural relaxation The development of rigorous theories of the dynamical
in terms of the correlation of longitudinal componentsproperties of concentrated suspensions has been limited
of spatial Fourier components of the particles’ velocitiesby the complexities of the interparticle hydrodynamic
and the suspension viscosity in terms of the correlation ointeractions. Predictions for both viscosity and self-
transverse components of the stress tensor. diffusion exist, e.g., [19]. The predicted values, however,

At other values of the scattering vector, f(Q, 7) also  are divergent among themselves, so that we do not attempt
showed two-stage decays with roughly exponential tails ah comparison here. We are not aware of any predictions
long times. The diffusion coefficient®; (Q) describing
the long-time decays, which will be considered in more
detail elsewhere [9], depended strongly ¢h Thus 60
Eqg. (1) was only obeyed a = Q,, where the smallest t
values ofD; (Q), discussed above, were found. H

At values of Q where the structure facta$(Q) = 1, } |
only self-termdq j = k) contribute to the structure. While ” { H'Hi |
the absence of static correlationsS(Q) does not ensure '
the absence of dynamic correlations fidQ, 7), it has
been argued [15] that, under these conditiofi&, 7) Moo o1 oz 03 04 o
should represent, at least approximately, the self-motions Volume Fraction ¢
of individual particles in the suspension. Thus we are ablg s 4 values ofc = ksT/mRnD} versus volume fraction

to estimate the long-time self-diffusion coefficierts . ¢. The variation ofC with ¢ means that viscosity and self-
DLS measurements of(Q,7) were made apPR ~ 4.0  diffusion do not scale with each other in a simple way.
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